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No amount of experiments can ever proof me right, but a single experiment
can proof me wrong.
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Abstract

Knowledge of the fundamental kinetic data of elemental reaction steps is critical for
the synthesis of polymers with wll-defined properties. Access to kinetic rate coef-
ficients for free radical polymerization (FRP) processes allows for the prediction of
space-time yields, heat generation, or properties of the polymeric products in large
scale production as well as the modelling and selection of suitable controlling agents
for reversible deactivation radical polymerization (RDRP) techniques as for example the
industrially frequently used reversible addition-fragmentation chain transfer (RAFT)
polymerization or nitroxide-mediated polymerization (NMP).

In the present thesis the database of precise monomer specific propagation rate co-
efficients, k;,, and Arrhenius parameters is extended and the comparison of different
monomers allows for the determination of trends and family type behaviors among
designated monomer groups. The first-time kinetic investigation of five branched
acrylates in solution — namely tert-butyl acrylate, isobornyl acrylate, benzyl acry-
late, 2-ethylhexyl acrylate, and 2-propylheptyl acrylate — and six nitrogen-containing
(branched) methacrylates in bulk - i.e. 2-(N-ethylanilino)ethyl methacrylate, 2-morpho-
linoethyl methacrylat, 2-(1-piperidyl)ethyl methacrylate, 2-(N,N-diethylamino)ethyl
methacrylate, 2-(N,N-dimethylamino)ethyl methacrylate, and 3-(N,N-dimethylamino)-
propyl methacrylate — compared with literature known data enables the identification of
structure - propagation rate - relations. A family type behavior for nitrogen-containing
methacrylates — where the heteroatom is seperated from the ester moiety by an ethyl
linker — was observed and may be attributed to comparable steric demands and polarity
as key factors. For acrylates with branched ester side chains in solution, no trends could
be detected and no clear analogous behavior between brached acrylates in solution and
in bulk was identified, leading to the neccessity of a direct determination of monomer
specific Arrhenius parameters of the propagation rate coefficient for each branched
acrylate of interest. Reasons for the lack of detectable trends throughout the series
of branched acrylates may be a combination of entropic and enthalpic effects origi-
nating in the missing a-methyl substituent compared to the branched methacrylates
which are exhibiting a family type behavior. For the precise investigation of secondary
propagation rate coefficients for acrylate monomers at elevated temperatures (above
30°C), pulse repetition rates of up to 500 Hz are mandatory to prevent potential side
reactions interfering with linear chain growth such as backbiting, therefore, a high
frequency Excimer laser was employed for the studied monomers. The findings of the

current study are based on the careful determination of monomer specific temperature



dependent propagation rate coefficients and Arrhenius parameters for eleven acrylic
and methacrylic monomers via the pulsed laser polymerization - size exclusion chro-
matography (PLP-SEC) method, a method recommended by the IUPAC working party
on Modeling of Kinetics and Processes of Polymerization for the critical evaluation of
propagation rate coefficients. For an accurate SEC calibration, polymer specific Mark-
Houwink-Kuhn-Sakurada (MHKS) parameters need to be employed and are determined
during the course of the present thesis for the six nitrogen-containing methacrylates
via a triple detection SEC setup and measurement of narrowly distributed polymer
samples generated via reversible addition-fragmentation chain transfer polymerization
and polymerization with a thiol as transfer agent, since no MHKS parameters for the
investigated polymers are know in the literature. The herein investigated methacrylates
constitute the first extended group of nitrogen-containing methacrylates investigated
via PLP-SEC, adding to the hitherto first and only investigated N-containing methacry-
late ureidoethyl methacrylate (UMA). All data obtained during the current study are
critically compared to literature known data to extend the understanding of trends and
family type behaviors.

Furthermore, studies of the influence of Lewis acids on the propagation rate coeffi-
cient and degree of transfer to polymer and defect structures of methyl acrylate were
performed via PLP-SEC. A general rate accelerating effect of the Lewis acid on the
propagation reaction of MA was observed and the propagation rate coefficient, k,
increased depending on the employed temperature. At -12 °C an increase in k;, of

approximately 18% is reported, while at 10 °C an increase of close to 30% is observed.
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Zusammenfassung

Fur die Darstellung wohldefinierter Polymere ist die genaue Kenntnis iiber funda-
mentale kinetische Daten elementarer Reaktionsschritte notwendig. Informationen
iiber kinetische Geschwindigkeitskoeffizienten fiir Prozesse der freien radikalischen
Polymerisation (FRP) ermdglichen die Vorhersage von Raum-Zeit Ausbeuten, Hitzeent-
wicklung oder der Eigenschaften polymerer Produkte in der Massenproduktion sowie
die Auswahl von passenden Kontrollreagenzien fiir eine Vielzahl industriell relevanter
Polymerisationstechniken im Bereich der Reversiblen Deaktivierungs Radikalischen
Polymerisation (RDRP), wie z.B. die Reversible Additions Fragmentierungs Ketteniiber-
tragungs (RAFT) Polymerisation oder Nitroxid-vermittelte Polymerisation (NMP).

In der vorliegenden Arbeit wird die Datenbank der monomerspezifischen Wachstums-
geschwindigkeitskoeffizienten, kp, und Arrhenius Parameter erweitert und anhand von
Vergleichen der einzelnen Monomere untereinander werden iibergeordnete Trends und
Familienverhalten untersucht. Die erstmaligen kinetischen Untersuchungen von fiinf
verzweigten Acrylaten in Losung — tert-Butylacrylat, Isobornylacrylat, Benzylacrylat,
2-Ethylhexylacrylat und 2-Propylheptylacrylat — sowie sechs strickstoffhaltiger Metha-
crylate in Substanz - 2-(N-Ethylanilino)ethylmethacrylat, 2-Morpholinoethylmethacry-
lat, 2-(1-Piperidyl)ethylmethacrylat, 2-(N,N-Diethylamino)ethylmethacrylat, 2-(N,N-
Dimethylamino)ethylmethacrylat und 3-(N,N-Dimethylamino)propylmethacrylat —
erlauben im Zusammenhang mit literaturbekannten Datensétzen die Etablierung von
Struktur - Geschwindigkeitskoeffizienten — Beziehungen. Fiir die stickstoffhaltigen
Methacrylate, deren Heteroatom durch einen Ethyl-Linker von der Estergruppe sepa-
riert ist, konnte ein Familienverhalten entdeckt werden, das hauptsachlich auf einen
vergleichbaren sterischen Anspruch und dhnliche Polaritaten der Monomere zuriickzu-
fithren ist. Fiir die Gruppe der Acrylate mit verzweigten Seitenketten in Losung konnten
keine Trends festgestellt werden und auch ein analoges Verhalten zu den verzweig-
ten Acrylaten in Substanz ist nicht vollstindig gegeben, was zu der Notwendigkeit
fithrt, fiir jedes Monomer von Interesse seperat die monomerspezifischen Wachstums-
geschwindigkeitskoeffizienten und Arrhenius Parameter zu bestimmen. Erklarungen
fiir das Fehlen eines erkennbaren Trends innerhalb der Reihe der verzweigten Acrylate
konnen moglicherweise auf eine Kombination aus entropischen und enthalpischen
Effekten zuriickgefiihrt werden, die aus dem Fehlen der a-Methylgruppe entsteht, ver-
glichen zu der Reihe der verzweigten Methacrylate, die ein Familienverhalten aufweisen.
Fir die genaue Untersuchung der sekundar propagierenden Geschwindigkeitskoef-

fizienten der Acrylatmonomere bei erhohten Temperaturen (iiber 30°C) sind hohe
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Laserpulsfrequenzen von bis zu 500 Hz notwendig, um mogliche Nebenreaktionen
wie das sogenannte “backbiting” (Radikaliibertragung vom Ende der Polymerkette auf
das Polymerriickgrad), die das lineare Wachstum der Polymerketten beeintrichtigen,
zu unterdriicken. Deshalb wurde in der vorliegenden Arbeit ein hochfrequenter Ex-
cimer Laser zur Durchfithrung der Versuche genutzt. Die Erkenntnisse, die im Laufe
dieser Arbeit gewonnen wurden, basieren auf einer sorgfiltigen Bestimmung der mo-
nomerspezifischen, temperaturabhingigen Wachstumsgeschwindigkeitskoeffizienten
und Arrhenius Parameter fiir elf acrylische und methacrylische Monomere mittels der
Pulslaser Polymerisations — Gréflenausschlusschromatographie (PLP-SEC), der von
der IUPAC Arbeitsgruppe fiir Modeling of Kinetics and Processes of Polymerization emp-
fohlenen Methode fiir die Bestimmung von Wachstumsgeschwindigkeitskoeffizienten.
Fiir eine akkurate SEC-Kalibrierung werden polymerspezifische Mark-Houwink-Kuhn-
Sakurada (MHKS) Parameter eingesetzt, welche im Laufe der vorliegenden Arbeit fiir
die sechs stickstoffhaltigen Polymethacrylate bestimmt wurden mittels dreifach detek-
tierter Grof3enausschlusschromatographie-Messungen eng verteilter Polymerproben,
die per RAFT Polymerisation und Polymerisation mit Thiol als Transferreagenz herge-
stellt wurden, da zu diesen Polymeren bisher keine MHKS Parameter in der Literatur
bekannt sind. Die in dieser Arbeit untersuchten Methacrylate stellen die erste gréf3ere
Gruppe von stickstoffhaltigen Methacrylaten dar, die mittels PLP-SEC untersucht wurde
und reihen sich ein mit dem zu diesem Zeitpunkt ersten und einzigen untersuchten
stickstoffhaltigen Methacrylat Ureidoethylmethacrylat (UMA). Alle Daten, die im Laufe
der vorliegenden Arbeit aufgenommen wurden, werden kritisch mit den bekannten
Literaturdaten verglichen, um das Verstandnis der vorliegenden Trends und Familien-
verhalten zu erweitern.

Desweiteren wurde der Einfluss von Lewis Sduren auf den Wachstumsgeschwindigkeits-
koeffizienten und den Anteil an Transfer zum Polymerriickgrad sowie Defektstrukturen
anhand von Methylacrylat mittels PLP-SEC untersucht. Ein genereller Anstieg der
Geschwindigkeit der Propagationsreaktion von MA wurde beobachtet, dessen Ausmaf
abhingig von der Polymerisationstemperatur ist. Bei -12 °C wurde ein Anstieg von k;
um circa 18% festgestellt, wahrend bei 10 °C eine Beschleunigung der Propagationsge-

schwindigkeit um bereits etwa 30% zu beobachten war.
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If we knew what it was we were doing,

it would not be called research, would it?

Albert Einstein

Introduction

In academia as well as industry detailed knowledge of the mechanisms and kinetics of
polymerization processes is crucial for the synthesis of tailor-made polymers for spe-
cialized applications. The control over, for example, chain branching, stereoregularity,
or composition of (block)co-polymers is a highly desired goal in free radical polymer-
ization. Understanding the fundamental chemical processes and kinetic brackground of
elemental reaction steps enables the facilitation of large-scale industrial production of
polymeric materials by allowing for the prediction of reaction heat and space-time yield
and therefore the appropriate reactor designs and procedures. For small-scale applica-
tions and academia as well, knowledge of monomer specific rate data is mandatory e.g.
for the design of suitable reaction agents for reversible addition-fragmentation chain

1=4] or nitroxide mediated polymerization (NMP) 5-7]

8-10]

transfer (RAFT) polymerization [
and to allow for kinetic modeling and prediction of microstructures. [ Experimen-
tally inaccessible kinetic data are made available via rate coefficients for propagation or
termination reactions (1!} and the modelling of e.g. entire polymerization mechanisms
and processes such as atom transfer radical polymerization (ATRP) or single electron
transfer — living radical polymerization (SET-LRP) is made possible. [12-1]

Monomer families that are of great interest for industrial applications are acrylates and
methacrylates. (Meth)acrylates can readily be polymerized because of their reactive
doublebond and are noted for their transparency, elasticity, and resistance towards break-
age. A wide variety of industrially relavant products is based on (meth)acrylates, such
as coatings, adhesives, electronics, lubricants, and cosmetics. [16] Poly(methacrylates)

can be used for aircraft parts, security glass, safety goggles, or construction panels.
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Poly(methyl methacrylate) (PMMA) — being the most commong poly(methacrylate) —
finds verious medicinal applications as well, including dental prothesis or bone substi-
tutes. Methacrylates containing heteroatoms are utilized in home- and personal care

[16

producs, paper chemicals, or flocculation agents [1°) and are interesting candidates for

friction modifiers, printing inks, adhesion promoters, dispersion agents, and biomedical
and electrooptical applications. [17-2]

Understanding fundamental principles and detailed kinetic investigations of the FRP
process are neccessary to effectively manipulate the polymerization pathways to gain
control and e.g. suppress non-desired side reactions to create precise and well-defined
products. Therefore assessing precise rate coeflicients is highly important for industrial

and academic purposes alike.

1.1. Motivation and Aim of the Research Program

The current work is an investigation into one of the most important reaction steps
in free radical polymerization (FRP) processes, the chain propagation, to provide in-
sight into the underlying kinetic data, and to strive for a better understanding of the
polymerization behavior of certain monomer classes. Due to numerous applications in
many industrial and academic fields, acrylates and methacrylates constitute important
monomer families. Their versatility and ease of accessibility makes them highly attrac-
tive reactants for a wide variety of commonly used products. In the current work, the

emphasis lies on:
« the kinetic investigation of several (meth)acrylic monomers via the deduction of
— propagation rate coeflicients
— Mark-Houwink-Kuhn-Sakurada parameters
— Arrhenius parameters
« the identification of overarching trends or family type behaviors among cer-

tain monomer classes with regard to their ester side chains to give direction to

predictions of yet unstudied monomers

« the provision of possible explanations for detected trends and family type behav-

iors or their absence

« an insight into the influence of Lewis acids on the formation of defect structures

and mid chain radicals during FRP
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1.2. Free Radical Polymerization (FRP)

Radical polymerization bears advantages compared to ionic polymerization includ-
ing mild reaction conditions, low environmental impact, or versatility, for example

regarding potential reaction media (bulk, solution, suspension, emulsion) or feasible

[27,28]

monomers. Hence, free radical polymerization (FRP) is one of the most important

industrial methods for the synthesis of polymers and employed for approximately 50%

(291 The underlying mechanism of FRP is described

of industrially produced polymers.
in the current thesis since its the basis of the herein employed pulsed laser polymer-
ization (PLP) method and the reversible addition-fragmentation chain transfer (RAFT)
polymerization technique as well as the polymerization with chain transfer agent.

(30]

FRP is based on a chain reaction **! consisting of five elementary reaction steps as

depicted in Figure 1.1:

k
Initiator Decomposition I ¢ . 21’
. e . . ki .
Chain Initiation I + M —— R,
: : . k .
Chain Propagation R, + M —L— R
5 . kII' L
Chain Transfer R, + S — > R, + P
g i v . . kl
Chain Termination R. + R — P; or P, +P

J

Figure 1.1.: General kinetics of a free radical polymerization reaction. For further information
refer to the main text. Adapted from Ref [31] with permission of John Wiley and Sons.

1) Initiator Decomposition: Radicals are formed via homolytic cleavage of thermally
or photochemically reactive initiator molecules with an initiator efficiency f and a

unimolecular rate coeflicient ky.

2) Chain Initiation: The previously generated (primary) radicals add to the C=C
double bond of monomer molecules with typical rate coefficients of kg ~ 107 L-mol!-s!

and k; > 10* L-mol™-s™ forming a single bond and more stable secondary radical.

3) Chain Propagation: A repetitive addition of radicals to monomer units bear-
ing a double bond takes place with a propagation rate of k, = 10* — 10* L-mol s
leading to the formation of macromolecular chains. On-going research focuses on

different factors influencing the propagation rate coefficient. A dependency of k;, on the
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chain length of the propagating macroradicals is suggested in several publications. 3233

4) Chain Termination: Growing chains can terminate either via recombination or
disproportionation. Recombination describes the reaction of two radical sites that leads
to a “dead” macromolecular chain (not able to propagate further). On the other hand,
disproportionation includes the abstraction of a hydrogen atom, leading to a saturated
(“dead”) chain and a new double bond bearing macromolecule able to undergo further
propagation. Termination rate coefficients are diffusion controlled and since diffusion
is strongly influenced by the size of the polymer chains as well as the viscosity of the
reaction medium leading to the so called Trommsdorff effect at higher conversions, k¢

34-38] with values of approx. 103*! L-mol™-s.

is chain length and conversion dependent [
5) Chain Transfer: Competitive reactions to linear propagation are transfer reac-
tions that, contrary to chain termination reactions, result in the creation of a new
radical site (the radical is not destroyed, but transfered). Radicals can be transfered
with a rate coefficient ki, to low molecular weight species such as solvent, transfer
agents, or monomers as well as to other polymeric chains. The radical species formed
by transfer to monomer is often resonance stabilized and thus does not encourage fur-

[3] Due to an increase of polymeric species in the reaction medium,

ther propagation.
transfer to polymer becomes increasingly important at higher conversions. The radicals
formed via transfer to polymer are usually tertiary (so-called mid chain radicals (MCRs))
and therefore are more stable due to a positive inductive effect of the substituents. The
increased stability of the radical site results in a decreased propagation rate coefficient
as well as increased radical lifetime — similar to the lifetime of intermediate RAFT

8,40,41]

radicals | — amplifying the possibility of further side reactions. The formation of

MCRs is especially important in the polymerization of acrylic monomers, where the in-
tramolecular abstraction of a hydrogen atom via a six-membered cyclic transition state
(the so-called “backbiting” reaction) transfers the radical site to the polymer backbone

42-44

thereby leading to the formation of short chain branches (244 as shown in Figure 1.2.

Via the addition of further monomer units the MCRs are converted to secondary
propagating radicals (SPRs) and — depending on intramolecular or intermolecular
transfer — lead to short or long chain branching of the polymer molecule. Another
possible formation of SPRs from MCRs is B-scission, forming a SPR and an unsaturated

45,46]

macromolecule. | MCRs can furthermore be terminated via disproportionation or

recombination, the latter resulting in a 3- or 4-arm star polymer. The main possible

follow-up reactions of MCRs are depicted in Figure 1.3. [340:47]



1.2. Free Radical Polymerization (FRP)
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Figure 1.2.: Backbiting mechanism of an acrylic macroradical with a six-membered transition
state. Figure adapted from Ref [28] with permission of John Wiley and Sons.
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Figure 1.3.: A mid chain radical (MCR) alongside its possible reaction pathways propagation

and B-scission. Reprinted from Ref [40]

with permission of John Wiley and Sons.
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FRP is a robust polymerization process tolerating a wide range of monomers as well as
reaction conditions such as the presence of water or other protic impurities, providing
theoretical dispersities D between 1.5 and 2.0 depending on the type of termination,
although in reality mostly higher dispersities are produced due to a increase of trans-
fer and termination reactions with increasing conversion and the consumtion of the
monometr, leading to lower produced molecular weights. However, only limited control
over polymeric architecture or functionality can be achieved. Several polymerization
techniques have been developed to significantly reduce termination reactions and gain
efficient control over architecture and end-group functionality via reversible termina-

tion or degenerative chain transfer. [43]

1.3. Polymerization Techniques - Controlling dispersities

Radical polymerization is the most important technique for the production of polymeric
materials in academia as well as industry. One of the disadvantages of free radical poly-
merization is the uncontrolled terminationation reactions leading to broad molecular
weight distributions. According to Equation 1.1, an increase in the concentration of

free radicals leads to a squared increase in the termination rate.

re = ki PT’ (1.1)

Therefore decreasing the amount of free radicals in the reaction mixture enables a
minimization of termination reactions and therefore better control. In controlled
radical polymerization (CRP) the concentration of free radicals (propagating species)
is reduced to approximately 10 to 10”7 mol-L. ] CRP combines the advantages
of radical polymerization and ionic polymerization — like inexpensive production
of blockpolymers or the ability to introduce polar monomers in blockcopolymers —
without their drawbacks, therefore being a highly industrially and academically relevant
polymerization technique. During the last decade, effort has been made to develop
several reversible deactivation radical polymerization (RDRP) techniques like RAFT,
NMP, SET-LRP, and ATRP to gain better control over conventional FRP and introducing

[50] However, the International Union of Pure

characteristics of living polymerization.
and Applied Chemistry (IUPAC) urges to refrain from the term “living” when addressing
RDRP techniques, since they do not display all properties necessary to be termed a
living process. [°!] Using RDRP, termination reactions are not entirely suppressed, but a

majority of the macromolecules are kept in a stable, dormant state due to a deactivation
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of the propagating site (see Figure 1.4. [%?]

RDRP techniques allow for distinguished
control over the molecular weight due to linear increase of the degree of polymerization
vs. conversion and facilitate the fine-tuning of microstructure leading to high end group

fidelity and low dispersities.

Figure 1.4.: General Principle of RDRP techniques. Deactivation is favored over activation.
Although termination is reduced, it is not complete suppressed.

Though not considered CRP, another useful way to reduce dispersities during radical
polymerization is the use of chain transfer agents (CTA) like mercaptanes or halocarbons.
The two polymerization techniques employed in the current study to produce polymeric
samples with dispersities around 2.0 for the determination of Mark-Houwink-Kuhn-
Sakurada parameters as described in chapter 1.4.1 are RAFT polymerization and radical

polymerization with a CTA and will be described in detail in the following subsections.

1.3.1. Reversible Addition-Fragmentation Chain Transfer Polymerization
(RAFT)

Reversible addition fragmentation chain transfer (RAFT) polymerization is one of the
most versatile RDRP methods for imparting living characteristics to FRP. [35354 The
main advantages of RAFT polymerization are the suitability for most monomers includ-
ing (meth)acrylates, tolerance of unprotected functionalities, the possibility of polymer-
ization in aqueous or protic media and the cost effectiveness compared to other compet-
itive techniques. Almost 20 years ago — in 1998 — a group of Australian researchers from
the Commonwealth Scientific and Industrial Research Organisation (CSIRO) reported
the successful control of radical polymerization by employing dithioesters as chain
transfer agents. (4] While the Australian group termed their findings reversible addition
fragmentation chain transfer (RAFT) polymerization, a group of French researchers
independently reported the MADIX (macromolecular design by interchange of xan-

thanes) technique based on the same mechanism. [*>°¢! The underlying mechanism is
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based on degenerative chain transfer events and the accepted mechanism is composed

of a sequence of addition-fragmentation equilibria as shown in Figure 1.5

Initiation
[ ] M L]
I—I — 7] —_ 2P,

Reversible Chain Transfer (Pre-equilibrium)

ki
P, + S S kadd S_._S B S S .
" Y\R——‘PH/Y\R—PKYH?
k-aqd kp
M 7 V4 Z
ky
1 2 3
Reinitiation
. M . M .
R —>» M—-R —> Pn
_ —
1
Chain Equilibrium
Pp  + S S\ ,k—&~ S-S~ Ky s S .
Y P, P, Y P, ~ Py \( + n
k_adap Kaaap
M V4 Z zZ M
k
P k
3 4 ; :
Termination
ky

p. * p.  ——>  dead polymer

Figure 1.5.: Mechanism of RAFT polymerization. Adapted from Ref [3] with permission of
CSIRO Publishing.

The initiation, propagation, and termination steps follow the same basic mechanism as
in conventional FRP reactions. However, during the early stages of the polymerization
the propagating radicals add to the dithioester compound and fragmentation of the
intermediate radical (2) into a macroRAFT agent (3) and a new radical occurs. The
newly formed radical is able to start polymeric chain growth via re-initiation. After
several propagation steps, the growing polymer chain P,, forms another intermediate
radical species (4) with the macroRAFT agent (3) and a rapid exchange of the polymeric
radical via the chain equilibrium releases another polymeric chain (P,) which starts
further propagation. In contrast to conventional FRP, the rapid equilibrium between
dormant species and propagating chains results in an equal probability to grow for all

chains leading to low dispersities.
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An advantage of the RAFT mechanism compared to other RDRP methods like NMP or
ATRP is that the overall radical concentration is not reduced during the polymerization
process, theoretically suppressing the retardation. Nevertheless, in practise retardation
and hybrid effects (initial increase to high molecular weights and elevated dispersities)
are often observed [ due to cross-termination or slow fragmentation of the interme-
diate radicals (2 and 4) [4-57-38] or the occurance of the less favoured addition of the
propagating radicals to the initial dithioester species (1), respectively. To efficiently
control the polymerization reaction, the choice of suitable RAFT agents for a specific
monomer is crucial. 4] A detailed guide for the choice of appropriate RAFT agents was
provided by Moad, Rizzardo, and Thang in 2005. ’] To function as an efficient RAFT
agent, the dithioester must contain a R-group that can be effectively expelled from the
initial RAFT agent (1) — therefore it must be sufficiently stable — while also being able to
re-initiate the polymerization of the monomer (k; > k). The initial RAFT agent (1), as
well as the polymeric RAFT agent (3), should display a high k,4q4. The Z-group influences
the exchange of the propagating chains by stabilizing the intermediate radicals (2 and
4) that should be able to rapidly fragment (high kg) without leading to side reactions.
The intermediate radical (2) should partition in favor of the products (kg > k_opp). Figure

1.6 depicts a summary of appropriate RAFT agents for different types of monomers.

O
NS
Z: Ph>>SCHy~CH;~ N(__|>> N > OPh > OEt ~ N(Ph)(CHz) > N(Et),

-« MMA —— -«—— VAc ——mM8M8M >
«—— S MA,AM|AN ——M et »
CH; CH; CH;, CH;, CH,4 CH,4 H H CH; H

R: }—CN ~ }7% > }»Ph > }—CO2Et >> }‘CHZ—:—CH? ~ }»CN~ }71)}1 > }~CH3 ~ }7Ph
CH;,4 CH;4 CO,H CH; CHj; CH; CH;,4 CH;, CH;, H
-« VMA ——— - >
- S, MA, AM, AN >
- i e o s i i VAC,NVP --mmm—mmmse———— commocomoccsommcson oo s >

Figure 1.6.: Overview of appropriate Z- and R-groups for the selection of suitable RAFT agents.
Z-groups: Decrease of addition rates/Increase of fragmentation rates from left to right. R-groups:
Decrease of fragmentation rates from left to right. Dashed lines indicate partial control (i.e.
control of molecular weight but poor polydispersity or substantial retardation in the case of
VAc). Adapted from Ref [3] with permission of CSIRO Publishing.

For the polymerization of more activated monomers such as methacrylates, aromatic
dithioesters are among the most efficient RAFT agents. However, the aromatic sub-

stituents render them more sensitive towards hydrolysis and may lead to retarda-
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tion when used in high concentrations. [5%¢]

For the polymerization of methacry-
lates the choice of the R-group is crucial and some of the most effective RAFT agents
display a tertiary cyanoalkyl group. The first successfully employed RAFT agents
for the polymerization of methacrylates include cumyl dithiobenzoate and tertiary
cyanoalkyldithiobenzoates. [*!) Dithiocarbonates as well as dithiocarbamates and trithio-
carbonates can undergo aminolysis in the same way as carbonates or carbamates
when employed for the polymerization of amine containing monomers leading to
the destruction of the RAFT agent. Tolerated monomer functionalities, however, in-
clude tertiary amino methacrylates such as 2-(N,N-dimethylamino)ethyl methacrylate
(DMAEMA) [62-65] and comparable nitrogen containing methacrylates as employed in

the current study.

1.3.2. Radical Polymerization with Chain Transfer Agent

Chain transfer reactions can be unavoidable side reactions with several types of reaction

components during radical polymerization or can be deliberately introduced by the use

of a CTA. A chain transfer is considered a polymerization reaction which transfers the
radical of a growing chain to another molecule. Transfer reactions can be: [3%-¢]

+ Transfer to monomer: Growing polymer chains are able to abstract an atom
from unreacted monomer, transfering the active site from the chain to the
monomer. Transfer to monomer determines the theoretical maximum molecular
weight achievable by a given monomer. In radical polymerization, transfer to

monomer is less important, however, is included here for the sake of completeness.

« Transfer to polymer: A growing polymer chain transfers the active site to an
already existing polymer chain. Transfer to polymer often occurs towards the
end of radical polymerizations at high conversions when the majority of the
monomer is consumed and a high concentration of polymer chains is present,
leading to chain branching as the new radical site is located along the polymer

backbone.

« Transfer to solvent: When polymerization reactions are performed in solution,

anon-inert solvent can react as a CTA resulting in low molecular weight polymers.

« Transfer to chain transfer agent: CTAs display at least one weak chemical
bond which enables the transfer reaction. Thiols, disulfides, or halomethanes, as
well as other molecules with easily abstractable H-atoms are commonly used CTAs

and are sometimes called modifiers or regulators.[’! Chain transfer processes

10
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mediated by a CTA occur according to the mechanism shown in Figure 1.7. A
propagating polymer chain carrying a radical site (P,’) reacts with the CTA
(represented by R-X). The previously propagating chain is terminated and forms
a polymer P,-X while the radical site is transfered to the CTA, forming a new
radical R” which is able to react with monomer molecules to form new propagating

chains.

ke
P, + R-X — P,—X + R’

R + M —> R-M°
kP
R—-M* + mM —> RP,."

Figure 1.7.: General mechanism of a chain transfer mediated by a chain transfer agent. In the
case of the current study, X refers to a hydrogen atom and R to the thiyl rest. Adapted from
Ref [68] with permission from John Wiley and Sons.

The first time chain transfer was proposed in 1930 by Taylor and Jones, investigating

[69] Certain

the thermal decomposition of methal alkyls in hydrogen-ethylene mixtures.
observed side reactions and product mixtures suggested the involvement of ethyl
radicals and could best be described by postulating a transfer of the radical site to
other reactants. The US Rubber Reserve Company was the first institution to make
industrial use of CTAs during World War II. The addition of a mercaptan modifier to
their rubber recipe significantly changed the properties of the product and replaced
the need for additional production steps to soften the initially hard rubber. This effect
was found to be due to a decrease in molecular weight of the polymer chains and
concomitantly an increase of the polymerization rate was reported. "% In 1937, Flory
already incorporated the concept of transfer to CTAs in his mathematical considerations
to explain the observation of reduced average chain lengths compared to chain length
predicted by rate considerations alone. "] The general understanding of CTAs was
progressed during the 1940’s and 50’s and Mayo et al. delivered the basis for rate

72-74] Employing the Mayo-Equation 1.2, [7*]

determination of chain transfer reactions. [
it is possible to calculate the average degree of polymerization when using defined

amounts of monomer and transfer agent.

1 [Trans] 1
=C- +— (1.2)
DP, [M] DP,

11
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With DP, being the degree of polymerization with addition of a CTA, DP, the degree
of polymerization without the addition of a CTA, [Trans] the concentration of transfer
agent, [M] the monomer concentration, and C the chain transfer constant defined as
kic/kp.

Chain transfer can be employed to regulate the molecular weight and to some extent
to introduce chain end functionalities as well. End functionalized polymers with low
molecular weight found applications in automotive coatings for low-volatile-organic
content (VOC) formulations. 7>} In FRP, thiols are the most commonly used CTAs and a
number of functional thiols as for example mercaptoethanol or methyl thioglycoate were
employed for the preparation of end-functionalized copolymers 76~78] for application
as emulsifiers, thermoplastic elastomers, or adhesives. [’} The chain transfer constant
of thiols is dependent on the reaction conditions and type of monomer. Due to the
electrophilic nature of the thiyl radical produced during the transfer step, thiols react
with an increased rate with nucleophilic radicals than electrophilic ones, leading to a
higher Cy; with styrene or vinyl esters than with (meth)acrylates for example. %] The
molecular weight is inversely proportional to the concentration of the CTA, therefore
targeting certain molecular weights is possible and the same reaction procedures
(temperature, reaction time) can be used to produce polymeric samples covering a wide
range of molecular weights by varying the concentration of the added CTA.

In the current study, polymerization with a thiol as transfer agent was employed to
prepare polymeric samples for the determination of MHKS parameters since in contrast
to RAFT polymerizations it bears the advantage of yielding high molecular weights in
short reaction times of just up to one hour while still giving dispersities suitable for the

intended purposes.

1.4. Pulsed-Laser Polymerization - Size Exclusion

Chromatography (PLP-SEC)

Though for many years the determination of precise monomer specific propagation rate
coefficients is targeted in polymer chemistry with several experimental methods, [?5-8°]
most attempts to gain knowledge of those highly important kinetic data had several
disadvantages and up until the 1990’s many varying — and often not reproducible - data
were reported from different laboratories. %] The deduced kp values were commonly
beset with inconsistent error rates varying up to and above 50% depending on the applied
method and often showed wide disparities, were contradictory to each other, or not

reproducible at all. Many inconsistencies between the different literature known data —

12
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apart from the fact that many studies were conducted under widely different reaction
conditions — could be attributed to the experimental difficulties with a commonly
used method to determine the propagation rate coefficients, namely the rotating sector
method. For the original rotating sector experiment employed by Nagy et al. in 1983, [81]
a nonlaser light source was utilized. To achieve a pulsed illumination, a rotating disk
was placed between the sample and the light source, featuring cut out portions to mimic
the light and dark periods. The periods of illumination could be varied by rotating the
disk at different frequencies and varying the dark-to-light ratio r of cut out and non-cut
out sectors. The main objective of the rotating sector method is the determination of
the parameter 1, defining the “average lifetime of a growing radical” under steady-state
polymerization according to Equation 1.3 with [M] being the monomer concentration

and (Rp) s the rate of polymerization under steady-state conditions. [28]

kMl
 2ki(Ry)s

T (1.3)
Apart from the broad pulses generated via the rotating disc compared to the sharp pulses
produced with a pulsed laser, the main drawback of the rotating sector method was the
determination of k, only in conjunction with the termination rate as k/ ki/2. Although
the original rotating sector method has been further enhanced, one of the advantages of
the PLP-SEC method is the ability to determine individual propagation rate coefficients
without being coupled to k;. The PLP-SEC method is a combination of an experimental
(PLP) and analytical (SEC) technique vital to the effective characterization of FRP
and was reported in 1977 by Aleksandrov et al.[¥? and further developed by Olaj

[83-85

and coworkers in the following years. I The technique was declared the method

of choice by the IUPAC for the determination of propagation rate coefficients. In
1995 the IUPAC working party on Modeling of Kinetics and Processes in Polymerization

was called into presence and started benchmarking propagation rate coefficients for

9,86-92

several monomers. | 1 To date a broad database of propagation rate coefficients

determined via the PLP-SEC method is available and the technique is well established

82,93,94]

and understood. [ An overview of important monomer systems investigated via

PLP-SEC in the last three decades is given by Beuermann and Buback [**] as well as the

(%] A more detailed description of particular monomer

author of the present thesis.
classes will, however, be given in the subsequent chapters when they are compared to
monomers investigated in the course of this thesis.

The PLP method is based on the generation of photoinitiator radicals in defined time

intervals (controlled via the frequency of the laser pulses). Typical photoinitiators 2]

13
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are depicted in Figure 1.8 alongside all initiators employed in the current study with

2,2-dimethoxy-2-phenylacetophenone (DMPA) being the most important one.

‘O o o) 0
OON
) (T P

DMPA MMMP

2,2-Dimethoxy-2-phenylacetophenone Benzoin 2-Methyl-4'-(methylthio)-2-morpholinopropiophenone
O [ O O [ O O I O
O (0] O
Tri—B Tetra-B Penta-B
2-Hydroxy-1-mestiryl-2-phenylethan-1-one 2-Hydroxy-2-phenyl-1-(2,3,5,6- 2-Hydroxy-1-(2,3,4,5,6pentamethylphenyl)-2-
tetramethylphenyl)ethan-1-one phenylethan-1-one

0

Irgacure OXE 01
2-((Benzoyloxy)imino)-1-(4- Mesitil
(phenylthio)phenyl)octan-1-one 1,2-Dimesitylethane-1,2-dione

Figure 1.8.: Structures of typical photoinitiators such as DMPA, benzoin, and MMMP, alongside
all additional photoinitiators employed in the current study: Tri-B, Tetra-B, Penta-B, Mesitil,
and Irgacure OXE 01

The first laser pulse generates initiator radicals and the propagation reaction takes
place. The second (as well as each consecutive) laser pulse generates new initiator
radicals which start new propagating chains and lead to the termination of the majority
of already growing polymer chains. However, not all polymer chains will be terminated
after the second pulse. A minority of chains will continue propagation for more than one
dark time (the time between two consecutive laser pulses, see Figure 1.9). The molecular
weight of the terminated chains, M;, is dependant on the propagation rate coeflicient,
kp, and is proportional to the number of dark times the propagating chain survived.
Chains propagating for two or three dark times will exhibit molecular weights twice
or three times as high as for the chains terminated after one dark time, respectively.
The accumulation of polymer chains surviving one, two, three,... dark times leads
to a multimodal SEC distribution with one, two, three,... local maxima in their first

derivative (see Figure 1.10). In the current study, polymer chains surviving up to seven

14
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dark times could be observed and exemplary PLP distributions of the herein investigated

monomers are depictured in the Appendix A.
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Figure 1.9.: Example of chain growth during PLP. Consecutive laser pulses will start the
propagation of new chains as well as end the propagation of previously growing chains.

The molecular weights of the maxima in the first derivatives of the PLP distribution can

be employed to determine the propagation rate coefficients according to Equation 1.4.

Li: :i'kp'CM'to (14)

where L; is the degree of polymerization, M; the molecular weight of the respective
inflection point, M) the molecular weight of the monomer, i the number of the inflection
point, ¢y the monomer concentration, and ty, the dark time. According to the stationary
state, the monomer concentration is assumed to be constant during the experiment and
equals the initial monomer concentration of the sample, which is calculated via the

temperature dependent density function (Equation 1.5)

15
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Figure 1.10.: Typical PLP generated molecular weight distribution with its first derivative. M;
describes the molecular weight of a polymer chain surviving for i dark times.

p=po—b-T (1.5)

where py is the density at 0 °C and b is the slope density function determined over an
extended range of temperatures T. Temperature dependent density functions for all
monomers investigated in the current study are given in the Appendix A. A theoretical
study concerning factors influencing the accuracy of the determined propagation rate
coefficients noted that the most robust access to precise molecular weights for the cal-
culation of k, is given by employing the logarithmic molecular weight distribution. [*°]
Based on the modeling of PLP-SEC experiments, the study showed, when plotting
the molecular weight on a logarithmic scale, the position of the inflection points
and, thus, the propagation rate coefficients, are less influenced by experimental SEC
broadening. %] In a theoretical study from 1995, Sarnecki et al. reported the so-called
low and high termination rate limits, that described if the propagation rate coefficient

is best determined via the inflection point or the maximum of the MWD depending
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on the “radical concentration of chain length zero generated per laser pulse®, cg°. [*7]

At low concentrations of laser induced radicals and thus at low termination rates, the
radical concentration half-value life is of the order of the pulse period. In this case, the
inflection point of the MWD gives the most reliable results for k;,. At high termination
rates, due to high start concentrations of radicals, the radical concentration half-value
life is much shorter than the pulse period, leading to the best results for k, when
employing the maximum of the MWD. Although it is not easy to assess if the high
termination limit is operative, it is rather difficult to achieve such high inital radical
concentrations experimentally, [’} thus employing the inflection points of the MWD for
the determination of the propagation rate coeflicients is generally prefered for PLP-SEC
experiments.

The observation of different chain lengths with M, = % M, = % M35 etc. is one of the con-
sistency criteria of the PLP-SEC method. Other consistency criteria and requirements

for successful PLP experiments are:

at least two visible inflection points

« k, invariant to variation of the frequency (reaction governed by PLP, solely

secondary propagating radicals)
* kp1/kp near unity

« kp invariant to variation of pulse number, photoinitiator concentration, or laser
pulse energy (and therefore invariant to the amount of produced radicals per

pulse)

An assumption made in Equation 1.4 is that ¢y equals the inital monomer concentration.
For this assumptions to be valid and to obtain reliable propagation rate coefficients,
it is mandatory to stop the polymerization reaction at low conversions to stay in the
range of ideal kinetics. Detailed descriptions of the criteria and requirements for PLP-
SEC experiments are given in the benchmarking publications of the working party

89.90.92] It is furthermore assumend

Modeling of Kinetics and Processes in Polymerization. |
that all macroradicals are equally reactive towards propagation. This consideration
is especially important regarding the propagation reaction of acrylate systems where
the formation of MCRs plays an important role as noted previously. The frequency
of transfer reactions is sufficient to lead to a considerable amount of MCRs, occuring
via the backbiting reaction. ) The formation of tertiary radicals due to backbiting
results in an apparent propagation rate coefficients, k,*P, consisting of secondary and

tertiary propagating radicals, kp sec and ky tert, leading to errors in the determined k;,
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and a blurring of the PLP distribution. As depicted in Figure 1.11, for acrylate systems a
frequency dependency of the propagation rate coefficient can be detected, leading to an
S-shaped curve when plotting k,*? vs. frequency. To obtain reliable propagation rate
coefficients, the plateau of the S-shaped curve has to be reached, where k, is no longer
dependent on the applied laser frequency. Thus, to eliminate errors in k;, arising from
the concurrent detection of tertiary and secondary propagating radicals and to avoid a
blurring of the PLP traces, it is necessary to ensure that the time between to consequtive
laser pulses is shorter than the average time needed to undergo transfer to polymer

reactions, therefore, the highest available laser frequencies have to be employed.

kp,sec

[L/mal 5]

app
kp

frequency [Hz]

Figure 1.11.: S-shaped curve showing the frequency dependency of acrylate systems at low
pulse repetition rates. To obtain reliable secondary propagation rate coefficients, the frequencies
have to be sufficiently high to reach the plateau of the curve.

Determination of the propagation rate coefficient via the PLP-SEC method is possible
for homo- as well as copolymerizations. However, when studying the propagation
rate coeflicients for copolymers, SEC calibration for each copolymer composition is
required. [** For some exceptions, as for example found for the copolymerization of
styrene and MMA, SEC calibration can be achieved employing Mark-Houwink-Kuhn-
Sakurada parameters determined by linear interpolation between the parameters of
the corresponding homopolymers. [1%°] Theoretical studies aimed at the description of
kp.copo employing different models. The terminal model (TM), where the propagation
reactivity is assumed to be determined by the terminal unit at the propagating radical
site was shown to work for copolymerization reactions, ('] however, Fukuda et al.
found the penultimate model to be more accurate, where the terminal as well as penul-
timate unit at the propagating radical site influence the reactivity. ['°?] A more detailed

description of the different models for the determination of propagation rate coefficient
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[103-105]

during copolymerization processes is available in the literature. Starting in

the 1980’s, a variety of copolymer systems was investigated employing the PLP-SEC

method such as methyl methacrylate with perdeuterated methyl methacrylate, [1°°]

[107-109] 110-114

styrene with different methacrylates, | I and various

[115,116]

substituted styrenes,

other monomer combinations. Extensive PLP-SEC studies of the copolymeriza-

105,117.118] apnd a summary of

tion of acrylates with methacrylates has been published [
the systems investigated via PLP-SEC until the early 2000’s is given by Beuermann et
al. [3] Apart from binary copolymerization, ternary systems have been studied by PLP-

SEC as well, for example a styrene-methyl methacrylate-methyl acrylate system [11°]

and p-methoxystyrene—styrene-methyl methacrylate. [12]

Besides PLP coupled with SEC, the determination of k;, is possible employing the matrix
assisted laser desorption and ionisation time of flight (MALDI-ToF) mass spectrometry.
Band broadening of the SEC traces and the need for calibration are often mentioned
drawbacks of the PLP-SEC method, while MALDI-ToF is an absolute method for the de-
termination of molecular weights and can furthermore be employed to analyze branched

[121] However, broad polymers can lead to mass discrimination effects that

polymers.
can result in errors of the determined rate coefficients. 12271251 PLP coupled with MALDI
has, for example, been employed to investigate the influence of primary radical con-
centrations on the propagation rate coefficient and to determine the k;, for a series of
linear alkyl acrylates, [1?!] fast acrylates containing heteroatoms (tetrahydrofurfuryl
acrylate, THFA, and (R)-a-acryloyloxy-f,f-dimethyl-y-butyrolactone, ADBL), [12¢] and

122]

a copolymerization of styrene and MMA. [122] Furthermore, PLP-based models are be

employed to determine other important intrinsic rate coefficients in addition to kp, such
as the backbiting rate, kpy, for acrylate systems. [11-127-129]

To date, the PLP method was not only employed to determine the propagation rates of
a wide variety of monomer systems, but also overarching trends and family type behav-
iors among defined monomer groups are reported. For a series of linear (meth)acrylates,
a steady increase of the propagation rate coefficient with increased ester side chain

121,130] 1311 and cyclic %8 ester

length was reported. [ For methacrylates with branched [
side chains a family type behavior was described, leading to joint Arrhenius parameters
for the investigated monomers, collated in Table 1.1.2.

In the current study, a series of branched acrylates in solution as well as methacry-

lates with nitrogen-containing ester side chains are investigated with regards to trends

2 In a previou publication, AE, is given with 2 kJ-mol™! for the linear methacrylates and 3 kJ-mol™ for
branched methacrylates ['**] However, inspection of the activation energies shows that AE for the
linear methacrylates is ~3 kJ-mol™? (20.52 - 23.38 kJ-mol!) and less than 2 kJ-mol™ for the branched
methacrylates (20.72 - 22.11 kJ-mol?).
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and family type behavior among their propagation rate coefficients and Arrhenius
parameters to broaden the understanding of the underlying kinetics of free radical

polymerizations of (meth)acrylates. A detailed description of the to date detected trends
will be given in Chapter 2 and 3.
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1.4.1. SEC-Analysis and Determination of Absolute Molecular Weights

For the determination of the propagation rate coefficients, polymeric samples generated
by pulsed-laser polymerization are analyszed via SEC measurements to obtain the typi-
cal PLP patterned elugrams. The molecular weight at the inflection points is employed
to calculate the propagation rate coefficients k;, for each specific monomer, therefore,
the use of accurate molecular weights is mandatory to determine reliable monomer
specific data. During the SEC measurement, the polymeric molecules are separated
via their hydrodynamic volume, thus, molecules displaying the same hydrodynamic
volume elute at the same time. Already many years ago, it was established that the
main limitation to the determination of precise propagation rate coefficients via PLP

(136] To convert the retention time into accurate

is an accurate calibration of the SEC.
molecular weight, calibration is needed and is often achieved by measurement of several
standards with low dispersities and known molecular weights. However, for unknown
or not yet fully investigated polymers such standards are generally not available. For
the determination of the molecular weights via SEC analysis, two methods can be

[137]

employed: direct measurement or universal calibration. For direct measurement a

triple-detection setup with a concentration sensitive detector (RI or UV), light scattering
(e.g. MALLS or LALLS), and viscometry detector is the most common setup. [133-140]

In the case of the current study, for the measurement of the PLP generated samples
applying the universal calibration is favored over the direct measurement via a triple-
detection SEC setup since multi-detector setups are often limited to high molecular
weights. To archieve reliable statements on the absolute molecular weight with MALLS
detection, MW above approximately 50 000 g-mol’! are necessary for reliable signals
especially for macromolecular species with poor light scattering properties and in the
low molecular weight range, high sample concentrations need to be employed on order

141] Ideally, during PLP experiments the laser settings are

to produce detectable signals. |
tuned to give first inflection points between 10 000 and 20 000 g-mol! leading to high
uncertainties or a loss of detector signal when directly analyzed via MALLS detection.
Changing the experimental settings in a way to obtain polymeric chains with first
inflection points above 50 000 g-mol™ increases the risk of a loss of the PLP structure
in the MWD and especially in the case of acrylic monomers gives rise to side reactions
such as backbiting. Another reason for an increased uncertainty of the molecular
weights derived from the MALLS detector signal is the accurate sample concentration
that needs to be employed for measurements with a triple-detection setup. Furthermore,
inappropriate signal alignment of the different detectors can lead to significant devi-

ations in the calculated molecular weight distribution. '42714¢] To measure MWDs of
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unknown polymers without employing mass sensitive detectors, universal calibration
can be employed. Universal calibration was initially introduced in 1967 by Grubisic
et al. ['*] and is mostly based on the application of Mark-Houwink-Kuhn-Sakurada
(MHKS) parameters. Employing universal calibration with polymer specific MHKS
parameters, the accuracy of the molecular weight and, therefore, the propagation rate

(148] In the case

coeflicients is strongly dependent on the employed sets of parameters.
of the current study, for the determination of MHKS parameters, narrowly distributed
polymer samples are analyzed via a triple detection SEC setup comprised of a refractive
index (RI), light scattering (MALLS), and viscometry (visco) detector to gain the abso-
lute weight averaged molecular weight M, and the intrinsic viscosity [n]. ['** Light
scattering ranks among the few absolute methods to determine the molecular weight

as well as shape and conformation of polymeric samples. [14!]

During analysis with a
MALLS detector, the collimated, polarized light beam of a laser is directed at the sample
cell containing a solution of the macromolecules of interest and the scattered light is
detected by multiple detectors situated at specific angular locations (see Figure 1.12).
The intensity of the light scattered from the macromolecules depends on the dipoles
induced by the oscillating electric field of the light and, thus, on the polarizability
of the macromolecules and the concentration in solution and is directly proportional
to the molar mass of the molecules. The angular dependance within the horizonal
plane, however, gives information about the size of the measured macromolecule. To
determine the molecular weight of a broadly distributed polymer sample, separation via
SEC and subsequent analysis via MALLS leads to light scattering data at each elution

volume which can be employed to determine the molar mass of the sample.

Angle position

LASER

L \| A
= V=

105 /79

cylindrical sample cell

Figure 1.12.: Schematic setup of a multi angle laser light scattering (MALLS) detector on the
example of the SLD 7000 detector from PPS Mainz as employed in the current thesis. [1°),
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The MHKS parameters K and « can be determined according to the well established
Mark-Houwink-Kuhn-Sakurada Equation 1.6. [1>!]

7] = K - M® (1.6)

To obtain reliable results, the determination of [n] and My, for several polymer samples
spanning a wide molecular weight range is conducted in the current thesis. When
plotted on a log scale, the slope of the [n] vs. My, plot corresponds to the exponent
o while the y-intercept corresponds to the prefactor K (cf. Figures in Chapter 3.1). A
wide variety of MHKS parameters for polymers synthesized under various reaction
conditions and analyzed in different solvents can already be found in the literature. [*°]
Since the microstructure of the polymeric samples can have a significant impact on the
MHKS parameters, for acrylic monomers prone to chain branching reactions under FRP
conditions the use of MHKS parameters obtained from samples generated via PLP is
advisable for the determination of reliable propagation rate coefficients. For the investi-
gated acrylates, MHKS parameters prepared under suitable conditions can be found

in the literature b [10:130,131,152]

For the methacrylic systems employed in the current
thesis no MHKS parameters were available and were thus determined in the course
of the study. Polymer samples with dispersities below 2.0 were generated via RAFT
polymerization or polymerization with a transfer agent and subsequently analyzed via a
triple detection SEC setup with MALLS, RI, and visco detector. To obtain reliable MHKS
parameters, a wide molecular weight range was covered. At a given retention time the
hydrodynamic volume of two polymers are assumed to be identical, thus giving the
possibility to re-calculate the molecular weight of the PLP generated samples measured
via universal calibration against narrowly distributed poly(styrene) and poly(methyl
methacrylate) standards employing the polymer specific MHKS parameters according

to Equation 1.7. [153154]

For the acrylic monomers employed in the current study the
SEC elugrams were recorded using the polymer specific MHKS parameters. For the
methacrylates, p(MMA) MHKS are used for the SEC analysis and the obtained molecular

weights are afterwards re-calculated employing the polymer specific parameters.

b For poly(benzyl acrylate) no MHKS parameters were available in the literature. However, all attempts
to produce narrowly distributed samples with a suitable microstructure - e.g. fractionation of broadly
distributed PLP samples — were not successful. For the determination of propagation rate coefficients
for benzyl acrylate, MHKS parameters of p('BA) have been employed therefore the obtained kpand
Arrhenius parameters have to be treated with caution.
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Ky - M = Ky - M, (1.7)

The MHKS equation is known to properly describe the [n] vs. My, relation in a molecular
weight range above 10 000 g-mol!. However, since the intrinsic viscosity no longer
follows a simple power — law relation at lower molecular weights, significant deviations
can be detected. [1°]

The MHKS parameters employed for the determination of the absolute molecular

weights of the herein investigated monomers are collated in the respective chapters.

1.4.2. Arrhenius Relations and Determination of Arrhenius Parameters

In the current study the SEC elugrams of all PLP generated samples are computanionally
smoothed and the molecular weight at the inflection points, Mj, is determined via the
local maxima of the first derivative. According to Equation 1.4, the molecular weights
at the inflection points can be employed to calculate the propagation rate coefficient k.

Propagation rates calculated in this manner follow the Arrhenius Equation 1.8.

_EA
kp =A-e RT (18)

The Arrhenius equation is a relation to describe the relationship between temperature

and rate coefficient and was named after Svante Arrhenius, who first proposed the

[15¢] The equation is of high importance for the calculation of activation

157

equation in 1889.

energies and can best be seen as an empirical relationship '*7] related to the Eyring

equation used in transitional state theory. '3

When the propagation rate coefficients
are recorded over an expanded temperature range, they can be presented in the form of
an Arrhenius plot, showcasing In(k,) vs. T™, giving a linear fit as depicted in Figure
1.13.

According to Equation 1.9 the linear fit can be employed to calculate the Arrhenius
parameters with the slope representing the activation energy, E5, and the y-intercept

corresponding to the frequency factor (or pre-factor) A.

In(k) = In(A) - ]% (1.9

25



1. Introduction

slope —> E,
A ] y-intercept — A
—»
gcx
E -

Figure 1.13.: Typical In(k,) vs. T plot with linear fit. The activation energy, E5 can be
calculated employing the slope of the fit while the frequency factor, A, corresponds to the
y-intercept.

Although equation 1.9 has some inherent errors due to an actual temperature depen-
dence of the prefactor [°6] — Jeading to a slight increase of A with increasing temperature
— the weak temperature dependence is negliable compared to the temperature depen-
dance of the exponential factor. It is also reasonable to assume an independency of
the activation energy on the temperature considering the relatively small temperature
range kinetic studies are generally undertaken in.

As described in chapter 1.4 on page 17, several consistency criteria need to be fulfilled
for the determination of reliable propagation rate coefficients and Arrhenius parameters.
Therefore in the current thesis, all samples incorporated in the calculation of k, and

thus the determination of Arrhenius parameters have been checked for consistency:

« To ascertain a PLP governed polymerization with solely secondary propagating
radicals, different frequencies have been applied at the same temperature and
pulse number. Only samples where the molecular weight of the inflection points
was inversely proportional to the frequency (thus, no change in k,was observed
with varying frequency) were incorporated into the final Arrhenius plots. In
the current thesis, for the methacrylates frequencies between 4 and 120 Hz have
been applied. For the acrylates, 50 to 500 Hz were employed since especially for
elevated temperatures the acrylate typical transfer reactions become increasingly
important. The formation of mid chain radicals substantially influences the propa-

gation rate, since those more stable tertiary radicals propagate significantly slower

26



1.4. Pulsed-Laser Polymerization - Size Exclusion Chromatography (PLP-SEC)

than the secondary radicals. ¥ To avoid the formation of MCRs and therefore
a deceleration of the propagation reaction, the highest possible pulse repetition
rates have to be employed to guarantee the determination of solely secondary
propagating radicals. At higher temperatures, however, a pulse repetition rate of
500 Hz is not sufficient anymore to assure the suppression of tertiary radicals,
leading to kpvalues consisting of a mixture of secondary and tertiary propagation
rates with generally high deviations of k;, 1/kp 2 from unity. It should be avoided
to incorporate such mixed propagation rates into the Arrhenius plots, therefore in
the current study only values with a k, 1/k;, 2 ratio close to 1 have been employed

for the determination of Arrhenius parameters.

At a given temperature and pulse repetition rate at least two different pulse
numbers have been applied to exclude an influence of the degree of conversion
on k. Only samples showing no significant change in propagation rate with
changing pulse numbers have been included in the final plots. No significant
change was assessed if the difference in k,did not exceed the assumed SEC
error of 10-15% occuring at multiple injections of the same sample. To obey
the assumption of an infinitessimally low conversion and therefore assumed
constant monomer concentration, ¢y, it was strived to use a pulse number as
low as possible while still obtaining a sufficiently high amount of polymer and a
sufficiently good signal-to-noise ratio in the SEC analysis. For the investigated
acrylates, pulse numbers between 800 and 1200 have been applied while for
the methacrylates 300 to 1600 pulses gave best results and stayed withing the

boundaries of accepted deviations.

To assure the independance of the propagation rate coefficient of pulse energy as
well as photoinitiator concentration, the pulse energy was varied between 2 to 5
m]J (acrylates) and 1.5 to 2 m] (methacrylates), respectively and the photoinitiator
concentration ranged from 5 to 20 mmol-L™!. Only samples that showed no sig-
nificant deviation of k,with varying pulse energy or photoinitiator concentration

were included in the final Arrhenius plots.

Due to the half logarithmic scale of the Arrhenius plot experimental errors in k;, lead to

increased errors at elevated temperatures (corresponding to higher k, values) therefore

significantly increasing the error in the frequency factor. To reliably calculate Arrhenius

parameters, van Herk and co-workers proposed a mathematical procedure to determine

A and E, via a non-linear fit of the Arrhenius expression. °] Thus, the program

CONTOUR V2.0.2 "% was employed to specify the Arrhenius parameters, which
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utilizes constant errors for each incorporated data point as estimated absolute error
ranges. According to and in agreement with an extended set of PLP-SEC experiments the
error ranges for acrylates were assumed to be approx. 15% while for methacrylates an
error range of 10% was estimated. The resulting data are provided in the corresponding
chapters in Tables 2.2 and 3.2 and are within the boundaries of the 95% joint confidence
intervals represented by the error ranges stated in the respective tables. The reported
Arrhenius parameters lie in the center of the symmetric 75, 90, and 95% joint confidence

contours as depicted in the following chapters.
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Branched Acrylates in Solution?

PLP-SEC

In the current chapter, possible trends and family type behavior of the propagation rate
coefficient as a function of the steric demand and ester side chain conformation of a
series of branched acrylates in 1M solution in butyl acetate (BuAc) is investigated. Butyl
acetate is a commonly employed solvent for acrylate polymerizations since it mimics
the properties of butyl acrylate without interfering with the polymerization process as
is does not feature the ability to polymerize. In addition, it features similar viscosity
and polarity as a wide range of other alkyl acrylates. As described in Chapter 1.4.2,
the investigation of acrylate monomers calls for high laser frequencies especially at
elevated temperatures. Until the 2000’s, the state-of-the-art of frequency accessible via

high-energy pulsed lasers was limited to 100 Hz and therefore investigations of k, were

2 Parts of this chapter are reproduced with permission from Kockler, K. B., Haehnel, A. P., Fleischhaker,
F., Schneider-Baumann, M., Misske, A. M., Barner-Kowollik, C. “No Apparent Correlation of kp with
Steric Hindrance for Branched Acrylates®, Macromol. Chem. Phys., 2015, 216, 1573-1582. Copyright
(2015) Wiley-VCH
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restricted to relatively slowly propagating monomers such as styrene or MMA. [°0-%2]

Determination of propagation rate coefficients of faster propagating monomers such as
acrylates was hardly possible and not feasible at temperatures above 30 °C. [’} The low
pulse repetition rates did not prove sufficient to suppress the typical acrylate transfer
reactions such as backbiting, leading to the formation of less reactive radicals and
therefore a blurring of the PLP pattern and composition of kj, sec and kp tert- The above
noted transfer processes occured predominantly at temperatures exceeding ambient
conditions ] but were already noted at sub-zero temperatures as well. 1] With high
frequency pulsed lasers becoming available in the last decade, it is possible to deter-
mine precise propagation rates above ambient temperature for rapidly propagating
monomers whose radicals are able to undergo inter- and intramolecular chain transfer
processes. The first PLP experiments employing pulse repetition rates of 500 Hz were
carried out in 2008 on n-butyl acrylate and confirmed the propagation rates determined

earlier with 100 Hz lasers. [161]

In the case of vinyl acetate, however, an increase of k;
of close to 25% was detected when pulsing with a frequency of 500 Hz compared to 100
Hz, [1%] showing the necessity to employ the highest available pulse rates to obtain
reliable data as already discussed in Chapter 1.4.

The detection of trends and family type behavior for defined groups of monomers
aids to understand the underlying effects and influences of the chemical structure on
the propagation rate coefficient. Describing trends and family behaviors provides the
opportunity to estimate propagation rate coefficients for not yet investigated monomers
fitting into the proposed families without the need of individual measurements. Inter-
esting observations have been made regarding the determination of k;, of a series of
linear (meth)acrylates and branched acrylates. For linear acrylates as well as linear
methacrylates, a linear increase of k;, with increasing ester side chain length was ob-
served when going from methyl acrylate (MA) to behenyl acrylate (BeA) and methyl
methacrylate (MMA) to behenyl methacrylate (BeMA), respectively. [89%131,143.163] The
linear acrylates displayed an increase in kp, of 550 L-mol*-s™! (2-3%) per additional CH,
group and the propagation rate of linear methacrylates increased by approximately
30 L-mol*-s! (3-4%) per additional CH, group at 50 °C. For branched methacrylates,

130.131] giving the possibility to describe inves-

a family type behavior was identified [
tigated monomers iDeMA, EHMA, PHMA, TDA-MA, TND-MA, and C17MA with a
joint set of Arrhenius parameters reading A=2.82-10° L-mol!-s! and Ex= 21.51 kJ-mol™
. Interestingly, a group of branched acrylates investigated in bulk by Haehnel et al.
did not show any trends in their propagation rate coefficients, nor was a family type
behavior observed. 131

The focus of the current chapter lies on the study of branched acrylates in 1M solution
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in BuAc to investigate with regards to differences between solution and bulk data, as
well as differences between branched and linear acrylates and branched acrylates and
methacrylates, respectively and the search for possible trends within the investigated
monomer class. The monomers investigated in the current chapter are presented in Fig-
ure 2.1 alongside the structures of the previously studied linear acrylates and branched

methacrylates that will be discussed in this chapter.

Linear acrylates:

n=0,1, 3, 5 11, 15/17 17/21

O
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Figure 2.1.: Monomer Landscape. The branched acrylates investigated in solution in the
current study are highlighted in the blue box and were previously studied 3!l in bulk. Branched
acrylates additionally investigated in bulk [1*] are highlighted in the green box. Linear acrylates
showing a trend in their propagation rate coefficient (methyl acrylate, MA; ethy acrylate,
EA; butyl acrylate, BA; hexyl acrylate, HA; dodecyl acrylate, DA; stearyl acrylate, SA; and
behenyl acrylate, BeA) as well as branched methacrylates displaying a family type behavior
(TDA-MA/TDN-MA, iDeMA, C17MA, PHMA, and EHMA) are critically compared to the data
determined in the course of this work.
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2. Branched Acrylates in Solution

The investigated monomers are highlighted in the blue box of Figure 2.1. Branched

131] and incorporated into the cur-

acrylates investigated in solution by Haehnel et al.
rent study are shown in the green box. In previous studies, the Arrhenius parameters
and propagation rate coefficients were reported for a series of linear acrylates, namely:
methyl acrylate (MA), 4] ethyl acrylate (EA), [*?!] butyl acrylate (BA), ! hexyl acry-
late (HA), [?!] dodecyl acrylate (DA), 191 stearyl acrylate (SA), '3 and behenyl acry-
late (BeA), 131 as well as a family of branched methacrylates: iso-decyl methacrylate
(iDeMA), 193] 2-ethylhexyl methacrylate (EHMA), [1¢%] 3-propylheptyl methacrylate
(PHMA), [13] tridecyl methacrylates (TDN-MA and TDA-MA), 31 and heptadecyl
methacrylate (C17MA). [3%] Furthermore, ten branched acrylates were investigated
in bulk: tert-butyl acrylate (‘BA), '3 benzyl acrylate (BnA), (1?1l iso-bornyl acrylate
(iBoA), [1%% 2-ethylhexyl acrylate (EHA), (1) 2-propylheptyl acrylate (PHA), [31] iso-
nonyl acrylate (INA-A), 131 tridecyl acrylates (TNA-A and TDN-A), 131 heptadecyl
acrylate (C17A), [ and henicosyl acrylate (C21A); [13!] the latter five being investi-
gated in 1M solution in BuAc as well. To complete the series of branched acrylates in
solution and provide a solid base for the comparison of solution and bulk data, ‘BA,
BnA, iBoA, EHA, and PHA are investigated in 1M solution in BuAc. In addition to the
broadening of the database of available monomer specific propagation rate coeffiecients,
this chapter aims at the investigation of the series of branched acrylates in solution
for the detection of possible trends within the monomer series, the comparison to
branched acrylates in bulk to check for possible solvent effects, and to gain insight into
the underlying effects that cause the kinetic differences between branched acrylates

and linear acrylates or branched methacrylates, respectively.
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2.1. MHKS Parameters

2.1. MHKS Parameters

The need for polymer specific MHKS parameters to obtain reliable molecular weights of
the inflection points and therefore precise kj, values was already addressed in chapter
1.4.1. With the exeption of benzyl acrylate, for the investigated branched acrylates,
MHKS parameters were available in the literature. However, the microstructure of
the polymer samples with regards to the occurence and amount of chain branching
can have an influence on their conformation in solution, therefore influencing their
hydrodynamic volume and ultimately the derived MHKS parameters. Especially long
chain branches occuring due to random transfer to polymer reactions may have a
significant effect on the MWD, [166:167] The MHKS parameters for EHA, 'BA, and iBoA
were not determined using PLP generated samples, hence the microstructures may
vary and the application of these MHKS parameters can lead to additional errors in
the determined propagation rate coefficients. However, to ensure the comparability to
the previously published bulk data, the same MHKS parameters are employed in the
current study for the determination of k; in solution.

For benzyl acrylate, no monomer specific MHKS parameters could be found in the
literature, (bulk k, data published by Willemse et al. were determined via MALDI-ToF-
MS coupled with PLP, thus no MHKS parameters were needed) therefore, attempts
have been made to determine these parameters in the course of the current study.
Broadly distributed polymer samples of BnA were generated via PLP, combined, and
subsequently freed from remaining monomer and other impurities by precipitation
in cold methanol. The purified polymer was dissolved in tetrahydrofuran (THF) and
fractionated via a preparative SEC column. The resulting sample fractions need to be
analyzed via the triple detection SEC setup. However, several problems were encoun-
tered during the fractionation process. The main drawback was the insolubility in THF
of most of the sample fractions after separation and drying, making an analysis via
triple detection SEC impossible. An additional problem occuring after fractionation was
that the selected fractions were still quite broad when reanalyzed via SEC. A possible
reason for the insolubility of the samples and the apparantly high dispersities even
after fractionation might be due to a crosslinking of the polymer. For the fractionation
process, unstabilized THF was employed and the solvent was subsequently evaporated
over night. Since the fractionated polymer was either still broadly distributed or insolu-
ble after drying, a crosslinking of the polymer chains due to the formation of radicals
from the unstabilized THF could be the cause. After several unsuccessful attempts
to obtain reliable polymer specific MHKS parameters for BnA, the PLP samples of
BnA were analyzed employing p(‘BA) MHKS parameters. Parameters of poly(benzyl
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2. Branched Acrylates in Solution

[168] and are, to

methacrylate), pBnMA, were provided by Hutchinson et al. in 1998
date, the only reported data for a monomer containing an aromatic system in direct
proximity of the ester functionality, thus, employing the MHKS of the methacrylate for
the corresponding acrylate appears to be a logical choice. However, the effect of the
a-methyl group on the polymer conformation and the differences in persistence length
and rigidity of the polymer backbone compared to the corresponding acrylate signifi-
cantly influence the resulting K and a. Considering these significant conformational
differences, the application of MHKS parameters of an acrylate type monomer with
comparable steric hindrance seems to be the more appropriate choice. Nevertheless,
employing non-specific MHKS parameters for the determination of molecular weights
is beset with an additional error and the resulting k, data and Arrhenius parameters
should be treated with caution. The MHKS parameters employed for the determination
of propagation rate coeflicients are displayed in Table 2.1 alongside the molecular

weights of the monomers and the temperature-dependent densities.

Table 2.1.: Collation of monomer and polymer specific physical data of the acrylates investigated
in the current study alongside additional monomers to complete the series of branched acrylates.
The molecular weight of the monomer (MW) as well as the temperature-dependent densities in
1M solution in BuAc (po, b) and the MHKS parameters in THF at 35 °C (K, a) are stated. For
BnA, p('BA) MHKS parameters were applied since no parameters for p(BnA) were available.
MHKS parameters were taken from the stated references.

monomer MW Po b K o
[gmol'] [gmL"'] [gmL"°C] [ecm’g’]
tBA [152] 128.17 0.90353  10.4000x 10* 19.7x 102  0.66
BnA [152] 162.19 0.92844  10.2000 x 10* 19.7x 103  0.66
iBoA [152] 208.3 0.92514  9.9290x 10* 5.00x 103 0.75
EHA [1] 184.28 0.90237  9.9883x10* 9.85x 103 0.719
PHA [130] 212.3 0.89972  9.8140x 10* 555x 107 0.743
INA-A [131] 198.3 0.90159  9.8790x 10* 8.36x 103 0.707
TDA-A [131] 25441 0.997 95521 x 10*  7.88x 107 0.692

TDN-A 1311 254 41 0.89957 9.5381x 10* 3.65x 103 0.76
C17A [130] 310.51 0.89799  9.2113x10* 2.60x 10> 0.762
C21A [131] 366.62 0.89792 89060 x 10* 4.81x 103 0.715
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2.2. Arrhenius Parameters

2.2. Arrhenius Parameters

Critical to understanding the kinetic behavior, appropriate Arrhenius parameters need
to be determined. The following is a thourough evaluation of various branched acrylates
in order to carefully characterize the selected monomers. Employing the polymer
specific MHKS parameters for the SEC analysis taken from the stated references, the
obtained SEC elugrams of the PLP generated polymers give the accurate molecular
weights of the inflection points and valid propagation rate coefficients can be determined.
Plotting k;, against the temperature on a In(k,) vs. T"! scale, the Arrhenius parameters
can be deduced using the y-intercept and the slope of the linear fit. Figure 2.2 depicts
the Arrhenius plots for the investigated branched acrylates in 1M solution in BuAc:
tert-butyl acrylate, 2-propylheptyl acrylate, isobornyl acrylate, 2-ethylhexyl acrylate,
and benzyl acrylate. The obtained Arrhenius parameters, A and E,, alongside their
corresponding error margins as well as the propagation rate coefficients at 50 °C, k,**,
and the investigated temperature interval are collated in Table 2.2. The detailed sample
conditions of all PLP generated samples corresponding to the data points incorporated
into the Arrhenius plots are stated in Tables A.1 to A.5 in the Appendix A alongside
representative SEC elugrams for each investigated monomer (see Figures A.1 to A.5).
The Arrenius parameters and corresponding error margins stated in Table 2.2 were
calculated using the program CONTOUR V2.0.2 by van Herk 15%19] with constant
absolute error margins of 15% as standard deviations and the average errors of each
data point lie well within the initially assumed error range (ranging from 2.1% for
'BA to 5.8% for PHA). The error ranges stated in Table 2.2 are the boundaries of
the 95% joint confidence interval and all data points can be fitted within the 95%
probability. The frequency factors show the typical magnitude of 10° to 107 L-mol™-s™!
(for acrylates generally higher than for methacrylates) and the scattering of the data
points incorporated into the Arrhenius plots lie within an error range correlated to the
error margins of approximately 2 kJ-mol™! in the activation energy characteristic for
acrylates. Due to the extrapolated nature of the linear fit and the comparably narrow
temperature range, small errors in the slope of the fit can result in high uncertainties in
the y-intercept, leading to significantly higher error ranges for the prefactor A than the

activation energy Ea.
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2. Branched Acrylates in Solution

Table 2.2.: Arrhenius parameters with error margins, propagation rate coefficients at 50 °C,
and investigated temperature intervals for branched acrylates in 1M solution. Data for BnA
have been calculated employing the MHKS parameters for p(‘BA). Reprinted with permission
from [132]. Copyright 2015 Wiley-VCH.

monomer A + Ea + k,3%C T-interval
[L-mol1-s71] [kJ-mol ] [L-mol -s71] [°C]

'‘BA 11.2 x 106 -2.19 x 10° 16.45 -0.64 24600 -7 to 60
3.69 x 10° 0.67

BnA 12.8 x 10° -4.84 x 10° 16.12 -1.76 30700 -5 to 60
1.98 x 107 1.85

iBoA 4.81x 10° -1.31 x 10° 15.35 -1 15900 -6 to 60
3.01 x 10° 1.06

EHA 6.16 x 10° -2.21x 10° 15.59 -1.47 18600 -6 to 60
5.67 x 10° 1.37

PHA 5.83x 10  -2.24x 10° 15.24 -1.86 20000 -8 to 60
1.12 x 107 2.08

Following data taken from Ref [131]

INA-A 16.6 x 10°  -6.41x 10° 17.63 -1.93 23500 -10 to 70
3.99 x 10° 2.31

TDA-A 9.63x 10°  -2.71x10° 16.18 -1.02 23500 -10 to 70
9.28 x 10° 1.33

TDN-A 159x10°  -6.69 x 10° 17.52 -2.19 23500 -10 to 70
6.18 x 107 2.9

C17A 6.24 x 10° -2.55 x 10° 14.73 -2.12 26000 -12 to 70
1.42 x 10° 2.29

C21A 8.16 x 10°  -3.18x 10° 16.50 -1.98 23400 -9 to 70
1.74 x 10° 2.25
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2.2. Arrhenius Parameters

c)

In (k, / [L- mol 5™

In (k, / [L- mol ".s])

TC] b) T°C]

70 60 50 40 30 20 10 0 -10 70 60 50 40 30 20 10 0 -10
12,0 T . . X : 12,0 T . ; X .
15 BA 15 PHA

: A=11.210°L-mol s : A=58310°L-mol s
1.0 E.=16.45 kJ-mol " _ 1.0 E.=15.24 kJ-mol "
K
10.5 < 1054
5
10.0- E 10.04
=
9.5 <= 951
=
9.0 9.0
8.5 8.5
0.0030 0.0032 0.0034 0.0036 0.0038 0.0030 0.0032 0.0034 0.0036 0.0038
T'[K"] 'K
T[°Cl d) T[°C]
70 60 50 40 30 20 10 0 10 70 60 50 40 30 20 10 0 10
12,0 T : . . ; : 12.0 T . : ‘ X .
iBoA s EHA
15 a4 5 a
A=4.81-10°L-mol 5" A=6.16-10°L-mol "-s™
1.0 E,=15.35 kJ-mol ™ — 1.0 E = 15.59 kJ-mol '
K
105 < 1051
5
10.0 E 100] s
=
95 <= 95
< .
9.0 9.0
85 8.5
:
0.0030 0.0032 0.0034 0.0036 0.0038 0.0030 0.0032 0.0034 0.0036 0.0038
T K] T' K"
o) TrC)
70 60 50 40 30 20 10 0 10
12,0 : : . X :
BnA
1.5 a4 -
A=12.810°L-mol "s™
1.0 E,=16.12 kJ-mol ™
2 10.5-\ .
s
E 100
=
= H .
= 951 - .
=
9.04 .
8.5
0.0030 0.0032 0.0034 0.0036 0.0038
T'[K]

Figure 2.2.: In(k,) versus T™' plots for the determination of Arrhenius parameters for branched
acrylates in 1M solution in BuAc for a) tert-butyl acrylate (‘BA), b) 2-propylheptyl acrylate
(PHA), c) isobornyl acrylate (iBoA), d) 2-ethylhexyl acrylate (EHA), e) benzyl acrylate (BnA).
For p(BnA) MHKS parameters of p('BA) were applied. The corresponding monomer structures
are depicted in Figure 2.1. The Arrhenius parameters are collated in Table 2.2 jointly with the
associated error margins. Adapted with permission from ref [132]. Copyright 2015 Wiley-VCH.
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2. Branched Acrylates in Solution

All depicted Arrhenius plots display a strict linear behavior of the propagation rate coef-
ficients over the entire studied temperature interval and for none of the data significantly
deviations from linearity are observed in any of the depicted graphs. For the acrylates
investigated in the current study, temperatures from -8 °C to 60 °C were investigated,
mainly limited due to a loss of the typical PLP distribution in the SEC chromatogram
at elevated temperatures, leading to the inability to clearly detect a second inflection
point or deviations of k; 1/kp > from unity, respectively. For acrylate monomers, the
deviation of the propagation rate coefficient to lower values at elevated temperatures is
based on the increasing importance of transfer to polymer reactions such as backbiting
and the formation of MCRs. [':%°] The simultaneous growth of secondary and tertiary
propagating radicals leads to a mixture of kj sec and kp tert and an overall decreased
kPP, [8,170.171] For a more detailed discussion of the side reaction interefering with the
determination of a solely secondary propagating k, refer to chapter 1.2 on FRP. To
prevent a loss of the PLP structure and the mixture of concurrently growing secondary
and tertiary radicals at elevated temperatures, even higher pulse repetition rates need
to be employed. High-energy pulsed lasers with frequencies of up to 1000 Hz just

recently became available, [17%173]

however, their potential to broaden the assessible
temperature range for acrylates might be limited. More interesting aspects of applying
kHz lasers lie in the investigation of backbiting rates or quasi continuous irradiation.
Another reason for deviations of the data from linearity lies in the chain length depen-
dence (CLD) of the propagation rate coefficient 32 for small macroradicals, especially
in the low temperature range where propagation is slow and deviations to higher k;
values can occur. These deviations, however, were not observed in the current study
since the pulse repetition rate has been adjusted accordingly in the low temperature
ranges to consistently obtain polymeric samples displaying their first inflection points
at a molecular weight close to 10 000 - 20 000 g-mol™. As stated previously, only samples
with a kp 1/kp 2 ratio close to 1 should be included into the data set for the Arrhenius
plots to avoid the incorporation of samples influenced by non-PLP governed reactions
such as backbiting, leading to a mix of secondary and tertiary propagating radicals
(see Figure 1.11 in Chapter 1.4). k; 1/kp 2 values of each sample included in the final
Arrhenius plots lie between 0.95 and 1.17 and are collated in Tables A.1 to A.5 in the
Appendix A.
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2.3. Trends and Family Type Behavior

The results reported in the previous section are reviewed with respect to trends and
family type behavior within the investigated monomer series. Subsequently, the results
will be compared to literature known data of linear acrylates and branched methacry-
lates and a hypothesis for the differences between the monomer families is tendered.

A comparison of the Arrhenius parameters within the investigated series of branched
acrylates shows a parallel behavior between the frequency factor and the activation
energy, however, no systematic trends can be detected within the monomer series,
arranged in the most likely order of increasing steric demand (see Figure 2.3). Inter-
estingly, no analogous behavior can be detected between the solution and bulk data.
While in solution the activation energy as well as the frequency factor seem to scatter
around a horizontal line at approximately 16 kJ-mol™ and 1x10” L-mol*-s’!, the bulk
data show a tendential decrease of both, A and Ex, when going to monomers with
longer ester side chains and higher steric demands. The activation energy seems to vary
independently of the actual size or steric demand of the ester side chain in the range
of approximately 3 kJ-mol! in solution and 5 kJ-mol™ in bulk. The parallel behavior
of A and E, is attributed to the acquisition of A via extrapolation of the determined
slope of the Arrhenius plot. Since the slope is proportional to the activation energy, the
frequency factor exhibits basically the same behavior: higher/lower activation ener-
gies lead to higher/lower frequency factors. On a physicochemical level, this parallel
behavior of A and E5 can be explained by the interaction with the transition state
(TS). Stronger interactions of the ester side chain with the TS lead to a decrease of the
activation energy. Concomitantly, a more pronounced interaction of the TS increases
the hindrance of the torsion and internal rotation, ultimately lowering the frequency
factor. 33 Using ab initio calculations, Heuts et al. reported a penultimate unit effect,
leading to an increase in hindrance of the torsion when changing to a bulkier ester side
chain, decreasing the frequency factor. [174] These findings fit well for the observations
made in bulk for the series of branched acrylates, however, the solution data do not
follow these predictions. A possible influence of the solvent on the transition state —
although not observed for other monomer classes — should therefor not be fully ruled

out.
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Figure 2.3.: Dependance of the Arrhenius parameters on the ester side chain for branched
acrylates in 1M solution (upper part) as well as bulk (lower part). Monomers are depicted in the
most likely order of increasing steric demand from left to right. Neither for E4 (red line) nor
the pre-factor (black line) a trends is detectable and no analogous behavior is detected between
bulk and solution data. The lines are no fits and solely for guiding the eye.
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During their investigation of linear methacrylates, Beuermann et al. already noted the
non-analogous behavior of Arrhenius parameters and propagation rate coefficients
within the studied monomer family. [*] Although they were not able to detect a sys-
tematic variation of the activation energies and frequency factors of the investigated
methacrylates, a distinctive trend of k, depending on the ester side chain could be
described. It is clearly necessary to closely inspect the propagation rate coefficients
of each monomer to arrive at a valid statement on possible global trends or family
type behaviors within investigated monomer families. An overview of the k, data for
the branched acrylates investigated in the current study as well as the five additional
acrylates described by Haehnel et al. is given in Figure 2.4 and the corresponding k;
values at 50 °C are collated in Table 2.2. Propagation rates are derived from the monomer
specific Arrhenius parameters via Equation 1.8 and depicted for three temperatures
(-50, 0, and 50 °C). The values calculated for 0 and 50 °C are in perfect agreement with
the experimentally determined data. Direct measurements of k;, below 10 °C was not
possible with the experimental setup employed in the current study. Extrapolations
of the propagaton rates based on the Arrhenius parameters to higher temperatures,
however, are beset with larger errors due to the logarithmic nature of the Arrhenius
plot, therefore the depicted data are limited to the experimental upper temperature
limit. By plotting the data in such a manner, trends within the monomer series can
be readily detected and an arrangement of the monomers in the most likely order of
increasing steric demand is possible. For better comparison of the depicted data, k;

values are plotted on the same scale for solution (upper part) and bulk (lower part).
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Figure 2.4.: Dependence of the propagation rate coefficients on the ester side chain for branched
acrylates in 1M solution (upper part) as well as bulk (lower part) at different temperatures: left
scale, black solid line: kp50°c; right inner scale, red dashed line: kp0°c; right outer scale, green
dot-dashed line: kp-50°c' For better comparison of the data, scales are the same for solution and
bulk. Monomers are depicted in the most likely order of increasing steric demand. The lines are
no fits and solely for guiding the eye. Adapted from ref [132] with permission from Wiley-VCH.
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Having a closer look at Figure 2.4, it is evident that in contrast to the branched methacry-
lates, branched acrylates do not show a family type behavior, neither can a distinctive
trend within the monomer series be identified. A tendency of increasing propagation
ratecoeflicients with increasing length and steric demand of the ester side chain can be
observed from iBoA to C17A in bulk. However, this trend is clearly not followed by
the most bulky monomer, C21A. Especially in 1M solution, C21A displays significantly
decreased propagation rates, being the second slowest popagating monomer within the
investigated series. In bulk, the deviations of C21A to lower propagation rates becomes
more distinct at higher temperatures due to the notably lower activation energy, leading
to a less pronounced increase in k;, with increasing temperature. In solution, however,
the activation energy of C21A is considerably higher and in good agreement with
the other monomers of the series, leading to a less pronounced difference between
the depicted temperatures. INA-A through C21A comprises a homologous series of
monomers featuring ester side chains derived from an oligomerization of n-butene, yet
no trend can be described within that series. The slight increase of k, from INA-A to
C17A in bulk is not present in solution, where INA-A, TDA-A, and TDN-A feature the
exact same propagation rates at 50 °C. The significantly higher k, for benzyl acrylate
(considering the comparably low steric demand and low number of carbon atoms of
the ester side chain) can possibly be explained by “enthalpic effects [...] related to the
electronic interaction of the phenyl ring and its interaction with the unpaired electron®

121] This elevated propagation rate

of the radical site, according to Willemse and Herk. |
of BnA seems to be even more pronounced in solution, however, it needs to be kept
in mind that for the solution data of BnA, non-specific MHKS parameters have been
applied and, therefore, the data need to be handled with caution.

Although similarities can be observed between the bulk and solution data - elevated k,
for 'BA and BnA, significantly lower k;, for C21A, and slight increase of k, when going
from iBoA to C17A - no constant analogous behavior is observed. The differences
in propagation rate between bulk and solution range from 13% to 32% at 50 °C (i.e.
kp('BA) bulk: 28 300 L-mol-s!, solution: 24 600 L-mol™-s; k,(C21A) bulk: 25 600
L-mol!-s’!, solution: 17 600 L-mol™-s™!). While in solution, PHA features a slightly
higher propagation rate than EHA over the entire temperature range, in bulk k,(PHA)
is below ky(EHA) for all depicted temperatures. Additionally, C21A feautres the sec-
ond lowest propagation rate in solution for all depicted temperatures, while in bulk
kp(C21A) lies above iBoA, EHA, and PHA at 50 °C and even possesses the third and
second highest k;, at 0 °C and -50 °C, respectively. These observations are surprising
since they are in contrast to previous findings for other monomer families. For linear

alkyl acrylates for example, it was demonstrated that differing monomer concentration
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from bulk to solution did indeed result in a variation of k,**“ of approximately 5 to 20%.
Yet the global trend of increasing propagation rate with increasing number of carbon
atoms in the ester side chain was clearly observed for bulk as well as solution and no
significant difference could be detected even when going to very dilute conditions. [1%]
However, for several monomers and solvent conditions, variations of the propagation
rate coefficients between bulk and solution have been reported. 93175178

As described previously, a similar non-analogous behavior is observed for A and Ex
between solution and bulk data, as for the example '‘BA displays a decrease in activation
energy by approximately 2 kJ-mol! when going from bulk to solution, while the E of
C21A increases by 3.5 kJ-mol'!, making it not advisable to predict Arrhenius parameters
in solution based on bulk data and vice versa. The non-family type behavior of the
branched acrylates in solution is also evident when inspecting the joint Arrhenius plot

in Figure 2.5.

T[°C]
80 60 40 20 0 -20
12.0 T T T T T T T T T ' I
" 1a joint Arrhenius fit is not appropriate
o = {BA
e IBOA
_ 11.0 - A EHA
"o 1 v PHA
< 10.54 s ¢ INA-A
© 1 TDA-A
€ 1004 ¥ 5 > TDN-A
I : +
= | i = + + C17A
x> 9.5 ; g + * C21A
£ . -
9.0 b g <& +
] ‘ +
8.5 - ?
8-0 T L) L) T T )

I | 1
0.0034 0.0036 0.0038 0.0040

T'[K']
Figure 2.5.: Combined Arrhenius plot for branched acrylates in 1M solution in BuAc. A joint
linear fit is clearly not appropriate. Adapted from ref [132] with permission from Wiley-VCH.
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2.3. Trends and Family Type Behavior

Over the entire investigated temperature range, the data scattering between different
monomers in the series is significantly larger than the scattering within different
samples of one monomer. Although a SEC error of approximately 15% is inevitable,
the scattering of the propagation rates between different monomers unquestionably
exceeds the boundaries of the error margins, therefore, a joint Arrhenius fit is not
appropriate and neither trends nor a family type behavior could be described within
the investigated series of branched acrylates.

The presented data demonstrate the need for direct measurements and individual
determination of the monomer specific propagation rate coefficients and Arrhenius

parameters for each branched acrylate of interest, in solution and bulk alike.

2.3.1. Comparison to Linear Acrylates and Branched Methacrylates

The following chapter’s objective is to provide a hypothesis for the possible reasons for
the non-observable trends within the investigated series of branched acrylates and a
comparison to the trends detected for linear acrylates as well as branched methacrylates.
As stated previously, a linear increase of the propagation rate coefficient with increas-
ing ester side chain length was reported for the series of methyl acrylate (MA), ethyl
acrylate (EA), butyl acrylate (BA), hexyl acrylate (HA), dodecyl acrylate (DA), stearyl
acrylate (SA), and behenyl acrylate (BeA). [8%131] To describe these findings, two possi-
ble explanations are given: ['7°] destabilizations of the radical site leading to alterations
in the transition state or pre-structuring of the monomers, respectively. The attacking
propagating radical is delocalized in the TS and stabilized by the polar ester moiety,
however, increasing the ester side chain leads to an increased (non-polar) alkyl con-
tent causing a decrease of the ester moiety concentration and reduction of the radical
stabilization. Therefore the reaction of the radicals with the double bond of other
monomer units is accelerated since “a repulsive potential energy surface facilitates

179] Beuermann et al. also stated

leaving the TS in the direction of the product radical®. !
that long alkyl chains can effectively shield the polar interactions of the ester moiety,
thus reducing the rotational barriers of the TS, leading to changes in the propagation

(176] Alternatively, a pre-structuring of the reaction solution is considered as a

rate.
possible explanation of the observed increase in propagation rate. Due to the long
non-polar linear alkyl chains, the monomers are able to align in a fashion that puts
the acrylic ester groups in close proximity to each other. This alignment results in a
propagation of closely situated monomer units leading to an alteration in the local
concentration of the monomer and, therefore, an apparently elevated propagation rate.

Longer ester side chains induce a more pronounced pre-structuring, causing a visible
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2. Branched Acrylates in Solution

trend of k;, in the series of linear acrylates.

However, both explanatory approaches do not seem to be relevant for the branched
acrylates. Although a tendency of increased k;, might be inferred from iBoA to C17A,
no global trend is observable. While the described trend for linear acrylates is detected
in bulk as well as solution (since the solvent does not seem to have a significant impact
on the TS or a possible pre-structuring of the reaction solution), the distinct differences
for branched acrylates are contradictory to the given hypotheses. For the homologous
series from INA-A to C21A (enlarged and displayed in Figure 2.6 for better compari-
son), the trend observed for the linear acrylates might be slightly detectable in bulk,
yet fully negligible in solution, where especially INA-A, TDA-A, and TDN-A display
the same propagation rates. In both cases, solution as well as bulk, C21A does not
follow any trend or family type behavior and clearly contradicts any possible trend.
A pre-structuring of the reaction mixture of branched acrylates is relatively unlikely

considering the highly branched, sterically demanding ester side chains.
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Figure 2.6.: Dependence of the propagation rate coefficients on the ester side chain for the
homologous series of INA-A, TDA-A, TDN-A, C17A, and C21A in 1M solution in BuAc (upper
part) and bulk (lower part). For better comparison of the data, scales are the same for solution
and bulk.
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2. Branched Acrylates in Solution

In contrast to the linear acrylates and methacrylates, no increase in k, was detected for
branched methacrylates, instead a family type behavior could be described. Isodecyl
methacrylate (iDeMA), 2-ethylhexyl methacrylate (EHMA), 2-propylheptyl methacry-
late (PHMA), tridecyl methacrylates (TDN-MA and TDA-MA), and heptadecanyl meth-
acrylate (C17MA) in bulk featured remarkably similar propagation rates over the
investigated temperature range with experimental k;, values located withing the SEC
error margins of approximately 15% and can be described by a joint Arrhenius fit. [13°]
A previously investigated group of methacrylates with cyclic ester side chains showing
a family type behavior, containing isobornyl methacrylate (iBoA), cyclohexyl methacry-
late ((HMA), benzyl methacrylate (BnMA), and glycidyl methacrylate (GMA), displayed
propagation rates approximately 30% higher than for the branched methacrylates. (8738
The two studied butyl methacrylates (iBMA 193] and 'BMA [18]) display significantly
lowered propagation rates compared to cyclic as well as branched methacrylates. In
both cases — bulk as well as solution — butyl acrylate displays lower propagation rate
coefficients than benzyl acrylate (as is the case for the corresponding methacrylates).
However, isobornyl acrylate also exhibits significantly lower k, values than benzyl
acrlyate, being the slowest propagating monomer in the investigated series of branched
methacrylates compared to BnA as the fastest (solution) or second fastest (bulk) propa-
gating monomer, respectively. This finding is in strong contrast to the description of the
corresponding methacrylates BnMA and iBoMA with joint parameters. Although for
'BA and BnA analogies to '‘BMA and BnMA can be observed, the remaining monomers
of the investigated series do not follow the same behavior as detected for the methacry-
lates. The similar propagation rate coefficients observed for INA-A through C17A in
solution are not followed by EHA, PHA, and C21A and no evidence of a possible family
type behavior can be found in bulk.

For the family of branched methacrylates, the exact shape and branching points of
the ester side chain seem not to significantly influence the propagation rate as long
as a certain degree of steric demand is present. An exchange of the ester side chain
with a comparably bulky chain results in just slight changes of the propagation rate
coeflicient, implying that the exact chemical nature of the ester side chain is not the
main influencing factor. As described above, a pre-structuring of the monomer units
appears to be unlikely for sterical demanding and highly branched monomers, they
rather seem to behave in a first approximation as spherical objects with similar kinetic
properties if similar steric demands are assumed. The branched acrylates discussed in
the current study exhibit the exact same ester side chains as the previously investigated
branched methacrylates, yet do not follow the same trends in the propagation rate

coefficients. These differences are most probably based on the a-methyl substituent —
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2.3. Trends and Family Type Behavior

the only structural difference between the branched acrylates and the corresponding
methacrylates — and its influence on the transition state of the propagating reaction.
The differences in steric demand, the positive inductive (+I) effect of the a-methyl group,
and the changes it induces in the electronic energy levels, rotational degrees of freedom,
or the stiffness of the polymer backbone significantly influence the diffusion behavior
of the monomers as well as macromolecules. Due to the a-methyl substituent, the
methacrylates exhibit a shielding of the dipole character of the ester functionality as well
as an increased tendency of the lateral polymer chain to a helical arrangement while for

181] Taking into account the high impact of the

acrylates, no such tendency is reported. |
o-methyl substituent on the TS and general reactivity of the branched methacrylates,
it comes as no surprise that the lack of this a-methyl group has a significant impact
on the propagation rate and leads to a more pronounced influence of the specific ester
side chain on the propagation reaction. The differences in the kinetic behavior of the
branched acrylates compared to the corresponding methacrylates seems to be based
on a combination of enthalpic and entropic effects, originating in the methacrylates’
o-methyl substituent.

The differences in steric demand of the ester side chain result in different rotational
barriers of the transition state. For methacrylates, the main influence on the rotational
barriers is given by the a-methyl substituent and its steric interactions with the side
chains, thus the actual differences of the side chains on the transition state are less
pronounced than for the corresponding acrylates. The differences in steric demand
and rotational hindrance, resulting in a lower entropy of the polymer chain, are also
reflected in significant differences of the glass transition temperatures (T;): Acrylates
display an approximately 80-100 °C lower T, than methacrylates, since the acrylic
polymer backbone is more flexible and features a lower degree of order. (182 To describe
the influence of enthalpy, entropy, and temperature on the free Gibbs energy of the
transition state of a radical propagation, the Gibbs-Helmholtz-Equation 2.1 can be

183] The Gibbs equation can not only be used to descibe the overall reaction

employed. [
process, but to provide a desciption of the energy barrier of the transition state that

needs to be overcome for a successful reaction.
AG” = AH” = T - AS” (2.1)

Furthermore, the Eyring Equation 2.2 shows the correlation of the Gibbs energy of
the transition state (AG¥) and the propagation rate (k) with kg being the Boltzmann

constant, h the Planck’s constant, and R the gas constant.
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2. Branched Acrylates in Solution

kgT
k:%-exp(

(2.2)

-AG*
RT

Acrylates display a higher reactivity compared to methacrylates, reflected in their
higher propagation rate coeflicients. Therefore, AG is comparably lower for acrylates
(note that a more negative Gibbs energy implies a more favorable forward reaction)
and to overcome the higher degree of order present in methacrylic systems and to
set the polymer chains in motions, more thermal energy is necessary. Exchanging
the ester side chain with a bulkier unit, the stiffness of the polymer backbone will be
increased and the entropy of the polymer chain is lowered. The higher the stiffness
of the polymer backbone and, therefore, the degree of order of the polymer chain, the
more entropy is lost during the polymerization process. A more positive contribution of
the entropy to the overall free reaction energy promotes a slower propagating reaction
and therefore lower k. The differences in AS* lead to fluctuations in the Gibbs energy
depending on the steric demand of the ester side chain. For acrylates, the stiffness of the
polymer backbone is mainly governed by the differences in steric demand of the ester
side chains, resulting in an influence of the chemical nature of the side chain on the
propagation rate. The stiffness in poly(methacrylates), however, is especially defined by
the a-methyl substituent. An alteration of the ester side chain therefore insignificantly
alters the stiffness of the backbone and the resulting variation in entropy during the
polymerization reaction. The influence of the ester side chain on the propagation
reaction are visible for the tridecyl acrylates TDA-A and TDN-A, that only differ in
the degree of branching of the ester side chain (characterized by the isoindex of TDA
= 3.1 and TDN = 2.1). Both monomers display the same ratio of alkyl chain to ester
moiety, therefore, the effect of destabilization of the attacking radical should not vary
for both acrylates. The different k|, values become even more pronounced at lower
temperatures, and the lowered k;, observed for TDA-A seems to be attributed to the
higher degree of branching (and hence higher steric influence on the transition state),
leading to higher rotational barriers and a stronger decrease in entropy. Interestingly
these differences could not be observed in solution, where TDA-A and TDN-A display
very similar propagation over the entire temperature range, again suggesting that a
solvent influence on the transition state can not be fully ruled out.

In addition to the varying relative contribution of the ester side chain to the differences
in entropy for acrylates (solely influenced by the ester side chain) and methacrylates
(influences by ester side chain, but mainly governed by the a-methyl substituent), the

electronic differences are reflected in the different contributions to the enthalpy of the
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2.3. Trends and Family Type Behavior

reaction. Exchanging the ester side chain also leads to fluctuations of AH*, mainly
governed by the electronic configuration of the reactants. As mentioned previously, the
high propagation rate of the only aromatic monomer, BnA, regarding its comparably
low number of carbon atoms, could be attributed to electronic interactions of the phenyl

121] and its effects on the reaction enthalpy. Exchanging alkyl

ring with the radical site [
side chains with one another should not have a significant effect on the electronic
environment of the reactants due to the distance of the side chain to the radical center
and the lack of a conjugation therewith. However, Zammit et al. '**] described the
possibility of through-space interactions of the ester side chain on the terminal unit
of the radical with the unpaired electron if the chain is long enough to be coiled and,
therefore, lie quite close to the radical center. This interaction would lead to a form of
steric hindrance that lowers the propagation rate coefficient. This explanation might
be of interest for the significantly lowered k;, observed for C21A, however, does not
seem to apply even for the longest alkyl chains of the linear (meth)acrylates that still
follow the trend of increasing propagation rate with increasing ester side chain length.
Although the electronic environment of the acrylates might just slightly be altered
when exchanging the ester side chains, it is indisputably altered by the addition of
the a-methyl group present for the methacrylic monomers. For methacrylates, the
contribution of the electronic situation of the tertiary radical site on the enthalpy of
the transition state is critically more important than the comparably low fluctuations
caused by the ester side chains. Taking these entropic and enthalpic effects into account,
the variations of AH* and AS* caused by the exchange of the ester side chains between
the different monomers is distinctively more significant for the change in the free Gibbs
energy of the transition state for acrylates than for methacrylates, where both aspects
are mainly defined by the electronic and steric effects of the a-methyl substituent and
its shielding character. In Equation 2.2, the Gibbs free energy is correlated with the
propagation rate via an exponential term, thus for the acrylates small variations of the
Gibbs energy caused by the exchange of the ester side chains are likely to be embodied
in considerably higher fluctuations of the propagation rate coefficients. While for
the methacrylate the k, values of the various monomers are located within the error
ranges of the SEC measurement, the influences of the side chains on k, for acrylates is
sufficiently strong to exceed the error margins, leading to a loss of detectable family

type behavior.
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Nitrogen-Containing Methacrylates

The current chapter investigates possible trends and family type behaviors of the propa-
gation rate coefficient for a novel class of nitrogen-containing methacrylates in bulk. As
described previously, poly(methacrylates) constitute important materials for industrial
applications and are widely found in home and personal care products, paper chemicals,
electronics, adhesives, etc. ['°) Methacrylates containing nitrogen atoms in their ester
side chains are interesting candidates for friction modifiers, printing inks, adhesion

promoters, dispersion agents, or biomedical and electrooptic applications. [17-2¢]

In pre-
vious publications, efforts were made to identify trends among a group of methacrylates

with branched ester side chains (isobutyl methacrylate (iBMA), tert-butyl methacry-

2 Parts of this chapter are reproduced with permission from Kockler, K. B., Fleischhaker, F., Barner-
Kowollik, C. “Investigating the Propagation Kinetics of a Novel Class of Nitrogen-Containing
Methacrylates via PLP-SEC®, Polym. Chem., 2016,7, 4342-4351. Copyright (2016) Royal Society
of Chemistry as well as Kockler, K. B., Fleischhaker, F., Barner-Kowollik, C. “Free Radical Propaga-
tion Rate Coefficients of N-Containing Methacrylates: Are We Family?“, Macromolecules, 2016,49,
8572-8580. Copyright (2016) American Chemical Society
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3. Nitrogen-Containing Methacrylates

late (‘"BMA), isodecyl methacrylate (iDeMA), 2-ethylhexyl methacrylate (EHMA), 2-
propylheptyl methacrylate(PHMA), tridecyl methacrylates (TDN-MA and TDA-MA),
and heptadecyl methacrylate (C17MA)) [130:131,163,180.184] * 55 wel] as methacrylates
with cyclic ester side chains (cyclohexyl methacrylate ((HMA), benzyl methacrylate
(BnMA), glycidyl methacrylate (GMA), and isobornyl methacrylate (iBoMA) [88]. For
the branched methacrylates iDeMA, EHMA, PHMA, and C17MA [130] 45 well as the

cyclic methacrylates [88]

family type behaviors were reported with joint Arrhenius pa-
rameters of A = 2.39-10° L-mol!-s™, E5 = 21.16 kJ-mol™! and A = 4.24-10° L-mol!-s™},Ex
= 21.90 kJ-mol ™, respectively. Besides the noted alkyl (meth)acrylates, the investiga-
tion of monomers with more complex ester side chains became attractive and kinetic
data for (meth)acrylates with urethane or hydroxyl functionalized side chains were
determined via PLP-SEC. The database was extended by the monomers ethoxyethyl
acrylate (EEA), ['*2 2-(phenylcarbamoyloxy)ethyl acrylate (PhCEA), 2-(phenylcarba-
moyloxy)isopropyl acrylate (PhCPA), 2-(hexylcarbamoyloxy)ethyl acrylate (HCEA),
2-(hexylcarbamoyloxy)isopropyl acrylate (HCPA) 1851 and hydroxypropylcarbamate
acrylate (HPCA) 130 as well as 2-hydroxyethyl acrylate (HEA) ['%7] 2-hydroxyethyl
methacrylate (HEMA) 191 and 2-hydroxypropyl methacrylate (HPMA). [18] being
mainly acrylate monomers. It is interesting to note that excluding HEA, all investigated
heteroatom-containing acrylates featured activation energies comparably lower to
the typical values of E observed for acrylate monomers (approximately 14 kJ-mol™
compared to 17-19 kJ-mol ™).

Almost 30 years after the establishment of PLP-SEC as a method of choice for the
investigation of propagation rate coefficients, the method was utilized to expand the un-
derstanding of fundamental kinetics for a wide variety of monomer systems. However,
despite the high interest of nitrogen-containing methacrylates for industrial applica-
tions, they have surprisingly rarely been investigated with regard to their underlying
reaction kinetics. Only in 2014, the first nitrogen-containing methacrylate was studied
via PLP-SEC, reporting the propagation rate coefficients for ureidoethyl methacrylate
(UMA). [188] Dye to the high melting point above 40 °C, an investigation of UMA in bulk
was experimentally challenging because of the quite narrow accessible temperature
range. Thus, the monomer was solely studied in solution in N,N-dimethylacetamide
(DMACc), leaving possible effects of the solvent on the propagation rate coeflicient
unknown. A deeper investigation into the fundamental kinetics of nitrogen-containing
methacrylates thus seems to be of high interest.

As noted in the previous chapter, describing family type behavior for a group of
monomers featuring certain distinct characteristics (as e.g. a similar chemical nature of

the ester side chain) allows for the understanding of underlying influences of said char-
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acteristics and provides the possibility to estimate further propagation rate coefficients
of unknown monomers. Therefore, the focus of the current chapter lies on the study of
six nitrogen-containing methacrylates in bulk to pay attention to this, as of yet, barely
studied monomer group. The novel set of monomers will be investigated for overarching
trends and family type behavior and will be critically compared to the previously studied
UMA as well as the families of cyclic and branched methacrylates. During the current
study, the MHKS parameters, propagation rate coefficients, and Arrhenius parameters
of the monomers 2-(N-ethylanilino)ethyl methacrylate (NEAEMA), 2-morpholinoethyl
methacrylate (MOMA), 2-(1-piperidyl)ethyl methacrylate (PipEMA), 2-(N,N-diethylami-
no)ethyl methacrylate (DEAEMA), 2-(N,N-dimethylamino)ethyl methacrylate (DMAE-
MA), and 3-(N,N-dimethylamino)propyl methacrylate (DMAPMAE) are carefully deter-
mined and the obtained data will be put into relation to the literature known methacry-
late families. The polymers analyzed via triple SEC measurement for the determination
of the MHKS parameters are generated via RAFT polymerization and polymerization
with a thiol as CTA, respectively. Although monomers containing amine functions
are known to undergo side reactions with, for example, the thiocarbonyl function-
ality of RAFT agents [18318] the nitrogen-containing methacrylates investigated in
the current study and polymerized via RAFT polymerization gave reasonable results.
The monomers investigated in this work are depicted in the blue box in Figure 3.1
alongside the previously studied UMA. The methacrylates with cyclic and branched
ester side chains displaying family type behavior and discussed in the current chapter,

are depicted in the green boxes in Figure 3.1.
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Figure 3.1.: Monomer Landscape. The nitrogen-containing methacrylates investigated in the
current study are depicted in the blue box alongside the first investigated N-containig methacry-
late ureidoethyl methacrylate (UMA): 2-(N-ethylanilino)ethyl methacrylate (NEAEMA), 2-
morpholinoethyl methacrylate (MOMA), 2-(1-piperidyl)ethyl methacrylate (PipEMA), 2-
(N,N-diethylamino)ethyl methacrylate (DEAEMA), 2-(N,N-dimethylamino)ethyl methacrylate
(DMAEMA), and 3-(N,N-dimethylamino)propyl methacrylate (DMAPMAE). Methacrylates that
showed a family type behavior are depicted in the green boxes: cHMA, GMA, BnMA, and iBoA
as the family of cyclic methacrylates as well as TDA-MA, TDN-MA, iDeMA, C17MA, PHMA,

and EHMA as a family of branched methacrylates.
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3.1. MHKS Parameters

3.1. MHKS Parameters

In Chapter 1.4.1, the need for polymer specific MHKS parameters for the correct deter-
mination of monomer specific propagation rate coeflicients was already emphasized.
For a most precise determination of the propagation rate coefficients and Arrhenius
parameters, the microstructure of the polymer samples employed for the determina-
tion of the MHKS parameters should be the same as for the samples employed in the
Arrhenius plots. For methacrylates, the microstructure of the polymers, regarding
possible chain branching, does not vary as much as for the acrylates between samples
generated via different polymerization types. The formation of MCRs and transfer to
polymer reactions during conventional free radical polymerization of methacrylates
is negligible, thus the microstructure and, therefore, the hydrodynamic volume of the
polymer samples is not significantly influenced by the polymerization method. Other
important conditions for the application of suitable MHKS parameters are the solvent
and temperature employed for the determination of the parameters, since both can
influence the elution behavior of the polymer during SEC measurement. In the case of
methacrylates — due to the less pronounced influence of the polymerization method
— it is generally possible to employ literature known MHKS parameter determined
under the same solvent and temperature conditions as the polymer samples of interest.
However, no MHKS parameters were known in literature for neither of the investigated
nitrogen-containing methacrylates, making the generation of polymeric samples for
the determination of MHKS parameters inevitable. To determine the MHKS param-
eters of NEAEMA, MOMA, PipEMA, DEAEMA, DMAEMA, and DMAPMAE in the
course of the current study, polymer samples of each monomer were generated via
RAFT polymerization or polymerization with dodecanethiol as a chain transfer agent
to obtain polymers with dispersities of up to 2.0. The obtained polymer samples were
subsequently repeatedly analyzed via a triple detection SEC setup with THF as eluent
at 35 °C, employing the exact sample concentration as well as the refractive index
increment, dn/dc, describing the change of the refractive index with a change of sample
concentration. To calculate the exact monomer concentrations at the temperature of

the measurement, the temperature-dependent density functions are employed.
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Figure 3.2.: 5] vs. My, plots with linear fits for the determination of MHKS parameters in
THEF at 35 °C for nitrogen-containing methacrylates: poly(2-(N-ethylanilino)ethyl methacry-
late) (pPNEAEMA), poly(2-morpholinoethyl methacrylate) (pMOMA), poly(2-(1-piperidyl)ethyl
methacrylate) (pPipEMA), poly(2-(N,N-diethylamino)ethyl methacrylate) (pDEAEMA), poly(2-
(N,N-dimethylamino)ethyl methacrylate) (p)DMAEMA), and poly(3-(N-dimethylamino)propyl
methacrylate) (p)DMAPMAE). The corresponding monomer structures are depicted in Figure
3.1. The resulting MHKS parameters are collated in Table 3.1. Adapted with permission from
refs. [134] and [135]. Copyright 2016 Royal Society of Chemistry and American Chemical
Society.
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Plotting the intrinsic viscosities, [7], versus the molecular weight, M, the MHKS
parameters can be deduced from the slope and y-intercept of the linear fit. The slope of
the linear fit corresponds to the a exponent and the y-intercept refers to the prefactor
K, as previously noted (see Chapter 1.4.1). All nitrogen-containing methacrylates
investigated in the current study show a strict linear behavior in the MHKS plots
depicted in Figure 3.2 over a wide molecular weight range (in case of NEAEMA over
two orders of magnitude). For the most reliable results, MHKS parameters should only
be applied for polymeric samples within the molecular weight range at which those

143] However, as described in Chapter 1.4.1, the molecular

parameters were determined [
weight range can be experimentally restricted especially in the low molecular weight
range due to the decreased quality of MALLS signals for low molecular weight species.
Broadening the investigated molecular weight range significantly enhances the accuracy
of the determined MHKS parameters and allows for more reliable extrapolations.

In the case of DEAMEA, a higher deviation of the data points compared to the other
investigated monomers is observed. However, the reliability of the stated MHKS
parameters was confirmed by several remeasurements of the polymer samples and no
deviations exceeding the SEC error ranges were observed. While for NEAEMA, MOMA,
PipEMA, DEAEMA, and DMAEMA the obtained molecular weights spanned over at
least one order of magnitude, for DMAPMAE only a limited molecular weight range
could be covered. Attempts to obtain acceptable SEC traces below approximately 150
000 g-mol! and above 500 000 g-mol™ were not successful. Yet, the obtained data points
feature a strict linear behavior with very low deviations of the data from linearity,
allowing for the determination of suitable MHKS parameters. In the case of NEAEMA
and MOMA, molecular weights well over 1-10° g-mol™! could be obtained. For the four
remaining monomers, no molecular weights above approximately 6-10° g-mol™ were
achieved, even when significantly reducing the concentration of the CTA. For most
monomers, it was not possible to obtain analyzable SEC traces for low molecular weight
samples (<30 000 g-mol™) due to a poor signal to noise ratio, leading to the impossibility
to determine a clear maximum of the signal. For NEAEMA and DMAEMA, polymer
samples with molecular weights as low as 23 000 g:mol! could be incorporated into
the MHKS plots since they gave analyzable SEC traces and clearly supported the linear
trend of the higher molecular weight samples.

Representative triple detection SEC traces of the polymer samples employed for the
determination of the MHKS parameters are depicted in Figures A.14 to A.19 in Appendix
A. The obtained weight average molecular weights (My,), intrinsic viscosities ([7]), as
well as dispersities, D, are collated in Tables A.12 and A.13 in Appendix A. The MHKS

parameters determined for the nitrogen-containing methacrylates and employed for
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3. Nitrogen-Containing Methacrylates

the calculation of the propagation rate coefficients are displayed in Table 3.1 alongside
the molecular weights of the monomers, the refractive index increments, the glass

transition temperatures, and the temperature dependent densities.

Table 3.1.: Collation of monomer and polymer specific physical data of the methacrylates
investigated in the current study. The molecular weight of the monomer (MW) as well as
the temperature-dependent densities in bulk (pg, b), the refractive index increment, the glass
transtition temperatures, and the MHKS parameters in THF at 35 °C (K, a) are stated.

monomer MW Po b dn/dc T, K o
[gmol] [gmL'] [gm™C] [mLg'] [C] [cm’g’]

NEAEMA 233.3 1.05665 8.4416 x 10%  0.144 38 13.1x10°  0.650
MOMA 199.2 1.06603  9.0284 x 10*  0.103 4 81x10°  0.695
PipEMA 197.2 0.99507  8.8055 x 107 0.103 26 15.4 x 10 0.607
DEAEMA 185.3 0.94290 8.8723x 10™ 0.089 -15  21.35x 103 0.597
DMAEMA 157.2 0.95453  9.5491 x 107 0.086 0 498 x 103 0.729
DMAPMAE 171.2 0.94294  9.0342 x 107 0.079 -6 4.09 x 103 0.731

In general, the determination of MHKS parameters is also possible employing just a

single broadly distributed polymer sample. [152]

During a triple detection SEC measure-
ment, [7n] can be deduced for each elution increment of the sample, leading to a [#]
vs. My, plot containing several [7]-M,, relations of a single polymer sample. However,
the main disadvantages of this method compared to the evaluation of several polymer
samples, is the higher possibility of experimental errors as well as the limitation to
a more narrow molecular weight range. Deviations of the calculated sample concen-
tration or refractive index increment from the actual values or uncertainties in the
SEC measurement (i.e. misalignment of the detector signals) lead to errors in each
determined [5]-M,, set, since the method relies on the measurement of a single sample
and is, therefore, more susceptible to a single evaluation error. Employing a wide set of
different polymer samples for the determination of MHKS parameters, however, covers
a wider range of molecular weights and provides the possibility to easily detect samples
that do not fit a linear [5]-M,, relation.

Although MHKS parameters correlate with the hydrodynamic volume and, therefore,
the flexibility of the eluting macromolecules, a MHKS parameter — structure relation
does not seem to be present. For the nitrogen-containing polymers investigated in
the current chapter, the prefactor varies from 4.09 to 21.35-10° cm®-g™! and o from
0.597 to 0.731 without obvious correlations to the actual monomer structure. To date,
a broad database of different MHKS parameters is reported, spanning over a wide
variety of monomers, different polymerization techniques, and solvent or temperature

(80]

conditions, '°*! yet no overarching trends have been proposed.
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3.2. Arrhenius Parameters

In analogy to Chapter 2.2, the MHKS parameters determined for the nitrogen-containing
methacrylates are employed to obtain accurate molecular weights of the inflection points
of the SEC elugrams and determine reliable propagation rate coefficients and Arrhenius
parameters. After analyzing the PLP generated polymer samples via SEC measurement
employing universal calibration against narrowly distributed p(MMA) standards, the
molecular weight at the inflection points can be recalculated according to Equation
1.7 employing the polymer specific MHKS parameters. The Figure 3.3 depicts the
Arrhenius plots for the investigated nitrogen-containing methacrylates in bulk: 2-(N-
ethylanilino)ethyl methacrylate, 2-morpholinoethyl methacrylate, 2-(1-piperidyl)ethyl
methacrylate, 2-(N,N-diethylamino)ethyl methacrylate, 2-(N,N-dimethylamino)ethyl
methacrylate, and 3-(N,N-dimethylamino)propyl methacrylate. Table 3.2 collates the
obtained Arrhenius parameters A and E5 as well as the corresponding error margins.
The propagation rate coefficients at 50 °C are provided for better comparison. Detailed
sample conditions of all polymeric samples generated via PLP and incorporated into
the final Arrhenius plots are collated in Tables A.6 to A.11 in the Appendix A alongside
representative SEC elugrams for each investigated monomer (see Figures A.7 to A.12).
Arrhenius parameters and error margins stated in Table 3.2 are calculated using the
program CONTOUR V2.0.2 by van Herk ['%16°] with constant absolute error margins
of 10% as standard deviations. The average errors of each data point lie well within the
initially assumed error range, ranging from 2.9% for DMAEMA to 8.0% for DMAPMAE.
The error ranges stated in Table 3.2 are the boundaries of the 95% joint confidence
interval and all data points can be fitted within the 95% probability. The frequency
factors lie in the typical magnitude for methacrylates around 2-10° L-mol !-s’!, being
significantly lower than for acrylate type monomers. As previously described for the
branched acrylates, the error ranges calculated for the prefactor A are significantly
higher than errors for the activation energy, due to the extrapolated nature of the
linear fit leading to higher uncertainties in the y-intercept when errors in the slope are

assumed.
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Figure 3.3.: In(k,) versus T plots for the determination of Arrhenius parameters for
nitrogen-containing methacrylates for a) 2-(N-ethylanilino)ethyl methacrylate (NEAEMA),
b) 2-morpholinoethyl methacrylate (MOMA), c) 2-(1-piperidyl)ethyl methacrylate (PipEMA), d)
2-(N,N-diethylamino)ethyl methacrylate (DEAEMA), e) 2-(N,N-dimethylamino)ethyl methacry-
late (DMAEMA), and e) 3-(N,N-dimethylamino)propyl methacrylate (DMAPMAE). The corre-
sponding monomer structures are depicted in Figure 3.1. The Arrhenius parameters are collated
in Table 3.2 jointly with the associated error margins. Adapted with permission from refs. [134]
and [135].
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Table 3.2.: Arrhenius parameters with error margins, propagation rate coefficients at 50 °C,
and investigated temperature intervals for nitrogen-containing methacrylates in bulk. #Joint
Arrhenius parameters can be described for NEAEMA, MOMA, PipEMA, and DEAEMA. Adapted

with permission from refs. [134] and [135].

monomer A + Ea + k,%0°C T-interval
[L-mol1.s71] [kJ-mol ] [L-molt-s1] [°C]
NEAEMA 1.77 x 10°  -7.51 x 10° 20.17 -2.57 972 0 to 90
5.74 x 10° 2.87
MOMA 1.48 x 10°  -5.80 x 10° 19.59 -2.12 1008 0 to 91
4.22 x 10° 2.72
PipEMA 1.96 x 10°  -6.46 x 10° 20.27 -1.47 1036 0 to 90
2.92 x 10° 1.97
DEAEMA 2.07 x 10°  -7.89 x 10° 20.45 -2.02 1024 0 to 90
3.89 x 10° 2.28
DMAEMA 2.64 x 10 -7.90 x 10° 20.71 -1.31 1185 0 to 90
1.98 x 10° 1.32
DMAPMAE  1.22x10°  -535 x 10° 19.59 -2.74 831 0 to 90
8.02 x 10° 3.83
Joint Fit® 1.55 x 10°  -5.66 x 10° 19.69  -1.76 1021
3.88 x 10° 2.6

The Arrhenius plots of all nitrogen-containing methacrylates investigated in the cur-
rent study showed a clear linear behavior over the depicted temperature range and
no significant deviations from linearity are observed for any of the data points. For
methacrylates, the acrylate typical side reactions such as backbiting, leading to com-
posites of kp sec and ky tert and blurring of the PLP typical SEC distribution are mainly
negligible. Therefore, lower pulse frequencies are sufficient to obtain suitable PLP
patterns and higher temperatures can be applied. For the methacrylates investigated in
the current study, temperature ranges of 0 to 90 °C were employed and for all monomers
at least three — in some cases even up to seven — inflection points could be detected.
The data points obtained for DMAPMAE display higher deviations from the linear
fit than observed for the other investigated monomers and feature the highest error
(8.0%), yet none of the data points exceed the previously stated error limit of 10%. Solely
samples fulfilling the consistency criteria — displaying at least two inflection points,
independency of k;, on the initiator concentration, pulse energy, or pulse frequency,

and a k;, 1/kp 2 ratio of close to unity — are incorporated into the final Arrhenius plots.
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3. Nitrogen-Containing Methacrylates

kp,1/kp 2 values of each sample included in Figure 3.3 lie between 0.92 and 1.1 and are
collated in Tables A.6 to A.11 in the Appendix A. For NEAEMA, MOMA, PipEMA, and
DEAEMA, a set of joint Arrhenius parameters can be described and will be discussed

in detail in the subsequent section.

3.3. Trends and Family Type Behaviour

In the current chapter, the reported propagation rate coefficients and Arrhenius pa-
rameters are discussed with respect to trends and family type behavior within the
investigated monomer group of nitrogen-containing methacrylates. The first group
of nitrogen-containing methacrylates investigated in the course of the current study
comprise NEAEMA, MOMA, and PipEMA. The family type behavior observed within
this group will be critically compared to the first investigated nitrogen-containing
methacrylate UMA as well as the families of cyclic and branched methacrylates and a
hypothesis for the differences between the monomer families will be tendered. Subse-
quently, the ester side chain will be systematically altered with respect to spacer lenght
and branching length to identify the boundaries of the proposed family.

Examining the Arrhenius parameters for NEAEMA, MOMA, and PipEMA, it is apparent
that the prefactors as well as activation energies of the monomers lie in close proxim-
ity to each other. To enable a valid statement on a possible family type behavior, an
inspection of the propagation rate coefficients at different temperatures is necessary.
An overview of the k;, data of NEAEMA, MOMA, and PipEMA is provided in Figure 3.4
and the propagation rate coefficients at 50 °C are additionaly stated in Table 3.2. The
depicted propagation rate coefficients are derived from the monomer specific Arrhenius
parameters according to Equation 1.8 for -50, 0, 50, and 100 °C. The calculated values are
in good agreement with the experimentally obtained data. By plotting k;, against the
monomers, it is evident that the data are almost identical for all depicted temperatures
and a family type behavior can readily be observed. For the lower temperatures, the
propagation rate coefficients for MOMA deviate to higher k;, values, while PipEMA
displays slight deviations to larger k, values at elevated temperatures. However, these
deviations do not exceed approximately 14% for MOMA at the lowest depicted temper-
ature (kpwC =38.4 L-mol s for MOMA vs. 33.6 L-mol!-s! for NEAEMA) and 7% for
PipEMA at the highest depicted temperature (kp100°c = 2849.0 L-mol s for PipEMA vs.
2657.1 L-mol™-s’! for NEAEMA), being acceptable error ranges within the temperatures

relavant for applications and lying within the generally assumed SEC error margins.
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Figure 3.4.: Propagation rate coefficients for 2-(N-ethylanilino)ethyl methacrylate (NEAEMA),
2-morpholinoethyl methacrylate (MOMA), and 2-(1-piperidyl)ethyl methacrylate (PipEMA) at
different temperatures: Left outer scale, blue dashed line = kp(100°C); left inner scale, black solid
line = k;,(50°C); right inner scale, green dot-dashed line = k,(0°C); right outer scale, red dotted
line = kp(-50°C). The lines are no fits and solely for guiding the eye. Reprinted with permission
from ref. [134]. Copyright 2016 Royal Society of Chemistry.

For all depicted temperatures, NEAEMA features the lowest propagation rates, yet still
in an acceptable range to describe a family type behavior for NEAEMA, MOMA, and
PipEMA. The different behavior of k;, at lowered/elevated temperatures is caused by the
variations in the activation energy, decending from the different slopes of the Arrhenius
plot. Comparing the monomer structures of MOMA and PipEMA depicted in Figure
3.1, it stands to reason that these deviations of k;, at lowered/elevated temperatures
are found in the only structural difference between the two monomers, namely the
oxygen atom within the morpholino group. Although this oxygen atom seems to be
rather chemically unreactive, it might be able to induce dipoles, leading to a positively
polarized carbon atom in its direct proximity and a negatively polarized oxygen atom.
Such a polarization of the morpholino ring can possibly lead to a pre-structuring of the
monomer solution with an opposed alignment of the ester side chains, enhancing the
propagation rate coefficient. For the majority of the investigated temperature range, this
effect seems to be quite negligible, yet lowers the activation energy in a way that, due
to the reduced slope of the Arrhenius plot, a decrease of k;, in the sub-zero temperature

range is observed. However, it needs to be kept in mind that the temperatures for the
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3. Nitrogen-Containing Methacrylates

experimentally assessed k, data did not range below 0 °C and the data depicted at -50 °C
are solely values extrapolated from the determined Arrhenius parameters. Since no
melting points for NEAEMA, MOMA, and PipEMA are known so far, it is not certain to
which degree it is possible to conduct bulk experiments at decreased temperatures and,
therefore, no final statement can be made on how reliable these values are compared to
experimentally obtained data.

An inspection of the deduced Arrhenius parameters shows a close correlation of the
data for NEAEMA, MOMA, and PipEMA and the observation of a family type behavior
becomes even more evident when combining the Arrhenius plots to a joint fit as depicted
in Figure 3.5. The Arrhenius parameters for the joint fit read A=1.83-10° L-mol™-s™! and
EA=20.14 kJ-mol™ and features an average error of the data points of 5.4%, lying well

within the errors obtained for the single monomers (between 4.6 and 6.0%).
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Figure 3.5.: Combined Arrhenius plot for 2-(N-ethylanilino)ethyl methacrylate (NEAEMA),
2-morpholinoethyl methacrylate (MOMA), and 2-(1-piperidyl)ethyl methacrylate (PipEMA) in
bulk. A joint linear fit can be applied. Reprinted with permission from ref [134]. Copyright 2016
Royal Society of Chemistry.

Comparable to the single Arrhenius plots, for each data point an error of 10% in the

propagation rate coefficients was assumed for the calculation of the joint fit, lying well

above the calculated error of 5.4%.
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As previously noted, in the case of the methacrylates with branched ester side chains,
the exact structure, shape, and position of the branching point of the side chain was not
found to have a major impact on the propagation rate coefficient as long as a similar

[130

steric demand was present. [3%] This description seems to be valid for the observations

made for NEAEMA, MOMA, and PipEMA and is supported by ab initio and semi-

174] 11y the case of methacrylates, Heuts

empirical quantum calculations by Heuts et al. [
proposed that the main influence of the hindrance to internal rotations is governed
by the methyl and carbonyl groups at the radical terminus, not the ester side chain.
The increase in propagation rate coefficients with increasing ester side chain length
was attributed to the increase in molar mass, influencing the vibrational and rotational
partition functions. However, these ab initio calculations were only performed for non-
polar, small monomer systems such as ethylene or methacrylates with small alkyl ester
side chains, and just theoretically transfered to more complex monomer systems, since
for direct calculations of more challenging monomers a high level of computational
sources is required. In the case of the nitrogen-containing methacrylates, additional
focus needs to be placed on the polarity of the ester side chain. As already mentioned
in the case of possibly induced polarities in the morpholino ring of MOMA, the polarity
of the ester side chain should also have an influence on the Arrhenius parameters due
to a stronger interaction with the transition state. A more pronounced polarity of
the ester side chain leads to a stronger influence with the transition state, resulting
in a lowering of the activation energy, as observed in the case of MOMA compared
to PipEMA. In addition, this more pronounced interaction with the transition state
is expected to result in an increased hindrance of the internal rotations, ultimately
lowering the frequency factor. Taking these considerations into account (transition
state mainly influenced by a-methyl group, higher k, with increased monomer mass,
and influence of polar side chains on the transition state), a family type behavior can
be expected among methacrylic monomers with comparable molar masses and ester

side chains that exhibit comparable polarities and similar steric demands.
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3.3.1. Expanding the Family

After the description of a family type behavior for NEAEMA, MOMA, and PipEMA it
is of high interest to further investigate how the structure of the ester side chain may
influence the propagation rate for nitrogen-containing methacrylates and where the
boundaries of the proposed family lie. To achieve a deeper insight into the possible
influence of the ester side chain, two strategies are pursued: A stepwise reduction
of the number of CH, groups situated at the nitrogen atom starting from PipEMA
over DEAEMA to DMAEMA and the subsequent extension of the alkyl linker between
the ester moiety and the nitrogen atom from DMAEMA to DMAPMAE. Therefore,
DEAEMA, DMAEMA, and DMAPMAE (see Figure 3.1) are investigated with respect to
their propagation rate coefficients and critically compared to the previously proposed
family.

The left hand side of Figure 3.6 displays the combined Arrhenius plots for DEAEMA,
DMAEMA, and DMAPMAE and it is evident that the monomers do not qualify for a
joint Arrhenius fit. Although single data points of DEAEMA and DMAEMA overlap, it is
clearly visible that the data scattering within each monomer is significantly lower than
the scattering between the different monomers, and no single fit would be appropriate.
On the right hand side of Figure 3.6, the propagation rate coeflicients over an extended
temperature range are displayed with the monomers arranged in order as investigated

and as they will be discussed in the current chapter.
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Figure 3.6.: Left: Combined Arrhenius plots for 2-(N,N-diethylamino)ethyl methacry-
late (DEAEMA), 2-(N,N-dimethylamino)ethyl methacrylate (DMAEMA), and 3-(N,N-
dimethylamino)propyl methacrylate (DMAPMAE) in bulk. A joint linear fit is not appropriate.
Right: Propagation rate coefficients for DEAEMA, DMAEMA, and DMAPMAE at different
temperatures: blue dashed line = 100 °C, black solid line = 50 °C, green dot-dashed line = 0 °C,
and red dotted line = -50 °C. The monomers are displayed in order as investigated and discussed
in the text. The lines are no fits and solely for guiding the eye. Reprinted with permission from
ref [135]. Copyright 2016 American Chemical Society.
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The depicted k;, values are calculated employing the Arrhenius parameters and are
in good agreement with the experimentally determined values. For all four depicted
temperatures (-50, 0, 50, and 100 °C), DMAEMA displays elevated propagation rate
coefficients while DMAPMAE exhibits significantly decreased k;, values compared to
DEAEMA. Although the data seem to be in agreement for each monomer at the lowest
temperature, the deviations between DMAPMAE and DMAEMA already exceed 30%
at 0 °C. As mentioned earlier, no propagation rate coeficients were determined below
0 °C and since no melting points are known for the investigated monomers, it is not
certain how well the data extrapolated to -50 °C reflect an actual experimental behavior.
Going to elevated temperatures, the differences between the monomers becomes even
more obvious, reaching up to 50% deviation between DMAPMAE and DMAEMA at
100 °C. Since the inspection of the combined Arrhenius plots and propagation rates
clearly dismisses the introduction of DEAEMA, DMAEMA, and DMAPMAE in a joint
family, in the following each monomer will be individually discussed and compared to
the family of nitrogen-containing methacrylates.

To commence the detailed discussion of each monomer, 2-(N,N-diethylamino)ethyl
methacrylate (DEAEMA) will be reviewed, displaying an ester side chain reduced
by one CH, group at the piperidyl ring compared to 2-(1-piperidyl)ethyl methacry-
late(PipEMA). Both Arrhenius parameters — A and E5 — determined for DEAEMA
are higher than the joint parameters for NEAEMA, MOMA, and PipEMA, (see 3.5)
yet lie in close proximity to the Arrhenius parameters determined for PipEMA with
A=2.07-10° L-mol ' s, EA=20.45 kJ-mol! for DEAEMA, and A=1.96-10° L-mol!-s!,
EA=20.27 kJ-mol™! for PipEMA. Inspection of the left hand part of Figure 3.7 shows a
clear overlap of the Arrhenius plots of DEAEMA with the previously discussed nitrogen-
containing methacrylates over the entire investigated temperature range and the data
scattering between the different monomers does not exceed the scattering withing
each depicted monomer. This close agreement of the determined propagation rate
coefficients for DEAEMA with the family of nitrogen-containing methacrylates is also
clearly featured in the right hand part of Figure 3.7, depicting the propagation rate
coeflicients for DEAEMA, NEAEMA, MOMA, and PipEMA at -50, 0, 50, and 100 °C.
The depicted k;, values are calculated by employing the determined Arrhenius param-
eters and for all four temperature ranges, a good agreement between DEAEMA and
the previously discussed monomers is observed. Differences in the propagation rate
coefficient between DEAEMA and PipEMA range from 0.3% at 100 °C to 4.4% at -50 °C
and between DEAEMA and the previously descibed family from 0.8% at 100 °C to 4.4%
at -50 °C, qualifying DEAEMA for an inclusion into the family of nitrogen-containing

methacrylates.
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Figure 3.7.: Left: Combined Arrhenius plots for 2-(N,N-diethylamino)ethyl methacrylate
(DEAEMA), 2-(N-ethylanilino)ethyl methacrylate (NEAEMA), 2-morpholinoethyl methacrylate
(MOMA), and 2-(1-piperidyl)ethyl methacrylate (PipEMA) in bulk. Right: Propagation rate
coeflicients for DEAEMA, NEAEMA, MOMA, and PipEMA at different temperatures: blue
dashed line = 100 °C, black solid line = 50 °C, green dot-dashed line = 0 °C, and red dotted line
= -50 °C. The lines are no fits and solely for guiding the eye. Reprinted with permission from
ref [135]. Copyright 2016 American Chemical Society.

In the subsequent step, the side chains at the nitrogen atom will be reduced by two ad-
ditional CH; groups, leading to 2-(N,N-dimethylamino)ethyl methacrylate (DMAEMA).
Again, reducing the CH;, groups resulted in an increase in the Arrhenius parameters,
giving A=2.64-10° L-mol™-s"'and E5=20.71 kJ-mol . However, the increase in Arrhenius
parameters also results in elevated propagation rate coeflicients as can be seen in Figure
3.8. In the combined Arrhenius plots on the left hand side of the figure, several data
points for DMAEMA seem to partly overlap with PipEMA at higher temperatures and
with MOMA in the lower temperature regions, however, no overlap with NEAEMA
is observed and the scattering between the different monomers exceeds the scatter-
ing within the data for DMAEMA. Over the entire investigated temperature range,
DMAEMA lies at the top end of the depicted Arrhenius plots. A closer look at the right
hand part of Figure 3.8 shows a good agreement of the k, values for DMAEMA with
the previously investigated monomers at the lowest temperature -50 °C, yet clearly
starts to deviate to higher propagation rate coefficients at 0 °C. The elevated activation
energy of DMAEMA leads to a steeper slope and consequently to a faster increase
of the propagation rate coeflicient with increasing temperature, resulting in higher
deviations from the proposed family at elevated temperatures. The differences in k;
between DMAEMA and PipEMA range from already 6.2% at -50 °C up to 17% at 100 °C
and between DMAEMA and the joint fit for NEAEMA, MOMA, and PipEMA between
6.2% at -50 °C and 20% at 100 °C, just exceeding the SEC error margins of approximately
15%. Thus, DMAEMA appears to lie just at the edge of the proposed family, however,
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due to the more pronounced deviations of k, with increasing temperature, an inclusion

into the family of nitrogen-containing methacrylates seems to be not advisable.
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Figure 3.8.: Left: Combined Arrhenius plots for 2-(N,N-dimethylamino)ethyl methacrylate
(DMAEMA), 2-(N-ethylanilino)ethyl methacrylate NEAEMA), 2-morpholinoethyl methacrylate
(MOMA), and 2-(1-piperidyl)ethyl methacrylate (PipEMA) in bulk. Right: Propagation rate
coefficients for DMAEMA, NEAEMA, MOMA, and PipEMA at different temperatures: blue
dashed line = 100 °C, black solid line = 50 °C, green dot-dashed line = 0 °C, and red dotted line
= -50 °C. The lines are no fits and solely for guiding the eye. Reprinted with permission from
ref [135]. Copyright 2016 American Chemical Society.

To conclude the investigation of additional nitrogen-containing methacrylates and the
influence of an alteration of the ester side chain length on the propagation rate coeffi-
cient, 3-(N,N-dimethylamino)propyl methacrylate (DMAPMAE) is examined, featuring
an additional CH; group in the alkyl linker between the ester moiety and the nitrogen
atom compared to DMAEMA. When expanding the ester side chain, the Arrhenius
parameters are significantly lowered to A=1.22-10° L-mol!-s! and Eo=19.59 kJ-mol ..

174] changing to a more bulky unit leads

According to the explanation by Heuts et al,, |
to an increased hindrance of the internal rotations and lowering of the frequency factor,
yet the decrease in A of DMAPMAE compared to DMAEMA seems surprisingly substan-
tial, considering the only small change in the chemical structure. The left hand part of
Figure 3.9, however, clearly shows the influence of the decreased Arrhenius parameters
on the propagation rate coefficient. Over the entire investigated temperature range
the Arrhenius plot for DMAPMAE lies significantly lower than the Arrhenius plots
for NEAMEA, MOMA, and PipEMA. Although single data points show an overlap
with the previously investigated methacrylates, the overall plot clearly lies outside of
the acceptable error ranges and the description of a joint fit is not appropriate. The
propagation rate coeflicients depicted on the right hand side of Figure 3.9 for -50, 0, 50,
and 100 °C confirm the assumptions of an exclusion of DMAPMAE from the family of

nitrogen-containing methacrylates. Although the k;, value for the lowest depicted tem-
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3. Nitrogen-Containing Methacrylates

perature seems to lie in acceptable range to the previously investigated methacrylates,
a deviation to lower propagation rate coefficients becomes increasinly significant at
elevated temperatures. The differences of the propagation rate coefficients between
DMAPMAE and the joint fit for NEAEMA, MOMA, and PipEMA vary between 11.3%
for -50 °C and 25.6% for 100 °C. With deviations of k; clearly exceeding the SEC error
ranges, it is evident that DMAPMAE does not qualify for an inclusion into the family

of nitrogen-containing methacrylates.
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Figure 3.9.: Left: Combined Arrhenius plots for 3-(N,N-dimethylamino)propyl methacrylate
(DMAPMAE), 2-(N-ethylanilino)ethyl methacrylate (NEAEMA), 2-morpholinoethyl methacry-
late (MOMA), and 2-(1-piperidyl)ethyl methacrylate (PipEMA) in bulk. Right: Propagation rate
coefficients for DMAPMAE, NEAEMA, MOMA, and PipEMA at different temperatures: blue
dashed line = 100 °C, black solid line = 50 °C, green dot-dashed line = 0 °C, and red dotted line
=-50 °C. The lines are no fits and solely for guiding the eye. Reprinted with permission from
ref [135]. Copyright 2016 American Chemical Society.

The comparison of the additional nitrogen-containing methacrylates DEAEMA, DMA-
EMA, and DMAPMAE showed significant differences between these three monomers
regarding Arrhenius parameters and propagation rate coefficients. Figure 3.10 clearly
shows the increase in A and Ex with decreasing CH; groups when going from PipEMA to
DMAEMA with A [10° L-mol !-s1]=1.96 (PipEMA) to 2.07 (DEAEMA) to 2.64 (DMAEMA)
and Ea [kJ-mol™]=20.27 (PipEMA) to 20.45 (DEAEMA) to 20.71 (DMAEMA). As previ-
ously stated, due to the estimation of A via the extrapolation of the determined slope
of the Arrhenius plot, A and Ex show a parallel behavior. In their studies of terminal
and penultimate unit effects on the transition state, 3174l Heuts et al. noted that ex-
changing the ester side chain with a bulkier unit leads to an increased hindrance of the
torsion, lowering the frequency factor. When going from PipEMA to DMAEMA, the

bulkiness of the ester side chain is reduced by the stepwise removal of CH;, groups at
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3.3. Trends and Family Type Behaviour

the amino function, consequently increasing the frequency factor. While removing a
single CH; group from PipEMA to DEAEMA, just a slight increase in A is observed, due
to a comparably low change in steric demand of the ester side chain. Decreasing the
side chain by two more CH, groups, however, leads to a significantly higher increase
of A attributed to a more drastic change in steric demand.

An interesting observation is certainly the significant decrease of the Arrhenius pa-
rameters and propagation rate coefficients from DMAEMA to DMAPMAE with A
[10° L-mol*-s1]=2.64 (DMAEMA) to 1.22 (DMAPMAE) and Ea [kJ-mol-1]=20.71 (DMA-
EMA) to 19.59 (DMAPMAE) leading to a difference in propagation rate coefficients of
already 20% at -50 °C up tp 50% at 100 °C. The Arrhenius plot of DMAEMA lies just
slightly above the previously proposed family of nitrogen-containing methacrylates
and the Arrhenius plot for DMAPMAE clearly exceeds the boundaries to significantly
lower propagation rates, although both monomeres merely differ by a single CH, group

in the alkyl linker between the ester moiety and the nitrogen atom.
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Figure 3.10.: Arrhenius parameters of 3-(N,N-dimethylamino)propyl methacrylate (DMAP-
MAE), 2-(1-piperidyl)ethyl methacrylate (PipEMA), 2-(N,N-diethylamino)ethyl methacrylate
(DEAEMA), and 2-(N,N-dimethylamino)ethyl methacrylate (DMAEMA). An increase in both
Arrhenius parameters is observed when going from PipEMA to DMAEMA and a significant

decrease in the Arrhenius parameters is observed when going to DMAPMAE. Reprinted with
permission from ref [135]. Copyright 2016 American Chemical Society.
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It was noted earlier that for the branched methacrylates, the exact shape and chemical
structure of the ester side chain was not the major influencing factor of the propagation
rate coefficient as long as the ester side chains displayed a similar steric demand. [13]
Although this hypothesis was supported by the findings for the first three monomers
discussed in the current chapter NEAEMA, MOMA, PipEMA), after expanding the in-
vestigated monomer group it is obvious that the hypothesis is not entirely transferrable
for the nitrogen-containing methacrylates. The steric demand of the ester side chain is
most likely not the only influencing factor, but it is also important to have a closer look
at the polarities of the monomers. A more polar side chain reduces both Arrhenius
parameters due to a stronger interaction with the transition state resulting in an in-
creased hindrance of the internal rotations. In case of the branched methacrylates with
their alkyl ester side chains, a difference in the polarities should not be assumed. For
the nitrogen-containing methacrylates, however, the nitrogen atom holds potential for
intramolecular interactions with the ester moiety. Such an intramolecular interaction
can lead to induced polarities at the nitrogen atom and the carbonyl carbon, altering
the electronic environment of the monomer. In the case of the investigated N-ethyl
methacrylates NEAEMA, MOMA, PipEMA, DEAEMA, DMAEMA), the nitrogen atom
is situated too close to the ester moiety to favor ring formation and interacting with
the propagating radical site.

For DMAPMAE, displaying a propyl linker between the ester moiety and the nitrogen
atom, however, a possible convergency of the nitrogen atom and the ester moiety via
the formation of a six-membered ring would lead to an interaction that significantly
increases the (induced) polarity of the monomer and, therefore, the electronic environ-
ment of the propagating radical. The effect of different polarities on the propagation
rate coefficient was already mentioned to describe the differences between PipEMA
and MOMA, where a slight change in polarity of the morpholino ring might possibly
be induced by the oxygen atom. However, in the case of MOMA, the more polar side
chain is more likely to have an influence on a pre-structuring of the reaction solution
and not directly on the propagating radical site due to its distance to the ester moiety.
A hypothetical ring formation of the monomer as proposed for DMAPMAE, however,
would have a cruical effect on the transition state due to a change in steric demand
as well as a significant increase in polarity and, therefore, a change of the electronic
environment of the propagating radical site, resulting in significantly reduced Arrhenius
parameters.

The steric differences between PipEMA and DEAEMA due to the reduced CH; groups
just induce a slight change in the Arrhenius parameters leading to propagation rate

coeflicients that do not exceed the error margins of the previously proposed family of
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nitrogen-containing methacrylates. Further alteration of the ester side chain by remov-
ing two additional CH; groups and thus more pronounced reduction in steric demand
further increases the Arrhenius parameters, resulting in elevated propagation rate
coefficients and a marginal loss of the family type behavior. The possible interaction of
the nitrogen atom with the ester moiety induced by the extention of the alkyl linker and
the resulting significant changes in steric demand as well as electronic environment of
the propagating radical site when going to DMAPMAE, leads to a considerable decrease
in Arrhenius parameters and propagation rate coefficients.

The extended Arrhenius fits of DEAEMA, DMAEMA, and DMAPMAE calculated via
the determined Arrhenius parameters are depicted in Figure 3.11 alongside the joint fit
for NEAEMA, MOMA, and PipEMA. Inspection of Figure 3.11 shows that the Arrhenius
fit for DEAEMA perfectly overlays with the joint Arrhenius fit for NEAEMA, MOMA,

and PipEMA over the entire temperature range and clearly fits into the previously

proposed family.
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Figure 3.11.: Combined Arrhenius fits for 3-(N,N-dimethylamino)propyl methacrylate (DMAP-
MAE), 2-(N,N-diethylamino)ethyl methacrylate (DEAEMA), and 2-(N,N-dimethylamino)ethyl
methacrylate (DMAEMA) as well as the joint fit for 2-(N-ethylanilino)ethyl methacrylate
(NEAMEA), 2-morpholinoethyl methacrylate (MOMA), and 2-(1-piperidyl)ethyl methacrylate
(PipEMA) as calculated via the corresponding Arrhenius parameters. Reprinted with permission
from ref [135]. Copyright 2016 American Chemical Society.
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3. Nitrogen-Containing Methacrylates

The propagation rate coeflicients determined for DMAEMA are slightly elevated and
over the entire temperature range the Arrhenius fit for DMAEMA lies just above the
joint fit and although a slight converging of the fits is observable in the lower tempera-
ture ranges, no overlapping occurs until sub-zero temperatures, making it not advisable
to include DMAEMA into the decribed family. The structural differences of DMAPMAE,
resulting in significant changes in the steric demand and electronic environment of
the monomer, influence the propagation rate coefficient in a way that over the entire
extended temperature range the Arrhenius fit lies clearly below the joint fit for the
family. No convergency or overlapping is observable, clearly disqualifying DMAPMAE
for an inclusion in the family of nitrogen-containing methacrylates. It is interesting to
note the differences in glass transition temperatures for the two investigated groups:
While the T, for NEAEMA, MOMA, and PipEMA lie between 26 and 44 °C, DEAEMA,
DMAEMA, and DMAPMAE display lowered T between 0 and -15 °C (see Table 3.1).
Although the glass transition temperatures are generally implying differences in physic-
ochemical behavior, surprisingly the monomer with the lowest T, (largest difference
to the previously described family) perfectly fits into the family while DMAEMA and
DMAPMAE do not display comparable propagation rate coefficients.

The addition of three nitrogen-containing methacrylates to the previously investigated
NEAEMA, MOMA, and PipEMA aimed at testing the additional monomers for a pos-
sible inclusion into the family of nitrogen-containing methacrylates and to find the
boundaries of the proposed family type behavior. It is found that based on different
steric demands and polarities, DEAEMA qualifies for an inclusion while DMAEMA and
DMAPMAE are not to be added to the family. Taking these findings into account, the
updated joint fit for a family of N-ethyl methacrylates gives Arrhenius parameters of
A=1.55-10° L-mol!-s™! and Eo=19.68 kJ-mol ..

3.3.2. Comparison to UMA

Before launching into a comparison of the proposed family of N-ethyl methacrylates to
previously described methacrylic families, it is worthwile to inspect the first investigated
nitrogen-containing methacrylate, UMA (for chemical structure refer to Figure 3.1) and
its relation to the newly proposed family. Although nitrogen-containing methacrylates
are interesting monomers for a wide variety of industrial applications and are also of
high interest for academic purposes, the first representative of this monomer group

was not investigated before 2014, when Haehnel et al. stated the Arrhenius parameters
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for UMA in DMac to be A=2.08-10° L-mol!-s! and Ex=19.90 kJ-mol™. Due to the
high melting point of UMA at approximately 44 °C, the experimentally accessible
temperature range was relatively narrow, making an investigation in solution more
favorable. UMA still being a solid at elevated temperatures stands in contrast to most
other methacrylates as well as the monomers of the family of N-ethyl methacrylates,
which remain liquid even at a storage temperature of -19 °C. Those apparent physical
differences are also reflected by differences in the glass transition temperatures of the
monomers, where the T, of UMA is remarkably high with 103 °C.

Comparing solely the Arrhenius parameters stated for UMA with the parameters for
NEAEMA, MOMA, PipEMA and DEAEMA, an inclusion of UMA into the family of
N-ethyl methacrylates might seem like an appropriate choice. However, inspection
of Figure 3.12 does clearly not support this assumption. UMA displays significantly
higher propagation rate coefficients at all depicted temperatures with deviations from
the joint paramters for the N-ethyl methacrylates of already 17% at -50 °C up to 21% at

100 °C, clearly exceeding the error margins.
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Figure 3.12.: Propagation rate coefficients for 2-(N-ethylanilino)ethyl methacrylate (NEAEMA),
2-morpholinoethyl methacrylate (MOMA), 2-(1-piperidyl)ethyl methacrylate (PipEMA), 2-(N,N-
diethylamino)ethyl methacrylate (DEAEMA), and ureidoethyl methacrylate (UMA) at different
temperatures. Left outer scale, blue dashed line = k,(100°C); left inner scale, black solid line =
kp(50°C); right inner scale, green dot-dashed line = k,(0°C); right outer scale, red dotted line =
kp(-50°C). Adapted with permission from ref [134].
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Figure 3.13 displays the Arrhenius fit for UMA derived from the Arrhenius parameters
stated in ref [186] as well as the joint fit for NEAEMA, MOMA, PipEMA, and DEAEMA.
The elevated Arrhenius parameters compared to the parameters for the family of N-ethyl
methacrylates — A [10® L-mol™-s71]=2.08 (UMA) to 1.55 (family) and Ea [k]J-mol™]=19.90
(UMA) to 19.68 (family) - lead to consequently higher In(k,) values for UMA over the
entire temperature range and a linear behavior of the two fits without any overlapping
data. UMA displays a similar molar mass as the N-ethyl methacrylates and is expected

to feature a comparable steric demand.
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Figure 3.13.: Joint linear Arrhenius fit for the investigated N-ethyl methacrylates 2-
(N-ethylanilino)ethyl methacrylate (NEAEMA), 2-morpholinoethyl methacrylate (MOMA),
2-(1-piperidyl)ethyl methacrylate (PipEMA), and 2-(N,N-diethylamino)ethyl methacrylate
(DEAEMA) as well as Arrhenius fit for ureidoethyl methacrylate (UMA) derived from the
Arrhenius parameters stated in ref [186]. Adapted with permission from ref [134].

Although differences in the polarity of the ester side chain might be expected due to an
electron withdrawing effect of the oxygen, the main factor influencing the propagation
rate coeflicient might be the ability of the ureido group to form intramolecular hydrogen
bonds. Hydrogen bonds between the monomer units influence the stiffness of the chain
and diffusion behavior of the radicals, however, it has to be kept in mind that UMA
was solely investigated in solution in DMAc. A more pronounced interaction between

the transition state and the solvent due to a breakage of the intermolecular hydrogen
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bonds leads to a reduced hindrane of the torsion and ultimately an increase in the
propagation rate coefficient. To reliably compare the propagation rate coefficients
for UMA with the family of N-ethyl methacrylates, an investigation of UMA in bulk
would be preferable, since it can not yet be stated if the aforementioned effects of the
intermolecular hydrogen bonds would ultimately lower the propagation rate coefficient.
Although the data for UMA reported in 2014 [1*¢] clearly do not fit into the proposed
family, it is refrained from giving a final statement on a possible implementation of UMA
into the family of N-ethyl methacrylates, since the solvent effects on the propagating
reaction of UMA and, therefore, on the Arrhenius parameters and propagation rate

coefficients are not yet fully known or understood and no bulk data are available.

3.3.3. Comparison to Cyclic Methacrylates

In 2003, Beuermann et al. [¥3 noted the first family type behavior for a group of methacry-
lates featuring cyclic ester side chains, namely cyclohexyl methacrylate (cHMA), gly-
cidyl methacrylate (GMA), benzyl methacrylate (BnMA), and isobornly methacrylate
(iBoMA) as depicted in Figure 3.1. The propagation rate coefficients for these four
monomers were in close agreement to each other and could be described by joint
Arrhenius parameters of A = 4.24-10° L-mol!-s™ and Ex = 21.90 kJ-mol™. A comparison
of the family of methacrylates with cyclic ester side chains to the N-ethyl methacrylate
seems interesting due to NEAEMA, MOMA, and PipEMA featuring a cyclic system in
their ester side chains as well. Comparing the Arrhenius parameters for the family of
cyclic methacrylates and the N-ethyl methacrylates (A [10® L-mol!-s!] = 4.24 for cyclic,
1.55 for N-ethyl and Ea [k]J-mol!] = 21.90 for cyclic, 19.68 for N-ethyl), a difference
in the families seems already quite obvious. The significantly higher frequency factor
implies elevated propagation rate coefficients for the cyclic methacrylates compared to
the N-ethyl methacrylates, yet the elevated activation energy and, therefore, steeper
slope, might suggest a convergence or even crossing of the Arrhenius plots in the lower
temperature range. Inspecting Figure 3.14, it is visible that at 0 °C the propagation rate
coefficient of the cyclic methacrylates is in good agreement with the N-ethyl methacry-
lates. While at 0 °C the k, value is just insignificantly higher, at -50 °C it lies below
the family of N-ethyl methacrylates, supporting the suggestion of a crossing of the
Arrhenius plots. When going to elevated temperatures, however, the propagation rate
coefficients for the cyclic methacrylates clearly divert to significantly higher values

with a difference of approximately 35% at 100 °C.
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Figure 3.14.: Propagation rate coeflicients for 2-(N-ethylanilino)ethyl methacrylate (NEAEMA),
2-morpholinoethyl methacrylate (MOMA), 2-(1-piperidyl)ethyl methacrylate (PipEMA), 2-(N,N-
diethylamino)ethyl methacrylate (DEAEMA), and a joint k;, of cyclohexyl methacrylate (c(HMA),
glycidyl methacrylate (GMA), benzyl methacrylate (BnMA), and isobornly methacrylate (iBoMA)
as taken from ref. [88] at different temperatures. Left outer scale, blue dashed line = k(100°C);
left inner scale, black solid line = k;(50°C); right inner scale, green dot-dashed line = k,(0°C);
right outer scale, red dotted line = k,(-50°C). Adapted with permission from ref [134].

The joint Arrhenius fits for both families, as depicted in Figure 3.15, show the behavior
expected after comparison of the Arrhenius parameters. At sub-zero temperatures
some of the data points for the cyclic methacrylates are in agreement with the N-ethyl
methacryaltes and the fits are crossing each other due to the large differences in the
activation energy and, therefore, the slope of the fit. However, the divergent nature of
the fits is quite obvious when having a look at the elevated temperature range, where
the propagation rate coefficients for both families increasingly move apart. As pointed
out previously, the k, values for -50 °C depicted in Figure 3.14 are only theoretically
calculated values and no experimental data are available for such low temperatures.
Thus, no clear statement can be given on the behavior of the investigated families when

going to far sub-zero temperatures.
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Figure 3.15.: Joint linear Arrhenius fit for the investigated N-ethyl methacrylates 2-
(N-ethylanilino)ethyl methacrylate (NEAEMA), 2-morpholinoethyl methacrylate (MOMA),
2-(1-piperidyl)ethyl methacrylate (PipEMA), and 2-(N,N-diethylamino)ethyl methacrylate
(DEAEMA) as well as joint Arrhenius fit for cyclohexyl methacrylate (cHMA), glycidyl methacry-
late (GMA), benzyl methacrylate (BnMA), and isobornly methacrylate (iBoMA) derived from
the Arrhenius parameters stated in ref [88]. Adapted with permission from ref [134].

Molecular mass, steric demand, and polarity of the ester side chain were proposed to be
the key influencing factors for a possible family type behavior of investigated monomers.
While the N-ethyl methacrylates display slightly higher molecular masses, on first
glance the steric demands seem not be considerably distinct to lead to such substantial
differences in the Arrhenius parameters. However, these differences might be attributed
to the varied polarities of the ester side chains between the cyclic methacrylates and
N-ethyl methacrylates. Due to the more pronounced polarity of the ester side chains for
the N-ethyl methacrylates, the electronic environment is altered and the double bond
slightly activated. A higher polarity at the propagating radical increases the hindrance
of the torsion and internal rotations, lowering the frequency factor as well as activation
energy. A full explanation of the underlying effects that cause the substantial differences
between the two respective families and their Arrhenius parameters and propagation
rate coefficients can not yet be given, however, it is evident that the families do not

qualify for an integration into a combined family with a joint Arrhenius fit.
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3.3.4. Comparison to Branched Methacrylates

To place the family of N-ethyl methacrylates into the context of another previously
described family of methacrylates and to complete the picture of the different family
type behaviors, an evaluation of the methacrylates with branched ester side chains

130] introduced a group of branched methacry-

is mandatory. In 2013, Haehnel et al.
lates — ethylhexyl methacrylate (EHMA), propylheptyl methacrylate (PHMA), isodecyl
methacrylate (iDeMA), and heptadecanyl methacrylate (C17MA) — that displayed a
family type behavior and can be described by a joint Arrhenius fit leading to the joint
parameters of A = 2.39-10° L-mol'-s! and E5 = 21.16 kj-mol™. The comparison of
the family of N-ethyl methacrylates to the branched methacrylates will be limited to
the family of PHMA, iDeMA, EHMA, and C17MA. Since a broad variety of various
branched methacrylates has been investigated, each displaying their individual Arrhe-
nius parameters and propagation rate coefficients, a comparison to each individual
methacrylate with branched ester side chain would go beyond the scope of this study.
Similar to the cyclic methacrylates, in the case of the branched methacrylates, the
higher frequency factor might suggest higher propagation rate coefficients than de-
termined for the N-ethyl methacrylates with a possible convergency or even crossing
of the Arrhenius plots at lower temperatures due to a higher activation energy and,
therefore, steeper slope. However, the differences in the frequency factor may not be
sufficiently distinctive for a reliable statement. The depiction of the propagation rate
coefficients for the N-ethyl methacrylates as well as the branched methacrylates at
four different temperatures (-50, 0, 50, and 100 °C) in Figure 3.16 even shows an oppo-
site effect. Throughout the entire temperature range, the k, values for the branched
methacrylates lie below the values for the N-ethyl methacrylates. A close proximity of
both families is undeniable, especially for the highest temperature were the k;, values
differ by merely 5% (k,(100 °C) [L-mol™-s] ~ 2.600 for branched, 2.700 for N-ethyl and
ky(50°C) [L-mol-s™'] ~ 900 for branched, 1000 for N-ethyl), yet by inspecting Figure

3.16 alone, it is not clear if a combination of the families is advisable.
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Figure 3.16.: Propagation rate coefficients for 2-(N-ethylanilino)ethyl methacrylate NEAEMA),
2-morpholinoethyl methacrylate (MOMA), 2-(1-piperidyl)ethyl methacrylate (PipEMA), and
2-(N,N-diethylamino)ethyl methacrylate (DEAEMA) as well as 2-propylheptyl methacrylate
(PHMA), isodecyl methacrlate (iDeMA), 2-ethylhexyl methacrylate (EHMA), and heptadecanyl
methacrylate (C17MA) as taken from ref. [9] at different temperatures. Left outer scale, blue
dashed line = k,(100°C); left inner scale, black solid line = k(50°C); right inner scale, green
dot-dashed line = k,(0°C); right outer scale, red dotted line = k,(-50°C). Adapted with permission
from ref [134].

The question of a possible combination of the two monomer families discussed in
the current section can be clarified upon the inspection of the joint Arrhenius fits for
the N-ethyl methacrylates as well as branched methacrylates, depicted in Figure 3.17.
The Arrhenius plots support the findings from Figure 3.16 of a good agreement of
the propagation rate coefficients for the elevated temperature regime and as expected
from the differences in the activation energy, a convergence of the Arrhenius fits at
high temperatures (and a crossing of the fits, leading to the higher frequency factor
for the branched methacrylates) is observed. Due to the different slopes of the fits, the
differences in propagation rate coefficients are becoming more and more distinct when
going to lower temperatures. The differences in k, between the N-ethyl methacrylates
and the branched methacrylates already reach 20% at 0 °C and even exceed 30% at the

lowest depicted temperature of -50 °C.
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Figure 3.17.: Joint linear Arrhenius fit for the investigated N-ethyl methacrylates 2-
(N-ethylanilino)ethyl methacrylate (NEAEMA), 2-morpholinoethyl methacrylate (MOMA),
2-(1-piperidyl)ethyl methacrylate (PipEMA), and 2-(N,N-diethylamino)ethyl methacrylate
(DEAEMA) as well as joint Arrhenius fit for 2-propylheptyl methacrylate (PHMA), isode-
cyl methacrlate (iDeMA), 2-ethylhexyl methacrylate (EHMA), and heptadecanyl methacrylate
(C17MA) derived from the Arrhenius parameters stated in ref [130]. Adapted with permission
from ref [134].

As Figure 3.17 clearly shows that a combination of the N-ethyl methacrylates and the
branched methacrylates into a joint family is not advisable when reliable values for the
low temperature ranges are desired. To develop a hypothesis on the possible reasons for
these observed deviations in the propagation rate coefficients and Arrhenius parameters,
again, the molar mass, steric demand, and polarity of the ester side chains are considered
and two different effects are observed. According to Heuts et al, a higher molar mass
leads to a change in the vibrational and rotational partition functions, increasing the
frequency factor. [174] The branched methacrylates, featuring the higher molar masses,
also exhibit a higher steric demand, lowering the propagation rate coefficients due to an
increased hindrance of the internal rotations. The N-ethyl methacrylates feature more
polar ester side chains, thus, the frequency factor and activation energy — and therefore
the slope of the Arrhenius fit — are comparably lower. These opposed effects of a reduced
kp due to a higher steric demand for the branched methacrylates and reduced Arrhenius
parameters due to a more pronounced polarity of the ester side chains for the N-ethyl
methacrylates seem to have a different impact at different temperatures. In the region

of elevated temperatures, these opposing effects seem to be balanced, causing similar
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propagation rate coefficients above approximately 50 °C. Going to lower temperatures,
the Arrhenius fit for the N-ethyl methacrylates deviates to higher propagation rate
coefficients due to the lower activation energy and, therefore, less steep descent of the
fit.

As it was the case for the cyclic methacrylates as well, no final explanation for the
deviations between the family of branched methacrylates and the family of N-ethyl
methacrylates can be given, yet a hypothesis is developed attributing the differences in
the Arrhenius parameters and propagation rate coefficients to variations in the steric
demand and electronic environment of the ester side chains. However, it can be clearly

observed that a combination of both families into a joint family is not advisable.
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Lewis Acid-mediated PLP

©Lucky Comics 2017 shoots faster than his shadow

Gaining control over the stereoselectivity of polymeric materials has been described as

[190]

the “holy grail® of radical polymerization and during the last decades large effort has

been placed into controlling the assembly of macromolecules towards the possibility to
precisely alter the material properties and structure of radically produced polymers. [°1]
Having effective control over tacticity in RDRP would provide a radical-based route to
specific stereoregular polymers and significantly enhance the field of polymer synthesis.
However, two key aspects of microstructural control in radical polymerization have
yet to be overcome: Lack of effective stereocontrol and formation of defect structures.
Almost 60 years ago, in an attempt to gain structural control, Lewis acids were first

(192 ZnCl, was applied for

employed to examine this effect on radical polymerization.
the radical polymerization of methyl methacrylate (MMA) leading to different results
depending on the concentration of Lewis acid. For low concentrations, no significant

(192] while later on high concentrations of ZnCl,

stereochemical effects were reported,
were found to slightly increase the isotacticity. (1} Since 2000 Okamoto and co-workers

successfully used rare earth metal triflates (M(OTf);) as controlling agents to produce
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4. Lewis Acid-mediated PLP

194 [195]

isotactic rich polymers of several methacrylates, 14 a-(alkoxymethyl)acrylates,

196,197 198,199] Although these additives increased

acrylamides, | I and methacrylamides. |
the control of tacticity, it was not yet possible to attain stereoregularity as high as gen-
erally achieved via anionic polymerization. A lack of understanding of the interactions
between growing polymer chain and Lewis acid impedes the further development of
Lewis acid-mediated radical polymerization since stereoselectivity is also highly depen-
dent on the reaction conditions such as the type of monomer, solvent, concentration,
and identity of the Lewis acid. In radical polymerization, stereochemistry is determined
by the relative orientation of the terminal and penultimate side-chains rather than the
orientation of the incoming monomer. A rapid interconversion between pro-meso and
pro-racemo conformations of the polymer terminus — both equally reactive towards
propagation — leads to atactic polymers in the absence of stereocontrolling agents
(refer to scenario (1) in Figure 4.1). The literature accepted mechanism of isotactic

[200]

regulation first published by Matsumoto proposes a coordination of the Lewis acid

that provides an energetic preference for meso propagation (scenario (2)), thus yielding
isotactic polymers. However, this mechanism, although frequently cited, [1°1:201:202] hag
been criticized as oversimplified. Additional types of possible coordination of the Lewis
acid - coordination to the terminal side chain and monomer, scenario (3) or solely to the
incoming monomer, scenario (4) — are not expected to influence the stereoselectivity in

a significant way:.

1) Radical polymerization 2) Terminal-penultimate coordination
in the absence of seterocontrol agent (literature mechanism)
meso propagation racemo propagation meso propagation racemo propagation
8 ons 8 on B g oy CHe R

% \./i—CH3
@ = Lewis acid

selective pro-meso coordination: stereoselective propagation

3) Terminal-monomer coordination 4) Monomer coordination

meso propagation racemo propagation meso propagation racemo propagation

b VI

CHs 5 cHy R
£ F=Ch, =,

?\\/.——CHS

Figure 4.1.: Stereoselectivity during radical polymerization of a mono substituted alkene in the
absence (1) and presence (2)-(4) of a Lewis acid. Scenarios (2)-(4) illustrate different positions
of Lewis acid coordination to the polymer terminus and incoming monomer. Adapted with
permission from ref [203].

38



The application of Lewis acids to control the tacticity of polar monomers has not

proven entirely successful, however, recent work has shown that other aspects of mi-

204] Noble et al. recently investigated the

crostructural influence can be controlled. !
influence of the Lewis acid lithium bis(trifluromethane)sulfonamide (LiNTf,) on the
propagation of MMA via PLP-SEC experiments and computational quantum-chemical
calculations. 3] Although the Lewis acid employed in the study of Noble did not show
any effect on the tacticity of the polymer, it was pointed out that catalytic activity was
observed. Lewis acids were shown to catalyse homopolymerizations [19%194205] and
due to an enhancement of propagation relative to transfer, favor end chain propaga-
tion over the formation of defect structures and therefore suppress chain branching

[94.206] A possible catalytic effect was already predicted by Clark in 1986 using

207 208]

reactions.
ab initio calculations [2*7] and later on experimentally confirmed by Michl et al.[
These increased propagation rates were associated with electrostatic effects without
covalent interaction of the lithium cation with the monomer double bond and was said
to be observable even at long distances above 4.5 A. [20210]

For the rate accelaration occuring in polar systems, Clark’s explanation is not sat-
isfactory. For MMA, PLP-SEC was employed to experimentally confirm the rate ac-
celerating properties of LiNTf; while the binding models were examined employing
ab initio molecular orbital theory, showing that propagation is mainly governed by
a “(pseudo)cyclization of a Li* bridged terminal-monomer complex” not leading to a

203] Although this complex does not favor isotacticity

control over stereo regulation. [
over atactic propagation, it influences k;, due to an activation of the monomer towards
propagation. Under the premise of an accelerated propagation rate and preference
of linear chain propagation over branching, an investigation into acrylates is of high
interest to prove the concept of suppression of side reactions and defect structures when
utilizing Lewis acids in radical polymerization. As already described in chapter 1.4,
for acrylates high pulse repetition rates need to be employed to prevent the formation
of MCRs and therefore the occurance of a mixture of k;, sec and ky, tert and blurring of
the PLP pattern in the SEC analysis. Being able to gain better PLP traces even at low
frequencies would render the need for expensive equipment redundant and gaining
control over the formation of defect structures would pave the way for simpler ways to

tune material properties.
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4. Lewis Acid-mediated PLP

4.1. Polymerization of Methyl Acrylate with LiNTf;

To investigate the influence of Lewis acids on the propagation reaction of acrylates,
methyl acrylate (MA) was studied via PLP-SEC. During free radical polymerization
of MA, competing modes of propagation take place, i.e. end chain propagation vs.
mid chain propagation. As previously described, mid chain radicals exhibit slower
propagation rate coefficients due to the more stable nature of the radical site. When
applying low pulse repetition rates, the time between two consecutive laser pulses is
sufficient for intramolecular transfer reactions to take place and, thus, the formation of
slowly propagating tertiary radicals leads to a blurring of the characteristic PLP traces.
To overcome the formation of MCRs and the loss of PLP characteristics, higher pulse
repetition rates have to be applied, however, the need for high frequencies asks for the
appropriate equipment. As reported by Barner-Kowollik et al. in the IUPAC benchmark
publication of MA, ['%4] even when employing a high frequency laser system at 500
Hz, a loss of PLP characteristics was observed at elevated temperatures. Therefore,
another method to suppress intramolecular transfer reactions and thereof resulting
defect structures is introduced with the addition of Lewis acids. Although the use of
Lewis acids to influence the tacticity of the resulting polymer chain is still disputable,
it has been shown that Lewis acids catalyze end chain propagation over mid chain

94,206] Ty the current chapter, methyl

propagation by coordination at the chain end. [
acrylate is investigated to explore the catalytic effects of LiNTf; on the propagation
reaction of acrylate type monomers. Therefore, two different laser setups — 500 Hz
Excimer laser operating on the XeF line as well as 50 Hz Nd:YAG laser — have been
employed, applying different pulse repetition rates and temperatures.

To start the investigation of the Lewis acids systems, the choice of the optimum pho-
toinitiator is crucial. Possible interaction of the Lewis acid with the photoinitiator can
lead to a shift in the absorbance of the initator resulting in a less effective decomposition
under laser irradiation. An increased triplet lifetime due to an addition of the Lewis
acid to the photoinitiator can lead to problems with the initiation of the polymerization
resulting in the loss of a PLP structure. Furthermore, if an interaction of the Lewis
acid with the initiator takes place, the amount of Lewis acid available to interact with
the propagating radical site is significantly reduced. In a study on the influence of the
stronger Lewis acids ZnCl, and AICl; on the two popular acetophenone photoinitiators
methyl-4’-(methylthio)-2-morpholino-propiophenone (MMMP) and 2,2-dimethoxy-2-
phenylacetophenone (DMPA), *'1] a significant influence of the Lewis acid on the
extinction coeflicient of the photoinitiators was reported. While for DMPA an increase

of the extinction coeflicient was reported for the mn* transition at low wavelengths,
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4.1. Polymerization of Methyl Acrylate with LiNTf;

for MMMP a clear redshift of the absorbance maximum was detected. It is noted 2]

that the addition of Lewis acids can result in changes of the excitation dynamics of the
photoinitiator and the resulting increased triplet lifetimes, slower photolysis, and lower
radical concentration may negatively influence the PLP experiments. Especially at high
pulse repetition rates, an increased triplet lifetime would affect the obtained MWD and
lead to a loss of the PLP structure. For a deeper examination of a suitable photoinitator
for the current studies, UV spectra are recorded for each photoinitiator of interest with
and without the addition of LiNTf;. As depicted in Figure 4.2, the addition of LiNTf;
does not lead to a shift in the spectra for Irgacure OXEO01, mesitil, and tri-, tetra-, or
pentamethyl benzoin. The chemical structures of the photoinitiators employed in the
current study are depicted in Figure 1.8 in Chapter 1.4 and in the corresponding spectra
in Figure 4.2. In the case of Irgacure OXEO01, the absorbance at approximately 330 nm
increases, yet no shift of the peak maximum is detected. For effective photoinitiation,
photoinitiators should display a reasonable absorbance at the wavelength of the applied
light source, however, a higher extinction coefficient does not necessarily correspond
to a more efficient initiation. [21%213] Test experiments with the 50 Hz Nd:YAG laser
system operating at 355 nm and all available photoinitiators proved the Irgacure OXE01
to give the best defined PLP structures after SEC analysis.
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Figure 4.2.: UV spectra of the employed photoinitiators with and without the addition of 10
mol% of the Lewis acid LiNTf;. For none of the initiators a shift of the absorbance maximum to

higher or lower wavelengths is observed.
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4.1. Polymerization of Methyl Acrylate with LiNTf;

For the direct comparison of the apparent propagation rate coefficients, k,*?, and
the influence of the Lewis acid on the occurance of tertiary propagating radicals at
various frequencies, the 500 Hz Excimer laser was employed to record frequency series
of MA with Irgacure OXEO01 as photoinitiator in the absence and presence of LiINTf;. A
first observation made during the polymerization process was the different physical
properties of the produced polymer samples. Employing pure MA, the samples produced
at lower frequencies featured a higher viscosity due to the higher produced molecular
weights. Nevertheless, no problems occured when dissolving the polymer in THF for the
SEC analysis. The PLP samples produced with the addition of LiNTf;, however, exhibited
a significantly increased viscosity. Although an increase in viscosity is expected with
higher molecular weights, a clean precipitation in methanol was not fully possible,
rather an agglomeration of highly viscous, partly precipitated poly(methyl acrylate)
was observed. Subsequent attempts to dissolve the agglomerated p(MA) led to a highly
viscous medium and full dissolution could not be achieved even after addition of high
amounts of THF. At the highest investigated temperatures of 60 °C, the pure MA started
background polymerization upon heating, even before the sample was irradiated with
the excimer laser, leading to a highly viscous reaction medium and no detectable PLP
structures in the SEC analysis. While for the pure MA, this extensive background
polymerization was merely observed at 60 °C, for some of the samples containing
the Lewis acid this observation was already made at ambient temperature. Although
an interaction of the Lewis acid with the photoinitiator was not observed in the UV
spectra presented in Figure 4.2, photoabsorption with the Lewis acid can redshift the
photoinitiation to visible light, leading to self-initiation of the polymerization and
therefore a high amound of background polymerization. Apart from the experimental
problems arising due to the highly viscous material - transfer of the very sticky solution
to another glas vial, poor precipitation in MeOH, poor solubility for SEC analysis —
extensive background polymerization can also lead to a blurring or overlap of the PLP
structure and influences the determined propagation rate coefficient, since the condition
of low conversion is not longer given.

Inspecting Figures 4.3 and 4.4, two effects are visible when adding LiNTf; to the bulk
polymerization of MA: a general increase of the propagation rate coefficients and a shift
of the plateau of the S-shaped curve to lower frequencies. Detailed sample conditions
of all samples incorporated into the frequency series are collated in Tables A.22 to A.25
in the Appendix A.

At -12 °C, a shift of the plateau of approximately 25 Hz is observed, while at 10 °C
the plateau shifts by close to 50 Hz. The rate accelerating effect of the Lewis acid is

more pronounced at the elevated temperature, from approximately 18% at -12 °C to
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Figure 4.3.: Frequency series for MA in bulk in the absence (left) and presence (right) of LINTf;
at -12 °C. In the presence of 5 mol% Lewis acid, a shift of the plateau of the S-shaped curve of
approximately 25 Hz to lower frequencies as well as a shift to higher propagation rate coefficients
is observed. Detailed sample conditions of all samples incorporated into the frequency series
are collated in Tables A.24 and A.25 in the Appendix A.
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Figure 4.4.: Frequency series for MA in bulk in the absence (left) and presence (right) of LiNTf;
at 10 °C. In the presence of 10 mol% Lewis acid, a shift of the plateau of the S-shaped curve of
approximately 50 Hz to lower frequencies as well as a shift to higher propagation rate coefficients
is observed. Detailed sample conditions of all samples incorporated into the frequency series
are collated in Tables A.22 and A.23 in the Appendix A.

30% at 10 °C at the plateau of the S-shaped curve. Since the frequency series at -12 °C
is carried out with approximately 5 mol% LiNTf; and at 10 °C with 10 mol% LiNTfs, a
comparison of both data sets is not sufficient to make a statement of the temperature
dependency of the rate accelerating effect of the Lewis acid. However, a comparison of
the k; data recoreded at 500 Hz at -12 and 0 °C with 5% LiNTf3; shows an increase in k;
from 18% at -12 °C to approximately 40% at 0 °C (kp(-12 °C = 4 950 to 5 850 L-mol*-s™!;
kp(0 °C) =7 700 to 11 000 L-mol™*-s!; refer to Table A.27 in Appendix A). As depicted on
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4.1. Polymerization of Methyl Acrylate with LiNTf;

the left hand side of Figure 4.5, recorded with the Nd:YAG Laser system, the apparent
propagation rate coefficient increases faster with increasing pulse repetition rates when
the Lewis acid is present, from 17% at 10 Hz to 25% difference at 25 Hz and levels out at
approximately 18% when the plateau is reached for both S-shaped curves (right hand
side). The final decrease in the k,? difference between the polymerizations with and
without Lewis acid is due to the longer ascent of the curve for pure MA. Although the
samples containing LiNTf; exhibit a steeper slope of the S-shaped curve — leading to in
increasing difference between the two graphs — the plateau is reached earlier and the
ongoing increase of kPP for MA without the Lewis acid leads to a subsequent decrease
of the k,?? difference until the plateau of the second S-shaped curve is reached as
well. At approximately -15 °C, a frequency of 50 Hz — the highest frequency accessible
with the Nd:YAG laser system — seems to be sufficient to determine the secondary
propagating radicals, however, increasing the temperature shifts the plateau to higher
frequencies and only composites of kp sec and kp tert are determined. Nevertheless, even
if at higher temperatures the pleateau of the S-shaped curve is not yet reached, the
increase of kP in the presence of LiNTf; compared to pure MA indicates a change in

the propagation reaction when the Lewis acid is present.
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Figure 4.5.: Left hand side: Propagation rate coefficients for MA in bulk in the absence and
presence of LINTf; from 10 to 50 Hz at approximately -12 °C. In the presence of LiNTf; a steeper
increase of kj, is detected with differences in k;, ranging from 17% at 10 Hz to 25% at 25 Hz.
Right hand side: Frequency dependency of k, for MA in the presence and absence of LiNTf; at
close to -12 °C. The difference between the obtained k;, values levels out at aproximately 18% at
the plateau of the curve.

For the low frequencies, obtaining PLP structures with two detectable local maxima
in the first derivative for the polymerizations with pure MA was challenging and the

majority of the obtained PLP samples did not display the characteristic PLP distribution
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or fulfill the consistency criteria. Adding the Lewis acid enhanced the detection of a
second inflection point at lower pulse repetition rates, however, at high frequencies the
characteristic PLP distribution was more pronounced for the polymerizations without
LiNTf;. A possible explanation for the loss of PLP characteristics at higher flashing
rates in the presence of the Lewis acid was already noted above. Although no shift of
the absorbance was detected in the UV spectra when combining the photoinitiator with
the Lewis acid, a possible increase of the triplet lifetime of the photoinitiator can lead
to the observed blurring of the PLP distribution when going to higher pulse repetition
rates. As depicted in Figure 4.6 on the example of 75 Hz at sub-zero temperatures, the
addition of the Lewis acid leads to a clearer first inflection point and more pronounced

second inflection point in the first derivative of the MWD at low frequencies.
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Figure 4.6.: Representative molecular weight distributions (solid lines) and their first derivatives
(dotted lines) of methyl acrylate (MA) in the absence (left) and presence (right) of LiNTf;. The
sample specific conditions are given in the diagram. A clear enhancement of the PLP structure
with the addition of the Lewis acid is observed.

As discussed in the previous chapters, the determination of k, over an extended tem-
perature range allows for a reliable determination of Arrhenius parameters for the
propagation rate coefficients. For MA, the propagation rate coefficients were inves-
tigated in the temperature range from -15 to 40 °C to allow for a comparison of the
propagation behavior over an extended temperature range (see Figure 4.7).

In the case of the polymerization of MA in the absence of a Lewis acid, the determined
Arrhenius parameters are determined as A = 1.63-107 L-mol!-s™ and E4 = 17.4 kJ-mol™

and are in good agreement with the literature known data. [164]

For the polymerization
in the presence of LiNTfs, a small deviation to a higher frequency factor is observed
due to consistently higher propagation rate coefficients. However, the determination of
Arrhenius parameters should be handled with caution since the investigated temper-

ature range as well as the available data points are relatively limited and the data do
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Figure 4.7.: Arrhenius plot for methyl acrylate in the absence and presence of LiNTf;. The
Arrhenius parameters of pure MA are in good agreement with the parameters reported in the
literature.

not seem to follow a strict linear behavior. Starting with a deviation of below 20% at
approximately -15 °C, the difference in k;, between samples polymerized in the absence
and presence of the Lewis acid increases to 40% at 0 °C, but subsequently seems to
decrease again to approximately 30% at 20 °C and 25% at 40 °C. Detailed sample condi-
tions of all samples incorporated into the Arrhenius plots are collated in Table A.27 in
the Appendix A. It is not yet known if a non-linear behavior of the rate accelerating
effect is operational and the difference between the k, values levels off at a certain
temperature or if the deviations are caused by the limited amount of data available
due to experimental difficulties to obtain valid PLP structures. The general increase in
the propagation rate coefficient under the influence of a Lewis acid as well as the shift
of the plateau of the S-shaped curve to lower frequencies suggest a more pronounced
propagation of secondary radicals compared to tertiary radicals and a general prefer-
ence of end-chain propagation over mid-chain propagation.

Although the PLP study on the influence of LiNTf; on the radical propagation reaction

of MA revealed some interesting results, a more interdisciplinary approach seems to
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4. Lewis Acid-mediated PLP

be necessary to gain greater insight into the underlying mechanisms. Particularly
theoretical studies and ab initio calculations might help to illucidate the experimentally
observed effects. However, the great potential of Lewis acids to catalyze radical poly-
merizations and influence defect structures of acrylate type monomers could clearly be

demonstrated.
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Science, my lad, is made up of mistakes,
but they are mistakes which it is useful to make,

because they lead little by little to the truth.

Jules Verne

Conclusion

The extensive study of five branched acrylates in 1M solution in BuAc (‘BA, iBoA, BnA,
EHA, and PHA) to add to the previously investigated INA-A, TDA-A, TDN-A, C17A,
and C21A did not reveal global trends for the propagation rate coefficient with regard
to the steric demand or chemical nature of the ester side chain and no overarching
correlations between the solution and bulk data are observed. Neither can a trend
among the Arrhenius parameters within the series of branched acrylates be identified
and due to the differences between bulk and solution parameters (decrease of A and
Ea with increased steric demand in bulk vs. scattering around a horizontal line in
solution) an influence of the solvent on the propagation reaction can not be fully ruled
out. With the data available at the current time, a final explanation for the observed
propagation behavior of branched acrylates can not be given. The lack of global trends
or family type behavior seems to be based on a combination of enthalpic and entropic
effects of the ester side chains and their interaction with the transistion state of the
propagation reaction. The significant differences between the branched acrylates and
the corresponding methacrylates are most likely based on the electronic influence of
the a-methyl group on the propagating radical site. Explanations given for the trends
observed in linear acrylates and branched methacrylates — destabilization of the radical
site and pre-structuring of the reaction mixture, respectively — are not applicable in
the case of the acrylates with branched ester side chains. Since global trends among
the series of investigated and previously published acrylates with branched ester side
chain can be detected, it is mandatory to individually determine the propagation rate

coeflicients for each monomer of interest.
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5. Conclusion

For the methacrylates with nitrogen-containing ester side chains investigated in the cur-
rent thesis, NEAEMA, MOMA, PipEMA, and DEAEMA display similar propagation rate
coefficients over the entire investigated temperature range and can be described with
joint Arrhenius parameters. However, the additionally studied monomers DMAEMA
and DMAPMAE do not meet the criteria to be incorporated into the proposed fam-
ily. In the case of the family of branched methacrylates reported previously, it was
suggested that as soon as a certain steric demand is reached, the exact structure and
chemical nature of the ester side chain is not decisive for the propagation rate coefficient
anymore and k, becomes mostly invariant to topological changes of the chain. This
hypothesis is partly supported by the methacrylates investigated in the current study,
however, certain limitations have to be applied. The hypothetical line of “minimum
steric demand“ seems to be reached between DMAEMA and DEAEMA, since the latter
clearly lies within the proposed family while DMAEMA exhibits slightly elevated k;
values and just exceeds the boundaries of the family. DMAPMAE, however, displays
significantly lowered propagation rate coefficients over the entire studied temperature
range and an explanation based solely on the steric demand of the ester side chain
seems not to be sufficient.

Furthermore, a combination of the family of N-ethyl methacrylates proposed in the
current thesis and previously reported families of methacrylates with branched ester
side chains and cyclic ester side chains, respectively, is found to be inappropriate. The
source of these significant differences in propagation rate coefficients and Arrhenius
parameters is partly based on the variation in steric demand, however, an at least equally
important contribution to the observed differences is found in the polarity of the ester
side chains. For the comparison of branched acrylates with branched methacrylates,
the significant differences in the electronic environment of the ester moiety induced
by the a-methyl group and its influence on the transition state is held liable for the
absence and presence of a family type behavior, respectively. When inspecting the
methacrylates with nitrogen-containing ester side chains, the differences in polarities
of the ester side chain compared to alkyl chains induced by the nitrogen atom seem to
additionally alter the electronic environment of the transition state. Within the series
of nitrogen-containing methacrylates, similar steric demand and polarity lead to the
detection of a family type behavior. In the case of DMAEMA, the steric demand seems
to just exceed the boundaries to exhibit family type behavior, while for DMAPMAE
the extended alkyl linker between the ester moiety and the nitrogen atom enables a
hypothetical formation of a six-membered ring resulting in induced polarities at the ni-
trogen atom and the carbonyl carbon, significantly altering the electronic environment

of the ester moiety.
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A comparison of the family of N-ethyl methacrylates proposed in the current study
with the first investigated nitrogen-containing methacrylate, UMA, shows a parallel
behavior of the propagation rate coefficients over the investigated temperature range
with UMA consistently exhibiting elevated k, values. It has to be kept in mind that a
direct comparison of UMA with the methacrylates investigated in the current thesis
has to be handled with caution, since due to its high melting point, UMA has solely
been investigated in solution. The influence of the solvent on the transition state is
not yet investigated and it is unknown to which extend the ability of UMA to form
hydrogen bonds or the breakage of said hydrogen bonds due to interactions with the
solvent influences the propagation rate coefficients. However, it is clearly visible that
an incorporation of UMA into the family of N-ethyl methacrylates at the current state
is not appropriate.

Although there are still many unanswered questions when it comes to the addition of
Lewis acids to the free radical propagation of (meth)acrylates, the investigations of the
propagation reaction of methyl acrylate with the addition of LiNTf; clearly showcases
the rate accelerating properties of the Lewis acid. In contrast to, for example, AlCl;
and ZnCl,, LiNTf; is compatible with all photoinitiators employed in the current study
and no shifts in the UV spectra are observed between the pure photoinitiator and the
added Lewis acid. The frequency series obtained for the PLP-SEC experiments with
pure MA and MA with LiNTf; exhibit a shift of the plateau — where solely secondary
propagating radicals are produced - to lower frequencies when the Lewis acid is added.
The experiments with approximately 5 mol% of LiNTf; produced more pronounced
PLP characteristics even at low frequencies and consistently higher propagation rate
coefficients are determined. Depending on the temperature, the catalytic effect of the
LiNTf3 leads to an increase in k;, of approximately 18% at -12 °C and 30% at 10 °C at the
plateau of the S-shaped curve. The enhancement of the characteristic PLP distribution
at lower frequencies under the influence of LiNTf; as well as the shift of the plateau
to lower pulse repetition rates indicates the more pronounced end-chain propagation
compared to a conventional free radical polymerization of methyl acrylate. However,
additional studies need to be performed to fully analyze the extend of defect structures
formed in the absence and presence of the Lewis acid and to quantify the preference of
end-chain over mid-chain propagation under the influence of LiNTf5.

Although the field of PLP-SEC is already well developed and several monomer families
were investigated with regards to their propagation rate coefficients and benchmark
data are available, it still holds a large potential for further studies. In case of the
nitrogen-containing methacrylates, the behavior of UMA in bulk would be of great

interest to study the influence of hydrogen bonds as well as the investigation of ad-
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5. Conclusion

ditional monomers to further push the boundaries of the proposed family. It would
be worthwhile to prove if the family type behavior is truly based on the properties
proposed in the current study — similar steric demand, mass, and polarity — and if
additional methacrylates picked on the basis of these properties fit into the family. The
Lewis acid experiments hold large potential for further investigations into, for example,
the influence of various amounts of Lewis acid on k;, and number of defect structure,
efficient combinations of different Lewis acids with various photoinitiators, or the
influence of solvents on the rate accelerating properties of the Lewis acids. Studies of
different (meth)acrylates with, for example, longer alkyl ester side chains or branched
ester side chains might give additional insight into the underlying interactions and
reveal if the rate accelerating and defect structure suppressing effects are dependent on

the size or chemical nature of the monomer.
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Experimental Section

In the following sections the materials employed in the current thesis are outlined as

well as a description of the applied characterization and polymerization methods.

6.1. Materials

2,2-Dimethoxy-2-phenylacetophenone (DMPA, Aldrich, 99%), 4-methyl hydroquinone
(MeHQ, Aldrich, 99%), hydroquinone (HQ, Fluka, >99%), azobis(isobutyronitrile) (AIBN,
Aldrich, 98%), 2-cyano-2-propylbenzodithioate (CPDB, Aldrich, 97%), tetrahydrofu-
ran (THF, HPLC grade, not stabilized), butyl acetate (BuAc, Acros, 99%), and lithium
bis(trifluromethane)sulfonamide (LiNTf3, TCI, >98%) were used as received. tert-butyl
acrylate (tBA, Aldrich, 98%), isobornyl acrylate (iBoA, Aldrich, technical grade), benzy-
lacrylate (BnA, abcr, 95%), 2-ethylhexyl acrylate (EHA, Acros, >99%), 2-(diethylamino)-
ethyl methacrylate (DEAEMA, Aldrich, 99%, 1500 ppm MeHQ), 2-(dimethylamino)ethyl
methacrylate (DMAEMA, Alfa Aesar, 97%, 0.2% MeHQ), and methyl acrylate (MA,
Merck, >99%) were freed from the inhibitor by percolating over a column of basic
aluminum oxide. 2-Propylheptyl acrylate (PHA, isomeric mixture with following es-
ter groups: 2-propylheptyl / 2-propyl-4-methylhexyl / 2-propyl-5-methylhexyl / 2-
isopropylheptyl = 0.93 / 0.029 / 0.039 / 0.02, <30 ppm MeHQ), 2-(N-ethylanilino)ethyl
methacrylate(NEAEMA <30 ppm MeHQ), 2-morpholinoethyl methacrylate(MOMA <30
ppm MeHQ), 2-(1-piperidyl)ethyl methacrylate(PipEMA <30 ppm MeHQ), and 3-(NN,N-
dimethylamino)propyl methacrylate(>95%, <20 ppm MeHQ) were used as received
from BASF. S,S-bis(a,a’-dimethyl-a”-acetic acid)trithiocarbonate(TRITT) was prepared
according to ref [214].

6.2. Pulsed Laser Polymerization Experiments

The experimental PLP setup employed in the current study for the determination of

propagation rate coeflicients of the branched acrylates as well as nitrogen-containing
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6. Experimental Section

10,161] For each investi-

methacrylates has been previously established in our group. |
gated monomer, monomer stock solutions in bulk or butyl acetate and with varying
initiator concentrations are prepared. The solution is transferred into sample vials (0.5
mL per sample), sealed with rubber septa and deoxygenated by purging with nitrogen
for 2 to 5 minutes. The sample vials are then placed into a stainless steel sample holder
and allowed to reach the desired temperature. The temperature is set with a thermostat
(VWR 1196D) and monitored directly at the sample during laser irradiation. The laser
beam is adjusted to hit the sample from the bottom with laser pulse energies varying
from 1.5 to 2 mJ per pulse. None of the samples were exposed to a relevant temperature
change exceeding 0.2 °C throughout the polymerization process. Polymerization is
induced by laser pulsing at varying frequencies of up to 500 Hz employing a Coherent
Xantos XS-500 laser system operated at the XeF line at 351 nm wavelength. To end the
polymerization process, MeHQ dissolved in THF is added and the samples are analyzed
via SEC measurement. Since most of the monomers exhibit high boiling points and
therefore do not evaporate, the samples are measured without removing of the residual
monomer. To ensure that the conversion does not influence the resulting propagation
rate coefficients, different numbers of pulses are applied and found to be within the
range of negligible monomer consumption. The experiments are tested for consistency
by applying different numbers of pulses (100 to 1200), varying initiator concentrations
(2.5 mmol-L! to 20 mmol-L!), as well as varying laser pulse energies (1.5 mJ to 2 mJ).
Every individual PLP distribution exhibit at least two inflection points (L), in case of
the nitrogen-containing methacrylates up to seven inflection points could be observed.
Only samples with a k;, 1/kp > ratio between 0.95 and 1.1 are incorporated in the final
Arrhenius data sets (if not stated otherwise). All k;,1/k;,» ratios are collated in the

respective Tables in the Appendix A.

An additional PLP setup has been employed for the investigation of the influence
of Lewis acids on the propagation rate coefficients. For all laser conditions, a control
solution containing methyl acrylate (MA) and photoinitiator as well as an experimental
solution containing MA, photoinitiator, and a Lewis acid have been investigated. The
solutions were transferred into a jacketed quartz windowed cell, sealed with rubber
septa and degassed with nitrogen for approx. 5 minutes. Afterwards the sample was
connected to a Lauda RL6 recirculating bath until equilibrated at the initially set tem-
perature. The temperature of the sample was measured via a Testo 735-2 temperature
meter fitted with a 0602 0593 probe sitting inside the sample during the course of
the experiment. The temperature was logged at 1 second intervals by Testo Comfort

Software X35. Temperatures of the cooling bath were set to -28 °C. Polymerization
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6.3. Characterization Methods

was initiated at 355 nm with an pulse energy of 4 to 10 mJ per pulse at repetition rates
of 10, 25, and 50 Hz for durations of 30 sec, 15sec, and 10 sec employing a Quantel
Brilliant Nd:YAG laser. To end the polymerization process, the sample was poured into
a sample vial containing methanol and hydroquinone to precipitate the polymer. The
samples were left overnight to settle and afterwards three quarters of the methanol
was removed via a pasteur pipette and the samples were placed into a miVac Quattro
vacuum concentrator at 40°C for approx. 2 hours. The dry polymer was subsequently
prepared for SEC analysis. Detailed sample conditions and ki, ;/kp,; ratios are collated

in the respective Tables in the Appendix A.

6.3. Characterization Methods

For the characterization of the monomers and polymers investigated in the current

thesis, different analysis and characterization methods have been employed.

6.3.1. Size-Exclusion Chromatography

SEC measurements at KIT were performed on a PL-SEC 50 Plus Integrated System,
composed of an autosampler and a PLgel 5 ym bead-size guard column (50 x 7.5 mm)
followed by a PLgel 5 pm Mixed E column (300 x 7.5 mm), three PLgel 5 ym Mixed C
columns (300 x 7.5 mm), and a differential refractive index (RI) detector using THF as an
eluent at 35 °C with a flow rate of 1 mL-min"!. The SEC system is calibrated using linear
poly (styrene) standards ranging from 476 to 2.5 x 10° g-mol™ and linear poly(methyl
methacrylate) standards ranging from 800 to 1.6 x 10° g:mol™*. The obtained molecular
weight distributions were smoothed to remove noise from the signal and the first deriva-
tives were used to determine the molecular weights at the inflection points. Smoothing
of the signals as well as determination of the derivatives was carried out with Origin

Software. [215]

In case of the branched acrylates, all SEC calculations were carried out
using the polymer specific Mark-Houwink-Kuhn-Sakurada (MHKS) parameters collated
in Table 2.1. For nitrogen-containing methacrylates, SEC calculations were carried out
applying a universal calibration by using the poly (methyl methacrylate) MHKS pa-
rameters K = 12.8:10° cm™-g™! and « = 0.7. The values determined with PMMA MHKS
parameters have later on been recalculated with polymer specific MHKS parameters
for each polymer collated in Table 3.1. Representative PLP-SEC traces for each polymer

can be found in the corresponding chapters in the Appendix A.

SEC measurements at ANU were performed on a Viscoteck GPCMax SEC system
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6. Experimental Section

with a Viscoteck TDA 305 triple detector array including a differential viscosimeter
(DV), right-angle laser light scattering (RALLS), low-angle laser light scattering (LALLS),
and refractive index detectors. The column set consisted of an Agilent Technologies
PLgel 10 ym Guard Column (50 x 7.5 mm) and two Agilent Technologies PLgel 10 ym
Mixed B columns (300 x 7.5 mm). The system was run with THF as eluent at 30°C with
a flow rate of 1 mL-min™!. The SEC system is calibrated using linear poly (styrene)
standards and linear poly(methyl methacrylate) standards. All SEC calculations were
carried out using p(MA) MHKS parameters. The obtained molecular weight distribu-
tions were smoothed to remove noise from the signal and the first derivatives were used
to determine the molecular weights at the inflection points. Smoothing of the signals

as well as determination of the derivatives was carried out with Origin Software. [21°]

6.3.2. Triple-Detection SEC

For the analysis of the polymer samples prepared for MHKS determination, a triple
detection chromatography setup consisting of a modular system (Polymer Standard
Service, PSS Mainz/Agilent 1200 series) incorporating an ETA2010 viscosimeter (WGE
Dr. Bures) and a multi-angle laser light scattering unit (Polymer Standard Service, PSS
Mainz, SLD7000/BI-M w A, Brookhaven Instruments) is used. Two linear columns
(PSS SDV-Lux-10* Aand 10° A, 5um) are employed for sample separation with THF as
an eluent at 35 °C and a flow rate of 1 mL-min"!. The system is calibrated using poly
(styrene) standards (PSS Mainz). The determination of the absolute molecular weight
is achieved by employing the exact sample concentrations as well as the refractive
index increments (dn/dc), collated in Table 3.1. The refractive index increments dn/dc,
with n being the refractive index and ¢ the polymer concentration, is determined
for each monomer via the precisely known concentrations. For the determination of
polymer specific MHKS parameters, the MALLS detector was employed to determine
the weight-average molecular weight (M) and the instrinsic viscosity [n] is derived
from the viscosimeter signal. Both signals have been employed without any further
modification (e.g. smoothing) of the residual plots. Representative triple detection SEC
chromatograms (RI, MALLS, and viscosimeter signals) of polymer samples are depicted

in Figures A.14 to A.19 in Appendix A.
6.3.3. Density Measurements

Measurements of the temperaturedependent densities of the monomers were performed

with an Anton Paar DMA 5000 M density meter with a precision of 1 x 10 °C and 5 x
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10! g-mL™ and are collated in Tables 2.1 and 3.1. To prevent a polymerization process
of the monomer solutions during measurements hydroquinone (HQ) was added. The
temperature dependent densities of all monomers are depicted in the corresponding

chapters of Appendix A.

6.3.4. UV measurements

UV spectra were recorded on a Cary-Bio 50 spectrophotometer in quartz cells with 1
cm path length. Ethyl acetate was employed as a solvent and recording of the pure
EtAc showed no significant absorption in the wavelength range of interest between
250 and 500 nm. After measurements of 5 mmol-L™! of the pure photoinitiator in EtAc,
LiNTf; was added and the sample was measured again. Spectra containing the Lewis
acids were measured immediately in sealed quartz cells to prevent potential reactions
of the Lewis acids with atmospheric moisture. The resulting UV spectra are depicted in
Chapter 4.1

6.4. Polymerization Techniques

For the determination of MHKS parameters for the nitrogen-containing methacrylates,
polymer samples with dispersity indices of approximately 2.0 have been prepared via

the following two different polymerization techniques.

6.4.1. Reversible Addition-Fragmentation Chain Transfer Polymerization

Reversible addition-fragmentation chain transfer (RAFT) polymerizations is performed
in bulk solution with AIBN as initiator and cyanoisopropyldithiobenzoate (CPDB)
or SS-bis(a,a’-dimethyl-a”-acetic acid) trithiocarbonate (TRITT) as controlling agent,
respectively. The initiator concentration for morpholinoethyl methacrylate (MOMA)
polymerizations was approximately 9.5 x 10 molI! and up to 6.4 x 10™* mol-L’!
for N-ethylanilinoethyl methacrylate (NEAEMA) polymerizations. Detailed initiator
concentrations and controlling agent concentrations for each sample are collated in
Tables A.14 and A.16 of Appendix A. The polymerizations are carried out in individual
class vials (approx. 1 mL per sample), sealed air tight with rubber septa and parafilm
and deoxygenated by nitrogen purging for approx. 5 minutes per sample. The reactions
vials are placed in a heated shaker at 66 °C and removed after 3.5 to 48 h. A solution of
hydroquinone in THF is added to stop the polymerization process and the polymer is

isolated from the monomer via dialysis against pure THF with Pectra/Por 6 Dialysis
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Membrane, pre-wetted RC tubing, MWCO 1 kDa for four days. Final conversions are
determined gravimetrically. The resulting polymer is analyzed using the triple detection
SEC setup described previously and the obtained molecular weights ranges from M,, =

62 600 to 1 646 000 g-mol™!. Dispersities ranged from D = 1.1 to 2.5.

6.4.2. Polymerization With Chain Transfer Agent

Free radical polymerization in the presence of a thiol was performed to obtain an addi-
tional set of polymers for the determination of MHKS parameters. The polymerization
with chain transfer agent significantly reduces the polymerization time compared to
RAFT while still ensuring a sufficiently low dispersity index. Polymerizations with
chain transfer agent are performed in bulk solution for MOMA and NEAEMA with
AIBN as initiator and dodecyl thiol as transfer agent. Due to the poor solubility of
poly(piperidylethyl methacrylate) (p(PipEMA)) when polymerized in bulk, polymeriza-
tions of PipEMA are carried out in 50 wt% solution in butyl acetate and THF, respectively.
The initiator concentration for MOMA polymerizations was 2.4 x 107 to 5.2 x 107
mol-L!, for NEAEMA polymerizations 1.1 x 107 to 6.0 x 107> mol-L™!, and for PipEMA
poylmerizations 1.0 x 10 to 2.2 x 10~ mol-L™!. Thiol concentrations varied from 0.05
to 0.76 mol% for MOMA, 0.18 to 2.19 mol% for NEAEMA, and 0.07 to 0.93 mol% for
PipEMA polymerizations. Detailed sample conditions are collated in Tables A.15 and
A.17 to A.21 in Appendix A.

108



AIBN
ATRP

BA

BeA
BeMA
BMA
BnA
BnMA
BuAc
C17A
C17MA
C21A
cHMA
CPDB

b

DA
DEAEMA
DMA
DMAEMA
DMAPMAE
DMPA
DMAc
e.g.

EA

EHA
EHMA
EMA

[n]

Abbreviations

Mark-Houwink-Kuhn-Sakurada parameter, exponent
2,2’-azobis(2-methylpropionitrile)

Atom Transfer Radical Polymerization
butyl acrylate

behenyl acrylate

behenyl methacrylate

butyl methacrylate

benzyl acrylate

benzyl methacrylate

butyl acetate

heptadecyl acrylate

heptadecyl methylacrylate

henicosyl acrylate

cyclo-hexyl methacrylate

2 cyano 2 propylbenzodithioat

dispersity

dodecyl acrylate
2-(N,N-diethylamino)ethyl methacrylate
dodecyl methacrylate
2-(N,N-dimethylamino)ethyl methacrylate
3-(N,N-dimethylamino)propyl methacrylate
2,2-dimethoxy-2-phenylacetophenone
N,N-dimethylacetamide

for example (latin: exempli gratia)

ethyl acrylate

2-ethylhexyl acrylate

2-ethylhexyl methylacrylate

ethyl methacrylate

intrinsic viscosity
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7. Abbreviations

FRP
GMA
GPC
HA
HCPA
HEMA
HPCA
HPMA
HQ
ie.
iIBMA
iBoA
iDeMA
INA-A

LALLS
LASER
LiNTf;
MA
MALLS
MCR
MeHQ
MHKS
MMA
M,
MOMA
MW
My
MWD
NEAEMA
NMP
NMR
PHA
PhCPA
PHMA
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Free Radical Polymerization

glycidyl methacrylate

Gel Permeation Chromatography

hexyl acrylate
(hexylcarbamoyloxy)-iso-propyl acrylate
2-hydroxyethyl methacrylate
hydroxyl-iso-propylcarbamate acrylate
hydroxypropyl methacrylate
hydroquinone

that is (id est)

iso-butyl methacrylate

iso-bornyl acrylate

iso-decyl methacrylate

iso-nonyl acrylate
Mark-Houwink-Kuhn-Sakurada parameter, prefactor
propagation rate coefficient

Low Angle Laser Light Scattering

Light Amplification by Stimulated Emission of Radiaton
lithium bis(trifluoromethane) sulfonamide
methyl acrylate

Multi Angle Laser Light Scattering

Mid Chain Radical

methyl hydroquinone
Mark-Houwink-Kuhn-Sakurada

methyl methacrylate

number average molecular weight
2-morpholinoethyl methacrylate
molecular weight

weight average molecular weight
Molecular Weight Distribution
2-(N-ethylanilino)ethyl methacrylate
Nitroxide Mediated Polymerization
Nuclear Magnetic Resonance
2-propylheptyl acrylate
(phenylcarbamoyloxy)-iso-propyl acrylate
2-propylheptyl methacrylate



PipEMA
PLP
PMMA
PS
RAFT
RALLS
RDRP

SA

SEC
SMA

SPR

tBA
tBMA
TDA-A
TDA-MA
TDN-A
TDN-MA

THF
TRITT
TS

2-(1-piperidyl)ethyl methacrylate

Pulsed Laser Polymerization

poly(methyl methacrylate)

polystyrene

Reversible Addition Fragmentation Chain Transfer
Right Angle Laser Light Scattering

Reversible Deactivation Radical Polymerization
Refractive Index

stearyl acrylate

Size Exclusion Chromatography

stearyl methacrylate

secondary propagation radical

tert-butyl acrylate

tert-butyl methacrylate

tridecyl acrylate

tridecyl methacrylate

tridecyl acrylate

tridecyl methacrylate

glass transition temperature

Tetrahydrofuran
S,S-bis(a,a’-dimethyl-a”-acetic acid)trithiocarbonate

transition state
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Appendix

A.1. Chapter 2: Branched Acrylates in Solution

For each monomer investigated in the current study, exemplary molecular weight
distributions (MWD) obtained via SEC analysis are provided alongside tables with the
specific PLP conditions of all samples incorporated into the final Arrhenius plots as well
as the temperature dependent density curves. Parts of this chapter, including figures
were reproduced with permission from Kockler, K. B.; Haehnel, A. P.; Fleischhaker,
F.; Schneider-Baumann, M.; Misske, A. M.; Barner-Kowollik, C. Macromol. Chem.
Phys. 2015, 216, 1573-1582. Copyright (2016) WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim
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——BnA 1M in BuAc 100 Hz 800 pulses -4.8 °C
----- KK423 first derivative
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Figure A.1.: Representative molecular weight distributions (sold lines) and their first derivatives
(dotted lines) of benzyl acrylate (BnA) in 1M solution in butyl acetate. The sample specific
conditions are given in the corresponding diagram and collated in Table A.1. For all samples
incorporated into the final Arrhenius plot, the typical PLP structure with at least two inflection

points is observed.
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A.1. Chapter 2: Branched Acrylates in Solution
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Figure A.2.: Representative molecular weight distributions (sold lines) and their first derivatives
(dotted lines) of 2-ethylhexyl acrylate (EHA) in 1M solution in butyl acetate. The sample specific
conditions are given in the corresponding diagram and collated in Table A.2. For all samples
incorporated into the final Arrhenius plot, the typical PLP structure with at least two inflection
points is observed.
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Figure A.3.: Representative molecular weight distributions (sold lines) and their first derivatives
(dotted lines) of iso-bornyl acrylate (iBoA) in 1M solution in butyl acetate. The sample specific
conditions are given in the corresponding diagram and collated in Table A.3. For all samples
incorporated into the final Arrhenius plot, the typical PLP structure with at least two inflection
points is observed.
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Figure A.4.: Representative molecular weight distributions (sold lines) and their first derivatives
(dotted lines) of 2-propylheptyl acrylate (PHA) in 1M solution in butyl acetate. The sample
specific conditions are given in the corresponding diagram and collated in Table A.4. For all
samples incorporated into the final Arrhenius plot, the typical PLP structure with at least two
inflection points is observed.
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Figure A.5.: Representative molecular weight distributions (sold lines) and their first derivatives
(dotted lines) of tert-butyl acrylate ('BA) in 1M solution in butyl acetate. The sample specific
conditions are given in the corresponding diagram and collated in Table A.5. For all samples
incorporated into the final Arrhenius plot, the typical PLP structure with at least two inflection

points is observed.
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Table A.1.: Detailed PLP sample conditions of all samples incorporated in the final Arrhenius plot, absolute
molecular weights of the first and second inflection point, as well as the resulting propagation rate coefficients
for benzyl acrylate (BnA) 1M in BuAc. Since no MHKS parameters were available for this monomer, ‘BA
MHKS parameters were used.

sample f n 0 T1 In(kp)  kpi/kpe M1 M2 cm kp1 kp2
Hz - °C 103%K'! - - gmol! gmol! molL?! molL's?! molL?s?

KK421 50 800 -438 3.726 9.024 0.998 22034 44160 1.04 8300 8317
KK423 100 800 -4.8 3.722 9.0576 0.965 22779 47192 1.04 8583 8891
KK422 50 1200 -4.5 3.726 9.1513 1.049 12512 23845 1.04 9426 8982
KK424 100 1200 -4.2 3.718 9.1264 1.042 12197 23418 1.04 9194 8827
KK454 150 1200 0.0 3.641 9.3185 0.997 19589 39298 1.032 11142 11176
KK453 150 800 0.2 3.645 9.2394 1.035 18104 34988 1.032 10294 9947
KK426 75 1200 1.2 3.532 9.5364 0.995 18104 36388 1.04 13854 13923
KK425 75 800 15 3.522 9.4195 1.01 16094 31871 1.04 12326 12205
KK429 100 800 10 3.523 9.6365 1.032 9998 19377 1.04 15313 14839
KK431 200 800 10.7 3.523 9.5145 1.038 8850 17046 1.04 13555 13054
KK432 200 1200 10.7 3.405 9.7649 0.966 17998 37249 1.04 17411 18017
KK430 100 1200 10.8 3.407 9.6493 1.016 8018 15777 1.04 15510 15261
KK457 250 1200 20.2 3.299 10.0522 0.994 9893 19907 1.032 23206 23348
KK435 250 800 204 3.195 10.2065 1.039 9789 18846 1.04 27077 26065
KK434 125 1200 20.5 3.195 10.2171 1.038 9893 19058 1.04 27366 26359
KK455 125 800 20.5 3.095 10.4813 1.042 11148 21395 1.032 35643 34202
KK439 300 800 30 3.095 10.3513 1.051 9789 18634 1.04 31296 29788
KK458 150 800 30 3.003 10.6065 1.004 9998 19907 1.032 40395 40217
KK459 150 1200 30 3.003 10.4846 1.032 8850 17151 1.032 35758 34649
KK460 300 1200 30 3.658 9.3272 1.038 9893 19058 1.032 11239 10825
KK443 350 800 39.8 3.661 9.3287 1.044 9893 18952 1.032 11256 10782
KK444 350 1200 39.8 3.405 9.7608 1.023 17892 34988 1.032 17340 16953
KK465 250 800 40 3.409 9.8179 1.041 9476 18210 1.041 18360 17642
KK466 250 1200 40 3.299 9.9415 0.989 17681 35742 1.041 20774 20997
KK447 400 800 50 3.299 9.9593 0.969 17998 37142 1.032 21147 21820
KK448 400 1200 50 3.299 10.0109 1.053 9476 17998 1.032 22267 21147
KK472 300 800 50 3.193 10.1258 1.031 12617 24485 1.041 24979 24237
KK473 300 1200 50 3.193 10.1423 1.03 12827 24912 1.041 25395 24660
KK451 500 800 59.8 3.095 10.3759 1.011 13353 26407 1.032 32076 31717
KK452 500 1200 59.8 3.095 10.2939 1.018 12302 24165 1.032 29551 29024
KK478 350 1600 60.2 2.999 10.5094 1.016 12932 25446 1.041 36659 36065
KK480 350 1200 60.2 2.999 10.5094 1.043 12932 24805 1.041 36659 35157
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Table A.2.: Detailed PLP sample conditions of all samples incorporated in the final Arrhenius plot, absolute
molecular weights of the first and second inflection point, as well as the resulting propagation rate coefficients
for 2-ethylhexyl acrylate (EHA) 1M in BuAc.

sample f n 0 T1 In(kp)  kpi/kpe M1 M2 cm kp1 kp2
Hz - °C 103%K'! - - gmol! gmol! molL?! molLs?! molL?s?

KK81 50 800 -6.9 3.743 9.7748 1.056 19800 37500 1.035 5192 4917
KK82 50 1200 -6.9 3.743 9.8299 1.06 18500 34900 1.035 4851 4576
KK105 50 1200 -6.8 3.661 8.4816 1.073 18400 34300 1.035 4825 4497
KK41 100 800 -6 3.532 8.6417 1.065 10600 19900 1.031 5578 5236
KK42 100 1200 -6 3.529 8.6417 1.076 10600 19700 1.031 5578 5183
KK45 100 800 0.0 3.411 8.7191 1.068 11800 22100 1.031 6209 5814
KK73 100 800 0.1 3.411 9.408 1.062 12000 22600 1.036 6285 5918
KK74 100 1200 0.1 3411 9.6887 1.062 12000 22600 1.036 6285 5918
KK76 100 1200 0.1 3.411 9.6943 1.053 12000 22800 1.036 6285 5971
KK85 100 800 0.1 3.299 9.9207 1.032 11400 22100 1.035 5979 5795
KK49 150 800 10 3.194 8.7073 1.082 10500 19400 1.031 8288 7656
KK79 250 800 10.1 3.194 9.825 1.091 7200 13200 1.036 9427 8642
KK87 100 800 10.1 3.194 9.9487 1.034 15400 29800 1.035 8077 7815
KK88 100 1200 10.1 3.193 9.825 1.031 15200 29500 1.035 7972 7736
KK50 150 1200 10.2 3.095 8.791 1.066 10500 19700 1.031 8288 7774
KK53 200 800 20 3.095 8.7763 1.075 10000 18600 1.031 10524 9787
KK54 200 1200 20 3.002 8.9462 1.074 10100 18800 1.031 10629 9892
KK55 300 800 20 3.001 8.9462 1.075 7200 13400 1.031 11366 10576
KK56 300 1200 20 3.002 9.064 1.083 7200 13300 1.031 11366 10498
KK90 150 1200 20.3 3.66 10.1439 1.036 13100 25300 1.035 10306 9952
KK58 250 1200 30 3.66 9.064 1.065 9800 18400 1.031 12892 12102
KK92 150 1200 30 3.66 10.1239 1.066 15400 28900 1.034 12123 11375
KK93 200 800 30 3.53 9.9993 1.031 11800 22900 1.034 12385 12018
KK94 200 1200 30 3.756 10.0587 1.013 11600 22900 1.034 12175 12018
KKeé61 300 800 399 3.756 9.194 1.056 10400 19700 1.036 16341 15476
KKe62 300 1200 39.9 3.66 9.194 1.041 10100 19400 1.036 15869 15241
KK63 350 800 399 3.53 9.3263 1.048 8800 16800 1.036 16131 15398
KKeé64 350 1200 40 3.53 9.3177 1.061 8700 16400 1.036 15948 15031
KKe65 300 800 50 3.408 9.4355 1.027 11500 22400 1.036 18069 17598
KK68 400 1200 50 3.299 9.4355 1.073 8800 16400 1.036 18436 17179
KK101 200 800 50 3.299 9.7829 1.034 16900 32700 1.035 17727 17150
KK102 200 1200 50.1 3.299 9.7946 1.065 17100 32100 1.035 17937 16836
KK69 400 800 60 3.095 9.5503 0.99 10000 20200 1.036 20950 21159
KK72 500 1200 60 3.094 9.4126 0.989 8900 18000 1.036 23306 23568
KK71 500 800 60.1 3.001 9.5341 1.035 8800 17000 1.036 23045 22259
KK103 300 800 60.2 3.754 9.9563 1.027 13400 26100 1.035 21084 20533
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Table A.3.: Detailed PLP sample conditions of all samples incorporated in the final Arrhenius plot, absolute
molecular weights of the first and second inflection point, as well as the resulting propagation rate coefficients
for iso-bornyl acrylate (iBoA) 1M in BuAc.

sample f n 0 T1 In(kp) kpi/kp2 M1 M2 oM kp1 kp2
Hz - °C 103K - - gmol?! gmol?! molL?! molLs?! molL's?

KK156 50 800 -5.6 3.738 8.3905 1.067 19100 35800 1.041 4405 4128
KK157 50 1200 -5.6 3.738 8.3853 1.07 19000 35500 1.041 4382 4094
KK158 100 800 -5.6 3.738 8.4662 1.03 10300 20000 1.041 4751 4613
KK159 100 1200 -5.6 3.738 8.4758 1.025 10400 20300 1.041 4797 4682
KK162 100 800 0.0 3.661 8.6189 1.03 12000 23300 1.041 5535 5374
KK163 100 1200 0.0 3.661 8.585 1.022 11600 22700 1.041 5351 5236
KK193 75 1200 0.0 3.532 8.5541 1.028 14900 29000 1.034 5188 5049
KK195 50 1200 0.0 3.529 8.5608 1.061 22500 42400 1.034 5223 4921
KK164 100 800 10 3.529 8.8487 1.049 15100 28800 1.041 6965 6642
KK196 100 800 10 3.409 8.8744 1.048 15200 29000 1.021 7147 6817
KK166 200 800 10.2 3.409 8.9313 1.045 8200 15700 1.041 7565 7242
KK167 200 1200 10.2 3.299 8.919 1.032 8100 15700 1.041 7473 7242
KK198 150 800 20 3.298 9.108 1.024 12800 25000 1.021 9027 8816
KK199 150 1200 20 3.194 9.108 1.036 12800 24700 1.021 9027 8710
KK170 200 800 20.2 3.194 9.1397 1.025 10100 19700 1.041 9318 9087
KK171 200 1200 20.2 3.194 9.1297 1.031 10000 19400 1.041 9226 8949
KK172 150 800 30 3.094 9.2931 1.068 15700 29400 1.041 10863 10171
KK174 300 800 30.1 3.094 9.3121 0.994 8000 16100 1.041 11071 11140
KK201 150 1200 30.2 3.095 9.3058 1.083 15600 28800 1.021 11002 10156
KK203 200 1200 30.3 3.094 9.3058 1.017 11700 23000 1.021 11002 10814
KK179 150 1200 39.9 3.661 9.4636 1.098 18500 33700 1.034 12883 11734
KK180 300 800 39.9 3.661 9.5008 1.016 9600 18900 1.034 13370 13161
KK181 300 1200 39.9 3.532 9.4797 1.011 9400 18600 1.034 13091 12952
KK206 150 800 40 3411 9.46 1.117 18200 32600 1.021 12836 11496
KK184 400 800 50 3411 9.7239 0.994 9000 18100 1.034 16712 16805
KK182 200 800 50.1 3.297 9.6668 1.083 17000 31400 1.034 15784 14577
KK183 200 1200 50.1 3.295 9.6369 1.071 16500 30800 1.034 15320 14298
KK185 400 1200 50.1 3.193 9.7459 1.028 9200 17900 1.034 17084 16620
KK214 500 800 60 2.999 9.8667 1.025 8200 16000 1.021 19277 18807
KK212 400 800 60.2 2.999 9.8218 0.985 9800 19900 1.021 18431 18713
KK213 400 1200 60.2 2.999 9.8218 1.043 9800 18800 1.021 18431 17678
KK210 300 800 60.3 3.002 9.8395 1.081 13300 24600 1.021 18760 17349
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Table A.4.: Detailed PLP sample conditions of all samples incorporated in the final Arrhenius plot, absolute
molecular weights of the first and second inflection point, as well as the resulting propagation rate coefficients
for 2-propylhexyl acrylate (PHA) 1M in BuAc.

sample f n 0 T1 In(kp)  kpi/kpe M1 M2 cm kp1 kp2
Hz - °C 103K'! - - gmol! gmol! molL?! molLs? molL%s!
KK27 100 800 -7.7 33 8.6417 1.083 11800 21800 0.982 5663 5231
KK28 100 1200 -7.7 3.298 8.6417 1.098 11800 21500 0.982 5663 5159
KK29 150 800 -7.7 3.193 8.7191 1.149 8500 14800 0.982 6119 5327
KK30 150 1200 -7.7 3.193 8.7073 1.128 8400 14900 0.982 6047 5363
KK11 100 800 0.0 3.193 8.791 1.105 13700 24800 0.982 6575 5951
KK12 100 1200 0.0 3.193 8.7763 1.098 13500 24600 0.982 6479 5903
KK13 200 800 0.0 3.095 8.9462 1.151 8000 13900 0.982 7679 6671
KK14 200 1200 0.0 3.095 8.9462 1.143 8000 14000 0.982 7679 6719
KK15 150 800 10 3.661 9.064 1.101 12000 21800 0.982 8638 7847
KK16 150 1200 10 3.661 9.064 1.101 12000 21800 0.982 8638 7847
KK17 250 800 10 3.661 9.194 1.131 8200 14500 0.982 9838 8698
KK18 250 1200 10 3.661 9.194 1.131 8200 14500 0.982 9838 8698
KK19 200 800 20 3.532 9.3263 1.099 11700 21300 0.982 11230 10222
KK20 200 1200 20 3.532 9.3177 1.105 11600 21000 0.982 11134 10078
KK21 300 800 20 3.532 9.4355 1.137 8700 15300 0.982 12526 11014
KK22 300 1200 20 3.532 9.4355 1.176 8700 14800 0.982 12526 10654
KK3 250 800 299 3411 9.5503 1.122 12400 22100 1.039 14049 12520
KK4 250 1200 30.1 3.411 9.5341 1.109 12200 22000 1.039 13823 12463
KK33 125 800 30.2 3.411 9.4126 1.107 21800 39400 1.049 12241 11062
KK34 125 1200 30.2 3.411 9.408 1.11 21700 39100 1.049 12185 10978
KK5 200 800 40 3.095 9.6887 1.106 17800 32200 1.039 16134 14593
KKeé6 200 1200 40 3.095 9.6943 1.129 17900 31700 1.039 16225 14367
KK7 400 800 40 3.002 9.825 1.103 10200 18500 1.039 18491 16769
KKS8 400 1200 40 3.767 9.7748 1.109 9700 17500 1.039 17584 15862
KK10 200 1200 50 3.767 9.8299 1.165 20500 35200 1.039 18581 15953
KK23 400 800 50 3.767 9.9207 1.116 10600 19000 0.982 20348 18237
KK24 400 1200 50 3.767 9.9487 1.118 10900 19500 0.982 20924 18716
KK9 200 800 50 3.297 9.825 1.143 20400 35700 1.039 18491 16179
KK26 500 1200 60 3.297 10.1439 1.087 10600 19500 0.982 25435 23396
KK38 500 1200 60 3.002 10.1239 1.042 11100 21300 1.049 24931 23921
KK39 500 800 60 3.002 9.9993 1.077 9800 18200 1.049 22012 20439
KK40 500 1200 60 3.002 10.0587 1.01 10400 20600 1.049 23359 23135
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Table A.5.: Detailed PLP sample conditions of all samples incorporated in the final Arrhenius plot, absolute
molecular weights of the first and second inflection point, as well as the resulting propagation rate coefficients
for tert-butyl acrylate (‘BA) 1M in BuAc.

sample f n 0 T1 In(ky)  kpi/kps M1 M2 M kp1 kp2
Hz - °C 103K'! - - gmol! gmol! molL?! molL's? molL%s!

KK119 100 1200 -7.2 3.754 8.7597 0.991 8426 17004 1.032 6372 6429
KK118 100 800 -7.1 3.756 8.75 0.992 8345 16832 1.032 6310 6364
KK117 50 1200 -6.9 3.759 8.706 1.029 15973 31060 1.032 6039 5872
KK116 50 800 -6.8 3.76 8.7167 1.01 16144 31964 1.032 6104 6043
KK121 100 1200 0.3 3.656 8.946 0.987 10152 20564 1.032 7677 7775
KK122 150 800 0.3 3.657 9.0092 1.017 7210 14180 1.032 8178 8042
KK123 150 1200 0.3 3.657 8.9866 0.994 7049 14180 1.032 7996 8042
KK120 100 800 0.4 3.657 8.946 0.979 10152 20739 1.032 7677 7841
KK124 100 800 10.2 3.529 9.2185 1.007 13333 26483 1.032 10082 10013
KK126 200 800 10.2 3.528 9.2628 1.001 6968 13926 1.032 10539 10531
KK127 200 1200 10.2 3.529 9.2513 0.995 6888 13841 1.032 10418 10466
KK125 100 1200 10.3 3.529 9.2374 1.012 13587 26840 1.032 10274 10148
KK131 250 1200 19.5 3.409 9.5201 1.005 7210 14350 1.032 13630 13565
KK129 150 1200 19.9 3.412 9.4819 0.993 11567 23288 1.032 13120 13208
KK130 250 800 20 3.411 9.5201 0.999 7210 14435 1.032 13630 13645
KK128 150 800 20.2 3.417 9.4891 0.993 11651 23465 1.032 13215 13308
KK132 150 800 30.2 3.297 9.7152 1.008 14606 28989 1.032 16567 16441
KK133 150 1200 30.2 3.297 9.7152 1.033 14606 28271 1.032 16567 16034
KK134 300 800 30.2 3.297 9.7354 0.98 7452 15203 1.032 16906 17244
KK135 300 1200 30.2 3.297 9.7354 0.992 7452 15032 1.032 16906 17051
KK136 200 800 40 3.193 9.9261 1.003 13502 26929 1.03 20457 20400
KK137 200 1200 40 3.193 9.9135 1.004 13333 26572 1.03 20201 20130
KK138 300 800 40 3.193 9.9074 0.979 8835 18041 1.03 20079 20500
KK139 300 1200 40 3.193 9.8981 0.975 8753 17954 1.03 19893 20402
KK140 250 800 50 3.095 10.1239 0.994 13164 26483 1.03 24931 25078
KK141 250 1200 50 3.095 10.1174  0.994 13079 26304 1.03 24771 24909
KK143 350 1200 50 3.095 10.107 0.965 9245 19168 1.03 24513 25412
KK148 200 800 50 3.002 10.1048 1.002 16144 32236 1.03 24460 24420
KK144 400 800 60 3.002 10.3094  0.967 9904 20476 1.03 30013 31024
KK145 400 1200 60 3.002 10.2581  0.964 9410 19517 1.03 28514 29570
KK147 500 1200 60 3.095 10.2801 0.969 7695 15887 1.03 29146 30088
KK155 300 1200 60 3.002 10.2997  0.952 13079 27465 1.03 29725 31210
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Figure A.6.: Temperature dependent densities for the herein studied monomers BnA, EHA, iBoA, PHA, and
'BA in 1 molar solution in BuAc. To prevent the solutions from polymerizing inside the measurement device,

methyl hydroquinone (MeHQ) was added. The temperature dependent densities are furthermore collated in
Table 2.1 in Chapter 2.
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A.2. Chapter 3: Nitrogen Containing Methacrylates

For each monomer investigated in the current study, exemplary molecular weight
distributions (MWD) obtained via SEC analysis are provided alongside tables with the
specific PLP conditions of all samples incorporated into the final Arrhenius plots as well
as the temperature dependent density curves. Tables collating the molecular weights
and intrinsic viscosities to determine the MHKS parameters alongside exemplary triple
detection SEC traces of all samples incorporated into the final MHKS plot are depicted.
Furthermore detailed sample conditions for the preparation of polymer samples for the
determination of MHKS parameters are collated. Parts of this chapter, including figures
were reproduced with permission from Kockler, K. B.; Fleischhaker, F.; Barner-Kowollik,
C. Polym. Chem. 2016, 7, 4342-4351. Copyright (2016) Royal Society of Chemistry and
Kockler, K. B.; Fleischhaker, F.; Barner-Kowollik, C. Macromolecules 2016, 49, 8572—-8580.
Copyright (2016) American Chemical Society.
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Figure A.7.: Representative molecular weight distributions (sold lines) and their first derivatives
(dotted lines) of 2-(N-ethylanilino)ethyl methacrylate (NEAEMA) in bulk. The sample specific
conditions are given in the corresponding diagram and collated in Table A.6. For all samples
incorporated into the final Arrhenius plot, the typical PLP structure with at least two inflection
points is observed.
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Figure A.8.: Representative molecular weight distributions (sold lines) and their first deriva-
tives (dotted lines) of 2-morpholinoethyl methacrylate (MOMA) in bulk. The sample specific
conditions are given in the corresponding diagram and collated in Table A.7. For all samples
incorporated into the final Arrhenius plot, the typical PLP structure with at least two inflection
points is observed.
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Figure A.9.: Representative molecular weight distributions (sold lines) and their first derivatives
(dotted lines) of 2-(1-piperidyl)ethyl methacrylate (PipEMA) in bulk. The sample specific
conditions are given in the corresponding diagram and collated in Table A.8. For all samples
incorporated into the final Arrhenius plot, the typical PLP structure with at least two inflection
points is observed.
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Figure A.10.: Representative molecular weight distributions (sold lines) and their first deriva-
tives (dotted lines) of 2-(N,N-diethylamino)ethyl methacrylate (DEAEMA) in bulk. The sample
specific conditions are given in the corresponding diagram and collated in Table A.9. For all
samples incorporated into the final Arrhenius plot, the typical PLP structure with at least two

inflection points is observed.
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Figure A.11.: Representative molecular weight distributions (sold lines) and their first deriva-
tives (dotted lines) of 2-(N,N-dimethylamino)ethyl methacrylate (DMAEMA) in bulk. The
sample specific conditions are given in the corresponding diagram and collated in Table A.10.
For all samples incorporated into the final Arrhenius plot, the typical PLP structure with at

least two inflection points is observed.
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Figure A.12.: Representative molecular weight distributions (sold lines) and their first deriva-
tives (dotted lines) of 3-(N,N-dimethylamino)propyl methacrylate (DMAPMAE) in bulk. The
sample specific conditions are given in the corresponding diagram and collated in Table A.11.
For all samples incorporated into the final Arrhenius plot, the typical PLP structure with at
least two inflection points is observed.
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Table A.6.: Detailed PLP sample conditions of all samples incorporated in the final Arrhenius plot, absolute
molecular weights of the first and second inflection point, as well as the resulting propagation rate coefficients
for 2-(N-ethylanilino)ethyl methacrylate (NEAEMA) in bulk.

sample f n 0 T! In(kp)  kp1/kp2 M1 M2 M kp1 kp>
Hz - °C 103K - - gmol?! gmol! molL! molL?'s?! molL%s!
KK1038 7 1000 9.8 3.534 5.7619 1.02 47441 93430 4.477 318 313
KK1039 14 1000 10 3.532 5.8219 1.01 25182 50101 4.476 338 336
KK1040 12 1000 21 3.400 6.0809 0.98 37726 76605 4.436 437 444
KK1041 24 1000 20.3 3.408 6.1522 1.06 20269 38313 4.439 470 444
KK1042 20 1000 29.8 3.301 6.3641 0.98 29832 60782 4.405 581 591
KK1043 40 1000 29.8 3.301 6.4585 1.05 16392 31144 4.405 638 606
KK1044 25 1000 39.9 3.194 6.6479 0.98 31436 64057 4.368 771 786
KK1045 50 1000 40 3.193 6.7243 1.04 16965 32603 4.368 832 800
KK1046 35 1000 49.7 3.097 6.9104 0.99 28958 58255 4.333 1003 1009
KK1047 70 1000 49.7 3.097 6.8742 1.05 13965 26633 4.333 967 922
KK1048 40 1000 59.8 3.003 7.0524 0.98 28958 59146 4.296 1156 1180
KK1049 80 1000 59.8 3.003 7.1589 1.05 16106 30706 4.296 1285 1225
KK1050 45 1000 70 2.914 7.3412 0.98 34065 69576 4.26 1543 1575
KK1051 90 1000 70 2.914 7.3947 1.06 17969 33919 4.26 1627 1536
KK1052 50 1000 80.4 2.828 7.3657 0.97 31144 64057 4.222 1581 1626
KK1053 100 1000 80.5 2.828 7.5558 1.06 18830 35528 4.222 1912 1804
KK1054 60 1000 89.5 2.757 7.7280 0.99 36993 75108 4.189 2271 2305
KK1055 120 1000 89.5 2.757 7.7070 1.06 18112 34211 4.189 2224 2100
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Table A.7.: Detailed PLP sample conditions of all samples incorporated in the final Arrhenius plot, absolute
molecular weights of the first and second inflection point, as well as the resulting propagation rate coefficients
for 2-morpholinoethyl methacrylate (MOMA) in bulk.

sample f n 0 T1 In(kp) kpi/kp: M1 M2 M kp1 kp2
Hz - °C 103K1! - - gmol?! gmol! molL?! molL's! molL%s?
KK511 24 300 20 3.411 6.1414 1.07 20256 37729 5.252 465 433
KK512 24 600 20 3.411 6.1344 1.09 20113 36869 5.252 461 423
KK513 20 300 30.8 3.29 6.3561 1.01 29848 59244 5.203 576 572
KK514 20 600 30.8 3.29 6.3845 1.03 30708 59388 5.203 593 573
KK515 40 300 30.9 3.289 6.4502 1.08 16395 30421 5.202 633 587
KK516 40 600 31 3.288 6.4590 1.07 16538 30994 5.202 638 598
KK517 25 300 40.1 3.192 6.5582 1.00 28989 58240 5.161 705 708
KK518 25 600 40.1 3.192 6.6064 1.04 30421 58383 5.161 740 710
KK519 50 300 40.1 3.192 6.6900 1.07 16538 30994 5.161 804 754
KK520 50 600 40.1 3.192 6.6814 1.07 16395 30564 5.161 797 743
KK521 30 300 4938 3.096 6.9744 1.00 36296 72883 5.114 1069 1073
KK522 30 600 50.1 3.094 6.9506 0.99 35436 71878 5.113 1044 1059
KK523 60 300 50.1 3.094 6.9567 1.04 17825 34433 5.113 1050 1014
KK524 60 600 49.8 3.096 6.9957 1.03 18540 35866 5.114 1092 1056
KK525 35 300 60.2 2.999 7.2776 1.00 41743 83369 5.067 1447 1445
KK526 35 600 60.2 2.999 7.1417 0.99 36439 73889 5.067 1264 1281
KK527 70 300 60.2 2.999 7.1436 1.03 18254 35436 5.067 1266 1229
KK528 70 600 60.1 3.001 7.1819 1.04 18969 36439 5.067 1315 1263
KK529 45 300 70.2 2.912 7.3285 0.98 33859 69437 5.022 1523 1562
KK530 45 600 70.3 2.912 7.3244 0.96 33716 70586 5.021 1517 1588
KK531 90 300 70.3 2.912 7.3721 1.04 17682 33859 5.021 1591 1523
KK532 90 600 70.3 2.912 7.3640 1.04 17539 33859 5.021 1578 1523
KK533 50 300 80.7 2.826 7.4392 0.97 33716 69293 4.974 1701 1748
KK534 50 600 80.8 2.825 7.5090 0.98 36152 73745 4.974 1824 1861
KK535 100 300 80.7 2.826 7.4787 1.03 17539 34003 4.974 1770 1716
KK536 100 600 80.9 2.824 7.4625 1.03 17253 33430 4.973 1741 1687
KK537 60 300 90.8 2.748 7.8057 1.03 40166 77767 4.929 2455 2376
KK538 60 600 90.8 2.748 7.7162 0.96 36726 76187 4.929 2244 2328
KK539 120 300 90.7 2.748 7.7023 1.03 18111 35149 4.929 2213 2148
KK540 120 600 90.8 2.748 7.8693 1.04 21401 41313 4.929 2616 2525
KK541 8 300 -0.1 3.662 5.5429 0.97 33859 69724 5.324 255 263
KK542 8§ 600 -0.2 3.664 5.6004 0.98 35866 73027 5.324 271 275
KK543 16 300 -0.2 3.664 5.6259 1.03 18397 35579 5.324 278 268
KK544 16 600 -0.2 3.664 5.6715 1.07 19255 36152 5.324 290 273
KK545 10 300 10.3 3.528 5.8982 1.00 38302 76761 5.277 364 365
KK546 10 600 10.4 3.527 5.9278 1.00 39449 79059 5.277 375 376
KK547 20 300 10.5 3.525 5.9754 1.06 20686 39019 5.276 394 371
KK548 20 600 10.4 3.527 5.9959 1.02 21115 41599 5.277 402 396
KK549 12 300 20.5 3.405 6.2157 1.00 43463 86674 5.231 501 499
KK550 12 600 20.2 3.409 6.2350 1.02 44324 87105 5.232 510 501
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Table A.8.: Detailed PLP sample conditions of all samples incorporated in the final Arrhenius plot, absolute
molecular weights of the first and second inflection point, as well as the resulting propagation rate coefficients
for 2-(1-piperidyl)ethyl methacrylate (PipEMA) in bulk.

sample f n 0 T1 In(ky) kp1/kp2 M1 M2 M kp1 kp2
Hz - °C 103K?! - - gmol! gmol! molL! molL's! molL%s!
KK558 4 300 0.0 3.661 5.4354 1.1 67327 122367 5.032 229 208
KK559 4 600 0.0 3.661 5.4651 1.09 69358 126947 5.032 236 216
KK560 8 300 0.0 3.661 5.4539 0.96 34293 71393 5.032 234 243
KK561 8 600 0.0 3.661 5.4745 0.96 35004 73060 5.032 239 249
KK562 7 300 9.7 3.535 5.7717 1.02 53389 104332 4.989 321 314
KK563 7 600 9.9 3.533 5.8021 1.04 55030 105845 4.988 331 318
KK564 14 300 9.9 3.533 5.7914 0.98 27223 55395 4.988 327 333
KK565 14 600 9.9 3.533 5.8357 0.98 28453 58137 4.988 342 350
KK566 12 300 19.7 3.415 6.0963 0.98 42703 87029 4.945 444 453
KK567 12 600 20.2 3.409 6.1176 0.97 43603 89651 4.942 454 467
KK568 24 300 20.7 3.403 6.1264 1.00 21984 43964 4.94 458 458
KK569 24 600 20.7 3.403 6.1575 0.99 22679 45588 4.94 472 475
KK570 20 300 30.2 3.297 6.3550 0.96 32872 68619 4.898 575 601
KK571 20 600 30.3 3.295 6.4281 0.95 35361 74172 4.897 619 649
KK572 40 300 30.3 3.295 6.3980 1.00 17156 34293 4.897 601 600
KK573 40 600 30.3 3.295 6.4177 0.99 17499 35361 4.897 613 619
KK574 25 300 40 3.193 6.5762 0.96 32517 68065 4.854 718 751
KK575 25 600 40.1 3.192 6.7331 0.95 38038 80307 4.854 840 886
KK576 50 300 40.1 3.192 6.5997 0.98 16643 33937 4.854 735 749
KK577 50 600 40.1 3.192 6.6788 0.99 18014 36252 4.854 795 800
KK578 30 300 50.1 3.094 6.9733 0.94 39829 84411 4.797 1068 1131
KK579 30 600 50.2 3.093 6.9823 0.94 40187 85159 4.796 1077 1142
KK580 60 300 50.1 3.094 6.9901 0.99 20253 40726 4.797 1086 1092
KK581 60 600 50.2 3.093 6.9902 0.99 20253 40726 4.796 1086 1092
KK583 35 600 60.3 2.999 7.1723 0.95 41264 87029 4.752 1303 1374
KK584 70 300 604 2.998 7.2437 0.99 22158 44685 4.751 1399 1411
KK585 70 600 60.3 2.999 7.1873 0.99 20944 42343 4.752 1323 1337
KK586 45 300 70.3 2912 7.4673 0.95 42703 90026 4.707 1750 1844
KK587 45 600 70.2 2.912 7.3885 0.94 39470 84038 4.708 1617 1722
KK588 90 300 70.2 2912 7.3619 0.98 19217 39291 4.708 1575 1610
KK589 90 600 70.2 2912 7.4885 0.97 21811 44865 4.708 1787 1838
KK591 50 600 80.3 2.829 7.5651 0.92 41983 90776 4.663 1930 2086
KK592 50 600 80.2 2.83 7.5434 0.93 41085 88527 4.663 1888 2034
KK593 100 600 80.3 2.829 7.6501 0.98 22853 46491 4.663 2101 2137
KK595 60 600 90.5 2.75 7.7268 0.94 40726 86281 4.617 2268 2403
KK596 120 300 904 2.751 7.7382 0.99 20598 41803 4.618 2294 2328
KK597 120 600 90.5 2.75 7.8268 0.99 22505 45588 4.617 2507 2539
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Table A.9.: Detailed PLP sample conditions of all samples incorporated in the final Arrhenius plot, absolute
molecular weights of the first and second inflection point, as well as the resulting propagation rate coefficients
for 2-(N,N-diethylamino)ethyl methacrylate (DEAEMA) in bulk.

sample f n 0 T! In(kp) kpi/kp2 M1 M2 M kp1 kp2
Hz - °C 107 K1? - - gmol! gmol! molL?! molL's?! molL?'s?
KK740 10 800 0.0 3.661 5.4437 0.97 21746 44675 5.074 231 238
KK741 10 1600 0.0 3.661 5.4645 0.98 22203 45152 5.074 236 240
KK744 14 800 10 3.532 5.8105 0.97 22203 45948 5.026 334 345
KK745 14 1600 10 3.532 5.8376 0.98 22813 46426 5.026 343 349
KK747 8 1600 19.8 3.414 6.1391 0.96 53469 111634 4.979 464 484
KK748 16 800 19.9 3.412 6.1475 0.97 26957 55722 4.979 468 483
KK749 16 1600 19.7 3.415 6.1643 0.96 27420 56851 4.98 475 493
KK750 10 800 30 3.299 6.3988 0.95 54917 115671 4.93 601 633
KK751 10 1600 30 3.299 6.4806 0.98 59597 121067 4.93 652 663
KK755 15 1600 40 3.193 6.7443 0.95 51222 107605 4.883 849 892
KK756 30 800 40 3.193 6.6551 0.97 23425 48501 4.883 777 804
KK757 30 1600 40 3.193 6.6998 0.97 24497 50580 4.883 812 839
KK760 40 800 499 3.095 6.9080 0.97 22356 45948 4.825 1000 1028
KK761 40 1600 499 3.095 6.9282 0.95 22813 48021 4.825 1021 1074
KK764 50 800 60.2 3.001 7.1749 0.99 23119 46904 4.776 1306 1325
KK765 50 1600 59.9 3.003 7.2007 0.94 23731 50420 4.777 1340 1424
KK768 60 800 70.2 2912 7.3934 0.96 23731 49300 4.728 1625 1688
KK769 60 1600 70.2 2912 7.3606 0.93 22966 49300 4.728 1573 1688
KK772 70 800 79.9 2.832 7.5828 0.97 24343 49940 4.682 1964 2015
KK773 70 1600 80 2.832 7.4909 0.97 22203 45630 4.681 1792 1841
KK774 40 800 90.2 2.752 7.8734 0.97 56367 116008 4.633 2626 2703
KK776 80 800 90.1 2.753 7.6818 0.95 23272 48980 4.633 2168 2282
KK777 80 1600 90.1 2.753 7.7639 0.93 25264 54273 4.633 2354 2529
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Table A.10.: Detailed PLP sample conditions of all samples incorporated in the final Arrhenius plot, absolute
molecular weights of the first and second inflection point, as well as the resulting propagation rate coefficients
for 2-(N,N-dimethylamino)ethyl methacrylate (DMAEMA) in bulk.

sample f n 0 T1 In(kp)  kpi/kp2 M1 M2 oM kp1 kp2
Hz - °C 103K - - gmol! gmol! molL?! molLs?! molL?ls!
KK698 5 300 0.0 3.661 5.6233 0.98 52619 107549 6.046 277 283
KK699 5 600 0.0 3.661 5.6403 0.99 53519 107697 6.046 282 283
KK700 10 300 0.0 3.661 5.6986 1.02 28368 55616 6.046 298 293
KK701 10 600 0.0 3.661 5.6716 0.99 27610 55616 6.046 290 293
KK702 7 300 9.8 3.534 6.0060 0.96 54568 113763 5.987 406 423
KK703 7 600 10.9 3.521 6.0315 0.99 55915 112580 5.98 416 419
KK704 14 300 10.1 3.53 5.9960 1.01 27004 53369 5.985 402 397
KK705 14 600 10 3.532 6.0236 0.99 27762 55915 5.986 413 416
KK706 8 300 20.1 3.41 6.3324 0.99 65486 132963 5.925 562 571
KK707 8 600 199 3.412 6.3276 1.00 65187 130603 5.926 560 561
KK708 16 300 19.9 3.412 6.3233 0.99 32454 65784 5.926 557 565
KK709 16 600 19.9 3.412 6.3326 0.99 32757 66083 5.926 563 568
KK710 15 300 30.2 3.297 6.5080 0.97 41203 84853 5.864 671 690
KK711 15 600 30.2 3.297 6.5920 0.99 44814 90944 5.864 729 740
KK712 30 300 30.2 3.297 6.6006 1.04 22599 43461 5.864 736 707
KK713 30 600 30.2 3.297 6.5870 1.01 22295 44363 5.864 726 722
KK714 20 300 40 3.193 6.7180 0.99 37738 76223 5.804 827 835
KK715 20 600 40 3.193 6.8557 1.01 43310 85893 5.804 949 941
KK716 40 300 40 3.193 6.8359 1.01 21229 41956 5.804 931 920
KK717 40 600 40 3.193 6.8430 1.02 21381 41956 5.804 937 920
KK720 50 800 50 3.095 7.0751 0.97 21381 43912 5.753 1182 1214
KK721 50 1600 50 3.095 7.1169 0.98 22295 45565 5.753 1233 1260
KK722 30 800 60.2 2.999 7.2878 0.95 43611 91538 5.691 1462 1535
KK724 60 800 60.1 3.001 7.2892 0.98 21838 44663 5.692 1464 1498
KK725 60 1600 59.9 3.003 7.3300 0.99 22751 46016 5.693 1525 1543
KK727 35 1600 70 2.914 7.5127 0.95 46317 97028 5.632 1831 1918
KK728 70 800 70 2.914 7.5082 0.99 23055 46617 5.632 1823 1843
KK729 70 1600 70 2.914 7.4746 0.97 22295 46166 5.632 1763 1825
KK730 40 800 79.9 2.832 7.6982 0.96 48269 100587 5.572 2204 2297
KK732 80 800 80 2.832 7.8328 0.98 27610 56065 5.571 2522 2561
KK733 80 1600 80 2.832 7.7225 0.97 24727 50970 5.571 2259 2328
KK734 50 800 89.9 2.754 7.9134 0.96 47368 98808 5.511 2734 2851
KK736 100 800 89.9 2.754 7.8996 1.00 23359 46767 5.511 2696 2699
KK737 100 1600 89.9 2.754 7.9253 1.00 23967 47819 5.511 2766 2760
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Table A.11.: Detailed PLP sample conditions of all samples incorporated in the final Arrhenius plot, absolute
molecular weights of the first and second inflection point, as well as the resulting propagation rate coefficients
for 3-(N,N-dimethylamino)propyl methacrylate (DMAPMAE) in bulk.

sample f n 0 T In(kp)  kpi/kp2 M1 M2 oM kp1 kp2
Hz - °C 103K’ - - gmol! gmol! molL! molLs?! molL?ls!
KK612 30 300 30.2 3.297 6.1725 1.05 14571 27769 5.325 479 457
KK613 30 600 30.2 3.297 6.2618 1.06 15932 30123 5.325 524 496
KKé614 20 300 40.1 3.192 6.4633 1.04 28946 55509 5.273 641 615
KK615 20 600 40.2 3.191 6.5198 1.04 30627 59162 5.272 678 655
KK616 40 300 40.1 3.192 6.4098 1.03 13719 26759 5.273 608 593
KK617 40 600 40.2 3.191 6.4222 1.00 13889 27769 5.272 615 615
KK618 5 600 0.0 3.661 5.2863 1.04 37167 71753 5.492 198 191
KK619 5 1200 0.0 3.661 5.3086 1.03 38004 73572 5.492 202 196
KK620 10 600 0.0 3.661 5.3343 1.05 19496 37167 5.492 207 198
KK621 10 1200 0.0 3.661 5.3851 1.05 20512 39175 5.492 218 208
KK622 7 600 10 3.532 5.6678 1.01 38506 76381 5.439 289 287
KKé623 7 1200 10 3.532 5.7431 1.02 41515 81169 5.439 312 305
KK624 14 600 10 3.532 5.7312 1.04 20512 39510 5.439 308 297
KK625 14 1200 10 3.532 5.7637 1.05 21189 40345 5.439 319 303
KK626 25 300 50 3.095 6.6100 0.99 26590 53847 5.228 742 752
KK627 25 600 50 3.095 6.7784 1.00 31467 62646 5.228 879 875
KK628 50 300 50 3.095 6.8429 1.04 16782 32306 5.228 937 902
KK629 50 600 50 3.095 6.8429 1.02 16782 32978 5.228 937 921
KK630 30 300 60 3.002 6.7637 0.97 25579 52683 5.176 866 892
KK631 30 600 60 3.002 7.0278 1.00 33313 66954 5.176 1128 1133
KK632 60 300 60 3.002 6.9285 1.02 15082 29451 5.176 1021 997
KK633 60 600 60 3.002 7.0149 1.03 16442 31971 5.176 1113 1082
KK635 35 600 70 2.914 7.2365 0.98 34822 71422 5.123 1389 1425
KK636 70 300 70 2.914 7.1584 0.99 16102 32642 5.123 1285 1302
KK637 70 600 70 2.914 7.2961 1.03 18479 35995 5.123 1474 1436
KK638 40 300 80 2.832 7.2683 0.96 31131 65132 5.071 1434 1500
KK639 40 600 80 2.832 7.5109 1.00 39677 79353 5.071 1828 1828
KK640 80 300 80 2.832 7.3334 1.00 16612 33145 5.071 1531 1527
KK641 80 600 80 2.832 7.3334 0.98 16612 33816 5.071 1531 1558
KK642 50 300 90 2.754 7.4407 0.98 29283 59992 5.018 1704 1745
KK643 50 600 90 2.754 7.6187 0.98 34990 71257 5.018 2036 2073
KK644 100 300 90 2.754 7.4815 1.00 15252 30627 5.018 1775 1782
KK645 100 600 90 2.754 7.3376 0.97 13207 27264 5.018 1537 1586
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Figure A.13.: Temperature dependent densities for the herein studied monomers NEAEMA, MOMA, PipEMA,
DEAEMA, DMAEMA, and DMAPMAE in bulk. To prevent the solutions from polymerizing inside the
measurement device, methyl hydroquinone (MeHQ) was added. The temperature dependent densities are

furthermore collated in Table 3.1 in Chapter 3.
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Figure A.14.: Representative triple detection SEC traces with refractive index (RI, black solid line), MALLS (blue
dot-dashed line), and viscosimeter (visco, red dashed line) detector signals for NEAEMA. All data incorporated

into the final MHKS plot are collated in Table A.12
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Figure A.15.: Representative triple detection SEC traces with refractive index (RI, black solid line), MALLS (blue
dot-dashed line), and viscosimeter (visco, red dashed line) detector signals for MOMA. All data incorporated
into the final MHKS plot are collated in Table A.12
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Figure A.16.: Representative triple detection SEC traces with refractive index (RI, black solid line), MALLS (blue
dot-dashed line), and viscosimeter (visco, red dashed line) detector signals for PipEMA. All data incorporated
into the final MHKS plot are collated in Table A.12
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normalized signal [a.u.]

normalized signal [a.u.]

Figure A.17.: Representative triple detection SEC traces with refractive index (RI, black solid line), MALLS (blue
dot-dashed line), and viscosimeter (visco, red dashed line) detector signals for DEAEMA. All data incorporated
into the final MHKS plot are collated in Table A.13
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Figure A.18.: Representative triple detection SEC traces with refractive index (RI, black solid line), MALLS
(blue dot-dashed line), and viscosimeter (visco, red dashed line) detector signals for DMAEMA. All data
incorporated into the final MHKS plot are collated in Table A.13
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Figure A.19.: Representative triple detection SEC traces with refractive index (RI, black solid line), MALLS
(blue dot-dashed line), and viscosimeter (visco, red dashed line) detector signals for DMAPMAE. All data
incorporated into the final MHKS plot are collated in Table A.13
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Table A.12.: Weight average molecular weights, M, and corresponding instrinsic viscosities, [n], for the
determination of MHKS parameters of NEAEMA, MOMA, and PipEMA. All data were obtained using the
MALLS and viscosimeter detector signal of the triple detection SEC.

NEAEMA MOMA PipEMA
sample no. Mw [nl D | sample no. Mw [n] D | sample no. Mw [n] b
g'mol-1 mL-g-1 g:mol-1 mL-g-1 g:mol-1 mL-g-1
1 172800 35.3 1.1 30 1193200 131.3 2.5 20 112600 18.2 1.8
2 562500 81.0 1.1 31 528600 76.7 1.8 21 126500 19.2 1.7
3 968800 89.5 2.5 35 372600 71.0 1.8 33 125800 18.0 1.6
4 1646000 130.2 2.2 36 874800 110.3 25 35 618400 49.6 1.7
5 1158800 1126 2.2 49 113300 29.2 1.9 40 47000 10.5 1.5
17 993600 103.2 1.9 50 130300 32.0 1.5 44 357200 34.0 1.5
19 62600 20.5 2.1 51 128900 26.1 24 45 468900 45.6 1.3
21 1056500 1153 2.2 52 86100 22.7 1.5 46 226300 25.7 1.7
23 1330000 152.2 1.6 53 96000 22.7 1.5 47 378000 38.0 1.4
38 590900 77.4 2.4 55 69100 17.4 1.7 48 107900 18.3 1.6
39 145400 24.9 1.7 57 301900 53.3 2.0 49 84700 16.4 1.5
40 49400 12.7 1.6 60 186300 36.7 1.6 51 75800 14.4 1.8
41 26600 10.5 1.4 61 219900 38.2 1.4 52 64000 13.2 1.5
42 23100 9.1 1.4 65 593100 89.6 1.5 53 46700 9.6 1.6
66 724400 94.3 1.5
67 619100 76.9 1.7
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Table A.13.: Weight average molecular weights, M, and corresponding instrinsic viscosities, [1], for the
determination of MHKS parameters of DEAEMA, DMAEMA, and DMAPMAE. All data were obtained using
the MALLS and viscosimeter detector signal of the triple detection SEC. — continued on next page.

DEAEMA DMAEMA DMAPMAE
sample no. Mw [n] D | sample no. Mw [n] D | sample no. Mw [nl b))
gmol! mL-g? gmol?! mL-g? gmol! mL-g!

6 345000 45.9 2.1 41 248200 42.2 1.7 1 483000 61.6 1.1
7 245800 36.6 2.1 42 148800 31.1 1.8 2 459400 54.9 1.1
8 311400 43.4 1.9 43 132300 25.3 2.0 3 386500 49.6 1.3
9 254100 38.4 2.2 44 89100 21.2 1.6 4 381800 50.7 1.1
10 206500 35.1 1.8 45 300800 48.7 1.9 5 360000 50.8 1.1
11 166000 29.4 2.0 46 58500 16.2 2.0 6 337000 433 1.1
12 151200 27.7 1.7 47 48600 13.3 1.8 7 340500 40.5 1.2
13 118300 23.1 1.7 48 52600 15.2 1.9 8 293100 42.9 1.1
14 85500 19.0 1.8 49 54100 13.9 1.8 9 262200 41.0 1.2
15 41100 11.7 1.9 50 390500 60.4 2.0 10 182400 29.6 1.8
16 361600 51.4 1.5 51 249200 43.8 2.2 2.2 436600 54.1 1.3
17 297900 47.8 1.4 52 230000 41.1 1.9 3.2 407600 52.1 1.3
18 337100 51.2 1.8 53 209100 38.4 1.6 4.2 356700 49.2 1.5
19 280100 46.6 1.3 54 192200 36.8 2.0 5.2 329300 46 1.5
20 357500 50.1 1.7 55 150700 30.2 1.8 6.2 293600 41.6 1.3
21 338600 46.4 1.6 56 140600 30.1 2.0 7.2 267900 39.5 1.6
22 332300 47.1 1.7 57 91100 22.6 2.0 8.2 253300 32.6 1.8
23 284800 43.5 1.9 58 58200 14.2 1.8 9.2 211100 31.8 1.5
24 367500 47.6 1.6 59 23000 7.6 1.6 10.2 191700 30.9 1.7
25 289900 41.1 1.6 50.2 391500 67.2 2.0 1.3 339300 44.1 2.0
27 394400 46.0 1.6 51.2 251500 42.6 2.0 2.3 425200 55.2 1.4
28 452000 44.0 1.5 52.2 219800 41.7 1.8 3.3 398300 50.3 1.2
29 395800 40.4 1.6 53.2 192000 374 1.6 4.3 338900 44.9 1.5
30 442500 46.3 1.5 54.2 184400 32.5 2.2 5.3 309200 39.8 1.4
31 404300 43.0 1.5 55.2 148700 29.7 1.8 6.3 281600 41.0 1.5
32 379500 39.8 1.5 56.2 136400 27 2.1 7.3 240800 35 1.4
33 285800 33.0 1.8 57.2 92000 20 2.2 8.3 267600 34.9 1.3
34 223400 28.9 1.9 58.2 57000 12.9 1.8 9.3 210600 31.5 1.8
35 247700 27.8 2.0 59.2 28900 9.4 1.7 10.3 181300 29.2 2.0

36 97000 17.4 1.9 50.3 395600 60.2 1.9

37 566900 48.8 1.2 513 248600 443 2.2

52.3 233400 414 1.8

53.3 212400 38.2 1.8

54.3 195200 37.5 1.9

55.3 151800 30.1 1.9

56.3 142900 27.5 2.2

57.3 89300 211 2.0

58.3 56500 14.6 1.7

60 484500 73.5 1.5
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DEAEMA DMAEMA DMAPMAE
sample no. Mw [n] D | sampleno. Mw [n] D | sample no. Mw [n] D
gmoll mLg! gmol!l mLg! gmol!l mLg!
61 362200 61.4 1.6
62 348200 52.7 1.8
63 405400 58.9 1.7
64 307500 47.7 1.7
65 171800 29.8 2.0
66 226200 41.1 1.9
67 303100 47.3 1.6
68 167900 30.4 1.9
69 186200 33.6 1.9
60.2 437200 72.9 1.6
61.2 360500 57.4 1.6
62.2 350100 54.4 1.8
63.2 406300 61.7 1.9
64.2 306300 50.1 2.0
65.2 173400 31 2.0
66.2 225800 38.8 1.8
67.2 306400 46 1.5
68.2 166400 32.7 1.6
69.2 186500 33.6 2

Table A.14.: Detailed sample conditions and resulting isolated yield for the RAFT polymerization of NEAEMA
in bulk at 66 °C.

sample reaction time m(AIBN) c(AIBN) m(RAFT agent) m(NEAEMA) isolated yield
h mg 10* mol'L! mg g %
1 35 0.1 2.08 1.2 3.0434 19
2 19 0.1 2.29 1.2 2.767 58
3 18.5 0.2 6.36 3.50 (TRITT) 1.992 65
4 25 0.2 6.35 3.50 (TRITT) 1.9944 84
5 25 0.2 6.04 3.50 (TRITT) 2.096 87
17 19 0.04 1.29 0.62 1.9711 54
19 48 0.04 2.51 0.38 1.0104 4
21 40.5 0.02 1.30 0.19 0.973 18
23 26 0.02 1.24 0.2 1.0198 31
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Table A.15.: Detailed sample conditions and resulting isolated yield for the polymerization with thiol as
transfer agent for NEAEMA in bulk at 66°C.

sample reaction time m(AIBN) c(AIBN) m(Thiol) Thiol m(NEAEMA) isolated yield
h mg 102 mol'Ll mg mol% g %
38 1 0.5 2.66 1.8 0.18 1.189 50
39 1 0.2 1.16 5.3 0.53 1.0946 47
40 1 0.5 3.12 13.7 1.48 1.014 54
41 1 0.4 2.32 21.8 2.19 1.0925 45
42 1 1.0 6.03 41.1 4.3 1.0509 50

Table A.16.: Detailed sample conditions and resulting isolated yield for the RAFT polymerization of MOMA
in bulk at 66 °C.

sample reaction time m(AIBN) c(AIBN) m(RAFT agent) m(MOMA) isolated yield
h mg 10 mol-L! mg g %
30 9 0.08 9.98 0.39 0.5005 65
31 15 0.08 9.68 0.39 0.5154 72
35 25 0.08 9.57 0.39 0.5211 85
36 30 0.08 9.78 0.39 0.5100 76

Table A.17.: Detailed sample conditions and resulting isolated yield for the polymerization with thiol as
transfer agent for MOMA in bulk at 66°C.

sample reaction time m(AIBN) c(AIBN) m(Thiol) Thiol m(MOMA) isolated yield
h mg 10° mol'L! mg mol% g %
49 1 0.4 2.49 3.2 0.29 1.0279 38
50 1 0.5 2.62 4.8 0.37 1.2198 28
51 1 0.4 2.59 4.8 0.46 0.9893 35
52 1 0.7 4.14 6.7 0.58 1.08 39
53 1 0.8 5.06 7.1 0.66 1.0102 36
55 1 0.6 3.48 8.9 0.76 1.1016 30
57 0.75 0.8 4.92 1.5 0.14 1.0391 18
60 0.75 0.8 5.07 3.4 0.32 1.009 32
61 0.75 0.8 5.07 2.9 0.27 1.0088 36
65 0.75 1.6 5.11 1.1 0.05 2.0026 42
66 0.75 1.6 5.11 1.3 0.06 2.0038 42
67 0.75 1.6 5.20 1.6 0.08 1.9667 35
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Table A.18.: Detailed sample conditions and resulting isolated yield for the polymerization with thiol as
transfer agent for PipEMA in 50% solution in THF at 66°C. *Polymerization carried out in butyl acetate.

sample reaction time m(AIBN) c(AIBN) m(Thiol) Thiol m(PipEMA) m(solvent) isolated yield
h mg 1023 mol.L'! mg mol% g g %
202 1 0.4 0.99 9.1 0.84 1.0093 1.0118 20
217 1 0.5 1.41 7.3 0.67 1.0069 1.0096 24
332 1 0.6 1.69 9.3 0.86 1.0003 1.0088 21
352 1 0.7 1.92 0.6 0.05 1.0597 1.0121 18
402 1 0.8 2.00 11 0.92 1.1158 1.1514 18
44 0.75 0.4 2.16 0.4 0.07 0.5045 0.4335 10
45 0.75 0.4 2.17 0.6 0.11 0.5073 0.4384 20
46 0.75 0.3 2.12 0.9 0.16 0.5126 0.4215 19
47 0.75 0.4 2.18 1.2 0.22 0.501 0.4366 21
48 0.75 0.4 2.07 2.1 0.34 0.5764 0.4545 20
49 0.75 0.4 2.28 2.5 0.45 0.5106 0.4848 19
51 0.75 0.3 2.09 2.7 0.49 0.5134 0.4108 18
52 0.75 0.4 2.16 3.5 0.63 0.512 0.4379 19
53 0.75 0.4 2.19 5.1 0.93 0.5111 0.4514 18
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Table A.19.: Detailed sample conditions and resulting isolated yield for the polymerization with thiol as
transfer agent for DEAEMA in bulk at 66°C.

sample reaction time m(AIBN) c(AIBN) m(Thiol) Thiol m(DEAEMA) isolated yield
h mg 102 mol-L'! mg mol% g %
6 1 1.2 7.1 0.13 0.011 1.0801 35
7 1 1.2 6.85 0.91 0.071 1.1206 26
8 1 1.2 7.44 0.28 0.024 1.0319 29
9 1 1.2 6.91 0.36 0.028 1.1106 30
10 1 1.1 6.84 0.62 0.053 1.0277 31
11 1 1.2 7.39 1.09 0.092 1.0386 34
12 1 1.1 6.88 1.26 0.108 1.0216 35
13 1 1.2 7.23 2.05 0.169 1.0607 33
14 1 1.2 7.49 3.58 0.305 1.0243 36
15 1 1.2 7.04 7.48 0.599 1.0898 32
16 1 0.8 9.91 0.01 0.002 0.5162 36
17 1 0.8 10.12 0.02 0.003 0.5053 36
18 1 0.8 10.22 0.03 0.005 0.5003 32
19 1 0.9 10.91 0.05 0.008 0.5277 31
20 1 0.8 10.09 0.06 0.01 0.507 34
21 1 0.8 10.15 0.08 0.014 0.5039 31
22 1 0.7 8.91 0.09 0.016 0.5025 30
23 1 0.8 9.68 0.12 0.02 0.5287 27
24 1 0.7 8.93 0.13 0.023 0.501 29
25 1 0.6 7.56 0.16 0.028 0.5075 25
27 2 1.2 16.66 0.05 0.009 0.4606 47
28 2 1.3 17.31 0.08 0.015 0.4801 57
29 2 1.5 16.61 0.15 0.023 0.5776 59
30 2 1.2 17.06 0.24 0.047 0.4497 67
31 2 1.2 16.62 0.35 0.066 0.4616 67
32 2 1.1 16.34 0.39 0.079 0.4304 69
33 2 1.1 17.51 0.45 0.098 0.4018 66
34 2 1.1 15.89 0.58 0.114 0.4427 70
35 2 1.4 16.61 0.85 0.138 0.5388 61
36 2 1.5 16.68 1.8 0.273 0.5749 64
37 4 1.1 16.17 0.05 0.01 0.435 81
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Table A.20.: Detailed sample conditions and resulting isolated yield for the polymerization with thiol as
transfer agent for DMAEMA in bulk at 66°C. — continues on next page.

sample reaction time m(AIBN) c(AIBN) m(Thiol) Thiol m(DMAEMA) isolated yield
h mg 103 mol'L! mg mol% g %
41 0.75 0.8 5.11 0.80 0.059 1.0013 21
42 0.75 0.8 5.04 2.00 0.146 1.015 18
43 0.75 0.8 5.1 2.80 0.207 1.0022 20
44 0.75 0.8 5.09 3.80 0.28 1.0047 20
45 0.75 0.8 5.11 0.40 0.03 1.0004 21
46 0.75 0.8 4.84 6.10 0.427 1.0572 15
47 0.75 0.8 5.02 7.80 0.567 1.0187 12
48 0.75 0.8 4.81 7.40 0.515 1.0644 19
49 0.75 0.9 5.2 9.40 0.629 1.1059 19
50 0.75 1.1 6.96 0.27 0.02 1.0099 25
51 0.75 1.1 7.02 0.37 0.027 1.0026 23
52 0.75 0.9 6.76 0.37 0.032 0.8509 19
53 0.75 0.8 7.31 0.36 0.038 0.7002 23
54 0.75 0.7 6.91 0.44 0.05 0.6475 22
55 0.75 1.0 7.38 1.00 0.085 0.867 23
56 0.75 0.7 7.19 1.00 0.119 0.6222 24
57 0.75 0.7 7.19 1.80 0.214 0.6229 23
58 0.75 0.9 7.97 4.20 0.431 0.7218 22
59 0.75 0.7 7.39 8.20 1.002 0.6056 19
50.2 0.75 1.1 6.96 0.27 0.02 1.0099 25
51.2 0.75 1.1 7.02 0.37 0.027 1.0026 23
52.2 0.75 0.9 6.76 0.37 0.032 0.8509 19
53.2 0.75 0.8 7.31 0.36 0.038 0.7002 23
54.2 0.75 0.7 6.91 0.44 0.05 0.6475 22
55.2 0.75 1.0 7.38 1.00 0.085 0.867 23
56.2 0.75 0.7 7.19 1.00 0.119 0.6222 24
57.2 0.75 0.7 7.19 1.80 0.214 0.6229 23
58.2 0.75 0.9 7.97 4.20 0.431 0.7218 22
59.2 0.75 0.7 7.39 8.20 1.002 0.6056 19
50.3 0.75 1.1 6.96 0.27 0.02 1.0099 25
51.3 0.75 1.1 7.02 0.37 0.027 1.0026 23
52.3 0.75 0.9 6.76 0.37 0.032 0.8509 19
53.3 0.75 0.8 7.31 0.36 0.038 0.7002 23
54.3 0.75 0.7 6.91 0.44 0.05 0.6475 22
55.3 0.75 1.0 7.38 1.00 0.085 0.867 23
56.3 0.75 0.7 7.19 1.00 0.119 0.6222 24
57.3 0.75 0.7 7.19 1.80 0.214 0.6229 23
58.3 0.75 0.9 7.97 4.20 0.431 0.7218 22
60 1 0.8 4.99 0.09 0.006 1.0258 28
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sample reaction time m(AIBN) c(AIBN) m(Thiol) Thiol m(DMAEMA) isolated yield
h mg 103 mol-L! mg mol% g %
61 1 0.8 5.05 0.13 0.01 1.0123 27
62 1 0.8 5.09 0.20 0.015 1.0047 25
63 1 0.8 5.06 0.26 0.019 1.0118 22
64 1 0.8 5.08 0.32 0.024 1.0063 26
65 1 0.8 5.07 0.54 0.04 1.0087 22
66 1 0.8 5.11 0.71 0.05 1.0008 13
67 1 0.8 5.06 1.00 0.07 1.0115 25
68 1 0.8 5.08 1.53 0.11 1.0067 24
69 1 0.8 5.1 2.54 0.19 1.0026 25
60.2 1 0.8 4.99 0.09 0.006 1.0258 28
61.2 1 0.8 5.05 0.13 0.01 1.0123 27
62.2 1 0.8 5.09 0.20 0.015 1.0047 25
63.2 1 0.8 5.06 0.26 0.019 1.0118 22
64.2 1 0.8 5.08 0.32 0.024 1.0063 26
65.2 1 0.8 5.07 0.54 0.04 1.0087 22
66.2 1 0.8 5.11 0.71 0.05 1.0008 13
67.2 1 0.8 5.06 1.00 0.07 1.0115 25
68.2 1 0.8 5.08 1.53 0.11 1.0067 24
69.2 1 0.8 5.1 2.54 0.19 1.0026 25
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Table A.21.: Detailed sample conditions and resulting isolated yield for the polymerization with thiol as
transfer agent for DMAPMAE in bulk at 66°C.

sample reaction time m(AIBN) c(AIBN) m(Thiol) Thiol m(DMAPMAE) isolated yield
h mg 1023 mol'L'l mg mol% g %
1 1 0.8 10.11 0.16 0.025 0.5062 15
2 1 0.8 10.18 0.2 0.032 0.5026 30
3 1 0.8 9.93 0.25 0.039 0.5151 32
4 1 0.7 8.99 0.27 0.044 0.498 27
5 1 0.7 8.93 0.32 0.051 0.5015 32
6 1 0.7 8.88 0.38 0.061 0.5042 29
7 1 0.7 9.14 0.44 0.072 0.4897 30
8 1 0.7 9.16 0.52 0.086 0.4887 33
9 1 0.6 7.67 0.63 0.102 0.4999 31
10 1 0.7 8.32 0.92 0.138 0.5383 28
2.2 1 0.8 10.18 0.2 0.032 0.5026 30
3.2 1 0.8 9.93 0.25 0.039 0.5151 32
4.2 1 0.7 8.99 0.27 0.044 0.498 27
5.2 1 0.7 8.93 0.32 0.051 0.5015 32
6.2 1 0.7 8.88 0.38 0.061 0.5042 29
7.2 1 0.7 9.14 0.44 0.072 0.4897 30
8.2 1 0.7 9.16 0.52 0.086 0.4887 33
9.2 1 0.6 7.67 0.63 0.102 0.4999 31
10.2 1 0.7 8.32 0.92 0.138 0.5383 28
1.3 1 0.8 10.11 0.16 0.025 0.5062 15
2.3 1 0.8 10.18 0.2 0.032 0.5026 30
3.3 1 0.8 9.93 0.25 0.039 0.5151 32
4.3 1 0.7 8.99 0.27 0.044 0.498 27
5.3 1 0.7 8.93 0.32 0.051 0.5015 32
6.3 1 0.7 8.88 0.38 0.061 0.5042 29
7.3 1 0.7 9.14 0.44 0.072 0.4897 30
8.3 1 0.7 9.16 0.52 0.086 0.4887 33
9.3 1 0.6 7.67 0.63 0.102 0.4999 31
10.3 1 0.7 8.32 0.92 0.138 0.5383 28
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Figure A.20.: Temperature dependent densities for MA in bulk with 5 and 10 mol% of the Lewis
acid LiNTf3. To prevent the solutions from polymerizing inside the measurement device, methyl

hydroquinone (MeHQ) was added.
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Figure A.21.: Representative molecular weight distributions (sold lines) and their first deriva-

tives (dotted lines) of methyl acrylate (MA) in bulk.
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Figure A.22.: Representative molecular weight distributions (sold lines) and their first deriva-
tives (dotted lines) of methyl acrylate (MA) with LiNTf5.
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Table A.22.: Detailed PLP sample conditions, absolute molecular weights of the first and second
inflection point, as well as the resulting propagation rate coefficients for methyl acrylate (MA)
samples incorporated into the frequency series at 10 °C.

sample f n 0 T1 In(kp)  kpi/kp2 M1 M2 oM kp1 kp2
Hz - °C 103%K?! - - gmol! gmol! molL! molLls?! molL%s?

KK1192 75 300 10.5 3.525 9.0962 1.00 114800 230200 11.210 8921 8945
KK1193 100 300 10.5 3.525 9.1293 1.03 89000 173400 11.210 9222 8984
KK1194 125 300 105  3.525 9.1706 0.98 74200 150800  11.210 9610 9766
KK1195 150 300 10.5 3.525 9.1925 1.01 63200 125600 11.210 9823 9761
KK1196 175 300 10.4 3.527 9.2111 1.04 55200 106100 11.212 10008 9618
KK1197 200 300 10.5 3.525 9.2009 1.07 47800 89200 11.210 9906 9243
KK1198 225 300 104  3.527 9.2057 1.03 42700 83100 11.212 9954 9686
KK1199 250 300 10.4 3.527 9.2023 1.04 38300 73700 11.212 9920 9544
KK1200 275 300 10.2 3.529 9.2044 1.04 34900 67400 11.215 9941 9599
KK1201 300 300 10.2 3.529 9.2202 1.01 32500 64400 11.215 10099 10005
KK1202 325 300 10.5 3.525 9.2071 1.00 29600 59200 11.210 9968 9968
KK1203 350 300 10.5  3.525 9.1930 0.98 27100 55200 11.210 9828 10009
KK1204 375 300 10.3 3.528 9.2087 0.99 25700 52100 11.213 9983 10119
KK1205 400 300 10.4 3.527 9.2132 0.96 24200 50500 11.212 10029 10464
KK1206 425 300 10.5 3.525 9.2100 0.96 22700 47200 11.210 9996 10393
KK1207 450 300 10.5  3.525 9.2035 0.96 21300 44500 11.210 9932 10375
KK1208 475 300 10.3 3.528 9.2190 0.96 20500 42600 11.213 10087 10481
KK1209 500 300 10.5 3.525 9.2154 0.95 19400 40700 11.210 10051 10543
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Table A.23.: Detailed PLP sample conditions, absolute molecular weights of the first and second
inflection point, as well as the resulting propagation rate coefficients for methyl acrylate (MA)
samples with 10 mol% LiNTf5 incorporated into the frequency series at 10 °C. For certain samples,
no second inflection point was observed, however, the data have been incorporated into the
frequency series since the determined propagation rate was in agreement with the remaining

data.
sample f n 0 T1 In(ky,) kpi/kp2 M1 M2 oM kp1 kp2
Hz - °C 103K?! - - gmol! gmol! molL' molL's?! molL%s!

KK1171 50 300 10.4 3.527 9.1454 0.97 157500 - 9.762 9371 -
KK1172 75 300 10.6 3.524 9.1465 - 117600 - 9.759 10498 -
KK1174 125 300 10.3 3.528 9.4530 1.00 85700 175800 9.763 12746 13073
KK1175 150 300 10.5 3.525 9.4724 - 72800 - 9.760 12996 -
KK1176 175 300 10.6 3.524 9.4773 - 62700 125600 9.759 13060 13080
KK1177 200 300 10.6 3.524 9.4446 0.99 53100 - 9.759 12640 -
KK1178 225 300 10.5 3.525 9.5200 - 50900 - 9.760 13629 -
KK1179 250 300 104 3.527 9.4998 - 44900 91100 9.762 13357 13551
KK1180 275 300 10.7 3.523 9.4749 1.03 39800 - 9.758 13028 -
KK1181 300 300 10.4 3.527 9.4640 0.93 36100 - 9.762 12887 -
KK1183 350 300 10.5 3.525 9.4756 0.90 31300 60900 9.760 13037 12683
KK1187 450 300 10.3 3.528 9.4569 0.94 23900 51300 9.763 12796 13733
KK1188 475 300 10.5 3.525 9.4728 1.02 23000 50900 9.760 13002 14387
KK1189 500 300 10.6 3.524 9.4843 0.95 22100 46900 9.759 13152 13955

Table A.24.: Detailed PLP sample conditions, absolute molecular weights of the first and second
inflection point, as well as the resulting propagation rate coefficients for methyl acrylate (MA)
samples incorporated into the frequency series at -12 °C.

sample f n 0 T1 In(k,)  kpi/kp2 M1 M2 cm kp1 kp2
Hz - °C  10°K1! - - gmol! gmol! molL! molLls?! molL%s?!
KK1372 25 200 -125 3.837 8.4362 1.07 177900 333300 11.204 4611 4319
KK1374 75 200 -11.8 3.826 8.5162 1.02 64200 125800 11.197 4995 4894
KK1376 125 200 -11.3 3.819 8.4898 0.96 37500 78500 11.192 4865 5092
KK1377 150 200 -11.6 3.823 8.5288 0.95 32500 68100 11.195 5058 5299
KK1378 175 200 -12.1 3.831 8.5263 1.01 27800 55100 11.200 5046 5000
KK1379 200 200 -12.5 3.837 8.5125 0.95 24000 50300 11.204 4976 5215
KK1380 225 200 -12.8 3.841 8.5012 0.98 21100 43100 11.207 4921 5026
KK1381 250 200 ~-13 3.844 8.5068 0.87 19100 43700 11.209 4948 5661
KK1382 275 200 -13.2 3.847 8.5144 1.00 17500 34900 11.211 4986 4972
KK1383 275 200 -13.4 3.850 8.5200 1.05 17600 33400 11.213 5014 4757
KK1384 300 200 -13.5 3.851 8.5363 1.01 16400 32400 11.214 5096 5034
KK1386 350 200 -13.4 3.850 8.5251 0.95 13900 29200 11.213 5040 5294
KK1388 400 200 -13.1 3.845 8.5447 1.02 12400 24200 11.210 5140 5015
KK1389 425 200 -13.1 3.845 8.5300 0.95 11500 24300 11.210 5064 5351
KK1390 450 200 -13 3.844 8.5872 0.96 11500 24000 11.209 5363 5596
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Table A.25.: Detailed PLP sample conditions, absolute molecular weights of the first and second
inflection point, as well as the resulting propagation rate coefficients for methyl acrylate (MA)
samples with 5 mol% LiNTf; incorporated into the frequency series at -12 °C. For certain samples,
no second inflection point was observed, however, the data have been incorporated into the
frequency series since the determined propagation rate was in agreement with the remaining
data.

sample f n 0 T! In(kp)  kp1/kpe M1 M2 M kp1 kp2
Hz - °C 103 K? - - gmol?! gmol! molL! molL's! molL's!
KK1352 25 200 -13.4 3.850 0.9925 0.99 171100 344800 10.582 4695 4731
KK1353 50 200 -13.2 3.847 1.0337 1.03 105700 204500 10.580 5802 5613
KK1354 75 200 -13.1 3.845 1.0275 1.03 71100 138400 10.579 5855 5699
KK1355 100 200 -13 3.844 0.9762 0.98 53400 109400 10.578 5864 6007
KK1356 125 200 -12.8 3.841 1.0193 1.02 42300 83000 10.575 5808 5698
KK1357 150 200 -12.1 3.831 1.0317 1.03 35800 69400 10.567 5903 5722
KK1358 175 200 -13.5  3.851 1.0347 1.03 29800 57600 10.584 5724 5531
KK1359 200 200 -13.8 3.856 1.0386 1.04 26900 51800 10.587 5903 5683
KK1360 225 200 -13.8 3.856 0.9651 0.97 23500 48700 10.587 5801 6011
KK1361 250 200 -13.8 3.856 0.9953 1.00 21300 42800 10.587 5842 5870
KK1362 275 200 -13.7 3.854 0.9684 0.97 19900 41100 10.586 6005 6201

KK1364 325 200 -13.3 3.848 0.9851 0.99 16500 33500 10.581 5887 5976
KK1369 450 200 -13.2 3.847 - - 12300 - 10.580 6077 -

Table A.26.: Detailed PLP sample conditions, absolute molecular weights of the first and second
inflection point, as well as the resulting propagation rate coefficients for methyl acrylate (MA)
samples determined with the Nd:YAG Laser system in the absence (upper part) and presence
(lower part) of LINTf; at 10, 25, and 50 Hz.

sample f ¢ 0 T1 In(ky)  kpi/kp2 M1 M2 M kp1 kpo
pureMA Hz s °C 103K - - gmol! gmol! molL?! molLs?! molL%ls?
KK1325 10 30 -13.8 3.856 8.1709 0.90 341500 762400 11.216 3537 3948
KK1326 10 30 -135 3.851 8.1591 - 337400 - 11.213 3495 -
KK1327 25 15 -14.2 3.862 8.2641 0.94 150000 319800 11.220 3882 4138
KK1328 25 15 -13.6 3.853 8.2812 0.94 152500 325600 11.214 3949 4216
KK1329 25 15 -13.7 3.854 8.3012 0.94 155600 329800 11.215 4029 4270
KK1331 50 10 -125 3.837 8.4491 1.03 90100 175500 11.204 4671 4549
KK1332 50 10 -12.9 3.842 8.4520 1.09 90400 166100 11.208 4685 4304
sample f t 0 T1 In(ky) kpi/kpz M1 M2 oM kp1 kp2
LiNTf; Hz s °C 103K! - - gmol?! gmol! molL! molL's?! molL%s?!
KK1336 10 30 -13.8 3.856 8.3205 1.01 383100 755400 10.835 4107 4049
KK1337 10 30 -134 3.850 8.3238 1.07 384200 720100 10.830 4121 3862
KK1338 10 30 -125 3.837 8.2958 1.00 373200 745300 10.818 4007 4001
KK1340 25 15 -14.1 3.860 8.5262 1.00 188300 377500 10.838 5045 5057
KK1341 25 15 -13.6 3.853 8.4894 0.98 181400 369500 10.832 4863 4953
KK1342 50 10 -13.8 3.856 8.6993 1.10 111900 204300 10.835 5998 5476
KK1343 50 10 -12.9 3.842 8.6713 1.00 108700 217500 10.823 5833 5836
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Table A.27.: Detailed PLP sample conditions, absolute molecular weights of the first and second
inflection point, as well as the resulting propagation rate coefficients for methyl acrylate (MA)
samples in the absence and presence of LiNTf; incorporated into the Arrhenius plot.

sample f n 0 T! In(ky)  kpi/kp2 M1 M2 cm kp1 kp2
pure MA Hz - °C 103 K! - - gmol?! gmol! molL! molL's?! molL%s?
KK1381 250 200 -13 3.844 8.5068 0.87 19100 43700 11.209 4948 5661
KK1382 275 200 -13.2 3.847 8.5144 1.00 17500 34900 11.211 4986 4972
KK1383 275 200 -13.4 3.850 8.5200 1.05 17600 33400 11.213 5014 4757
KK1263 400 100 0.2 3.658 8.9473 1.00 18800 37600 11.364 7687 7687
KK1264 425 100 0.1 3.660 8.9531 1.01 17800 35400 11.365 7732 7688
KK1265 450 100 0.1 3.660 8.9584 1.03 16900 32800 11.365 7773 7543
KK1205 400 300 10.4 3.527 9.2132 0.96 24200 50500 11.212 10029 10464
KK1206 425 300 10.5 3.525 9.2100 0.96 22700 47200 11.210 9996 10393
KK1207 450 300 10.5 3.525 9.2035 0.96 21300 44500 11.210 9932 10375
KK1208 475 300 10.3 3.528 9.2190 0.96 20500 42600 11.213 10087 10481
KK1402 300 100 20.5 3.405 9.5047 0.94 41900 89200 10.878 13423 14288
KK1403 350 100 20.2 3.409 9.5179 0.98 36400 74000 10.881 13600 13825
KK1404 400 100 19.8 3.414 9.5222 0.95 32000 67300 10.885 13659 14364
KK1121 400 300 30.3 3.295 9.6742 0.97 37400 76800 10.927 15903 16328
KK1122 425 300 30.3 3.295 9.6512 0.96 34400 71500 10.927 15541 16151
KK1123 450 300 30.3 3.295 9.6759 0.96 33300 69300 10.927 15929 16575
KK1426 500 100 40 3.193 9.9465 0.99 38400 77300 10.681 20879 21015
KK1427 500 100 40 3.193 9.9923 0.98 40200 82200 10.681 21858 22347

sample f n 0 T! In(kp)  kpi/kp2 M1 M2 cMm kp1 kp2

LiNTf; Hz - °C 103 K! - - gmol?! gmol! molL! molL's?! molL%s?
KK1357 150 200 -12.1 3.831 1.0317 1.01 35800 69400 10.567 5903 5722
KK1359 200 200 -13.8 3.856 1.0386 1.07 26900 51800 10.587 5903 5683
KK1361 250 200 -13.8 3.856 0.9953 1.00 21300 42800 10.587 5842 5870
KK1235 200 100 0.2 3.658 9.3166 1.04 47400 91100 9.901 11122 10688
KK1238 275 100 0.2 3.658 9.3203 1.06 34600 65000 9.901 11163 10485
KK1241 350 100 0.2 3.658 9.3135 1.05 27000 51400 9.901 11086 10553
KK1174 125 300 10.3 3.528 9.4530 0.97 85700 175800 9.763 12746 13073
KK1176 175 300 10.6 3.524 9.4773 1.00 62700 125600 9.759 13060 13080
KK1179 250 300 10.4 3.527 9.4998 0.99 44900 91100 9.762 13357 13551
KK1414 225 100 20.5 3.405 9.7155 1.00 64700 129800 10.203 16573 16625
KK1418 350 100 20.3 3.408 9.8073 1.06 45600 86300 10.205 18166 17190
KK1433 500 100 40 3.193 10.1607 0.96 44900 93100 10.081 25867 26818
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Everything is theoretically impossible, until it’s done.

Robert A. Heinlein
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