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Summary

The mechanism and kinetics of metal-catalyzed radical
polymerization were investigated by spectroscopic means. A particular
focus was set on Fe-mediated atom-transfer radical polymerization
(ATRP) as there is a growing interest for an economic alternative to the
extensively used Cu-mediated ATRP.

Experiments were started with an iron bromide-based catalyst,
which simply operates without any external ligands. FT-nearIR and
Mossbauer spectroscopy were used to determine the structures of
[Fe"Bru(Solv).] and [Fe"Br«(Solv):] complexes in a variety of solvents. It
was found that the tetrahedral species [Fe'Brs(Solv)]- and [Fe"Bri]-
essentially govern the activation-deactivation equilibrium of ATRP. The
structure of these complexes is correlated with the measured ATRP
activation rate coefficients, kat, and with the equilibrium constants,
Katre, for monomer-free model systems. In weakly polar solvents such
as esters, ketones, and substituted benzenes, kat and also Katre are up to
two orders of magnitude higher than with strongly polar solvents, such
as N-methylpyrrolidin-2-one (NMP), acetonitrile, and dimethylform-
amide, where the [Fe'Br3(Solv)]- complex is more stabilized.

Since further tuning of catalyst activity is important to access a wide
range of monomers for ATRP, several types of Fe-ligand systems were
tested for a potential enhancement of Katre. The NIR spectroscopic
analysis indicated that tetrahedral [Fe'"BruL.]u+-4+ complexes also play a
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role with external ligands, L, such as N-heterocyclic carbenes and
phosphines. However, these compounds do not significantly improve
Katre compared with solvent molecules being the ligands. Nevertheless,
the studies were helpful to clarify the role of phosphines in ATRP. The
highly Lewis basic tris(2,4,6-trimethoxy-phenyl)phosphine (TTMPP)
may coordinate to Fe!, but primarily acts as a reducing agent for
[Fe"Br4], thus transforming TTMPP to TTMPP-Br*. Triphenylphosphine
(TPP) is a less effective reducing agent.

An enhanced Katre was found for amine-bis(phenolate) iron
complexes. A combined Mossbauer, EPR, NMR, and online VIS/NIR
spectroscopic analysis was carried out to determine the relevant Fe
species. An interplay between ATRP and organometallic-mediated
radical polymerization (OMRP), which is based on the reaction of
propagating radicals with Fe!, may occur depending on the monomer
under investigation. Styrene polymerization operates via ATRP,
whereas an interplay between ATRP and OMRP occurs for MMA
polymerization.

The kinetics of ATRP and OMRP were quantitatively measured by
highly time-resolved EPR spectroscopy in conjunction with pulsed-laser
application for radical production, i.e. the so-called SP-PLP-EPR
method. ATRP deactivation of methacrylate-type radicals by an amine—
bis(phenolate)iron catalyst was monitored without interference by
organometallic reactions. Toward higher temperatures, the ratio of
deactivation to propagation rate increases, which is beneficial for ATRP
control.

SP-PLP-EPR was also applied to quantify the catalytic termination
(CRT) of two propagating radicals by Fe! via an organometallic
intermediate. In case of the [Fe'Br3(Solv)]~ catalyst, the organometallic
reaction plays a role for acrylate rather than for methacrylate
polymerization, where CRT is by about three orders of magnitude
slower. As a consequence, ATRP of acrylates should be carried out with
low levels of the Fe! catalyst to avoid CRT and thus improve the living
character of ATRP.

The investigations into metal-catalyzed radical polymerization were
expanded up to pressures of 6000 bar. Applying pressure results in a
redistribution of iron bromides in favor of the charged species [FeBrs]*
and [Fe(Solv)e]?*, which is particularly pronounced in polar solvents
such as NMP or acetonitrile. As a consequence, the reaction volume,
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ArV(Katre), is positive for [Fe'Xu(Solv).] catalysts (up to 18 cm®mol™).
The studies demonstrated the advantage of the well-defined amine—
bis(phenolate)iron system: ArV(Katre) is negative, (—17 +2) cm®mol’,
which is associated with a favorable shift of the ATRP equilibrium
toward the side of the activated radical. Along with the increase in
propagation rate, ATRP rate is thus enhanced by more than two orders
of magnitude between 1 and 6000 bar.

ATRP also benefits from an improved living character under high
pressure, which is due to the lowering of diffusion-controlled
termination. This facilitates the synthesis of polystyrenes and
polyacrylates with molar masses above 100,000 gmol™! and dispersities
below 1.29 under either Fe or Cu catalysis. These advantages were not
compromised by an increase in the rate of intramolecular transfer, i.e.,
the backbiting reaction during acrylate polymerization under high
pressure, which was deduced from modeling the ATRP experiments.

This thesis has improved the understanding of the mechanism and
kinetics of Fe-mediated ATRP, in particular, of the potential interplay
with OMRP. Moreover, the studies provide guidance for the selection of
suitable reaction conditions that yield predominantly ATRP-mediated
polymerizations with improved control.






Introduction

In 2013, the worldwide polymer production exceeded ~300 million
tons.! Due to their low dead weight and high resistance to corrosion,
polymeric materials are used in most aspects of life, with growing
demand in wind power plants, optical data chips, and the aerospace
industry.? The majority of industrially produced polymers is prepared
by radical polymerization, especially mass plastics such as polyethylene
(PE) and polystyrene (PS).

Conventional radical polymerization, however, yields polymer
without chain-end functionality and with broad molar-mass
distribution, which limits the ability to control and achieve the
formation of complex polymer architectures and topologies. Because of
the growing interest in polymeric materials with improved and
precisely tailored properties, controlled, i.e. so-called reversible
deactivation radical polymerizations (RDRPs) caught the attention of
scientists.>* These methods are based on an activation—deactivation
equilibrium, thereby allowing for the synthesis of polymeric materials
with precisely tailored topology, chain length, functionality and with
low dispersity.>” Thus, RDRP provides access to next generation
specialty polymer additives and materials. The most prominent RDRP
techniques are atom-transfer radical polymerization (ATRP)51
reversible addition-fragmentation chain-transfer (RAFT)
polymerization,'*'® organometallic-mediated radical polymerization
(OMRP),#19-22 nitroxide-mediated polymerization,” and stable-radical-
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mediated polymerization (SRMP).2

Industrially licensed and projected applications of RDRP include
drug delivery systems, photonics, self-healing materials, coatings,
adhesives, surfactants, dispersants, lubricants, gels, thermoplastic
elastomers, sealants, organic-inorganic hybrids, nanocomposites, and
electronics.>710252° Recently, there has been considerable progress in the
separation, recycling, and reduction of the amount of metal catalysts,
which should foster the industrial application of RDRP.

The primary focus of the present work revolves around the
mechanism and kinetics of ATRP - a technique developed by
Matyjaszewski* and Sawamoto® in 1995. Mechanistically, ATRP
resembles the transition-metal-catalyzed atom-transfer radical addition
(ATRA) or the Kharasch-addition:*>3* During ATRP, an organic radical
is "activated" via halogen transfer from an organohalide to a transition-
metal catalyst. Radical species are "deactivated" by the reverse transfer
of the halogen atom.

Cu-mediated ATRP has been most extensively studied.**A variety
of ligands may be used for Cu-based ATRP, which allows for the
effective tuning of catalytic activity and adjustment for use with a wide
range of monomers.®13%54 Kinetic studies have provided guidelines for
the suitable selection of Cu catalyst systems. Fe-mediated ATRP appears
to be an attractive alternative due to the low toxicity and broad
availability of iron.##¢5! However, Fe-mediated ATRP is so far reported
far less frequently.

To further advance the understanding and utility of Fe-based ATRP,
detailed kinetic insights into ligated iron systems are a matter of priority
and are subject of the present work. Iron catalysts for ATRP are mostly
based on iron halides,#*44 with phosphines,*5>¢> amines,®7! and
imines”>”” being the ligands for the formation of Fe-based complexes.>*78
Iron(II)-halide-mediated ATRP may also be carried out either in polar
solvents or in the presence of ammonium salts even without the
addition of specific ligands.”-%

The reversible deactivation of radicals in Fe-based ATRP is mediated
by an Fe'! catalyst. The reaction of Fe!' with radicals is not contained in
the typical ATRP scheme but is relevant in Fe-mediated OMRP .419-2285
Closer experimental and computational scrutiny demonstrated that both
ATRP and OMRP, or organometallic reactions in general, may also
operate simultaneously.#19217376868 For instance, an interplay between
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ATRP and catalytic chain transfer (CCT) was reported for a series of
a-diimine iron complexes, R-*2[NN]FeCl..”>77%0 The nature of the ligand
was found to determine the dominant polymerization mechanism, with
electron-donating groups favoring ATRP and yielding halogen-
terminated polymers with well-controlled molar masses. Conversely,
ligands with electron-withdrawing groups were found to favor CCT,
with the instability of the organometallic species resulting in f-hydrogen
elimination to yield low molar mass, olefin-terminated polymers.

Amine-bis(phenolate)iron =~ complexes, [O:NN']FeCl, facilitate
efficient RDRP of substituted styrenes and methyl methacrylate (MMA)
with dispersities as low as 1.07.8%8” The kinetic insight obtained from
these reactions also suggests a dual mechanistic control, involving both
ATRP and OMRP, which is in agreement with computational studies.”
However, the expected Fe species for either of the two mechanisms have
not yet been directly evidenced in the polymerization systems, e.g., via
spectroscopic techniques. The relative importance of either pathway for
different types of monomers has also not been spectroscopically
addressed.

In this study, spectroscopic techniques will be exploited to examine
the mechanism and kinetics of Fe-based RDRP. EPR spectroscopy is
particularly useful for investigations into the kinetics of radical
polymerization, as the relevant radical species may be quantitatively
monitored online.”>%* Highly time-resolved EPR spectroscopy in
conjunction with laser pulsing has emerged as the state-of-the-art
method for kinetic measurements, since even very fast reaction steps
such as termination or deactivation may be accurately monitored.?>* In
single-pulse-pulsed laser  polymerization (SP-PLP), a high
concentration of primary radicals is almost instantaneously produced by
the laser-induced decomposition of a photoinitiator. Further helpful
techniques to monitor the Fe species are UV/VIS/IR, Fe Mossbauer, and
EPR spectroscopy.

The kinetic studies will be expanded up to high pressure to gain
further mechanistic insights into Fe-mediated ATRP. Applying high
pressure has been reported to yield beneficial effects on both monomer
conversion and dispersity in RAFT polymerization of styrene and
methyl methacrylate (MMA).%% Specifically, the observed advantages
include enhanced rates of propagation”” and diminished rates of
termination, with the latter effect being associated with an increase in
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viscosity toward high pressure.”-1! Moreover, investigations into Cu-
mediated systems revealed that the activation-deactivation equilibrium
constant of ATRP, Katre, and thus ATRP rate are significantly enhanced
with increasing pressure.l®>1%* The rate enhancement was not
counterbalanced by an increase in dispersity.!02103105 The improved
living character in high-pressure ATRP has been used for the synthesis
of very high-molar-mass polymethacrylates and polystyrene
(Mn 2106 g mol ). 106-110

This thesis presents an in-depth investigation of the mechanism and
kinetics of RDRP, focusing on Fe-mediated ATRP. The relevant Fe
species will be examined by Fe Mdssbauer®-! as well as FT-IR and
UV/VIS spectroscopy for a variety of Fe-ligand combinations. In
addition, this work provides the first measurements of Karre in an
extended pressure and temperature range, as well as of the associated
rate coefficients of activation and deactivation for selected Fe-ligand
systems. Wherever possible, the experiments are accompanied by
simulations with the program package PREDICI.

The studies first address an iron bromide catalyst without any
external ligands. The effect of adding external ligands such as
phosphines or carbenes and of more robust amine-bis(phenolate)iron
catalysts on rate and control of ATRP is then quantitatively measured.
High pressure up to 6000 bar is applied to determine reaction volumes
for Katre and to study the effect of pressure on the dispersity of the
polymeric product. The consequences of intramolecular transfer
reactions on ATRP rate are explored in a modeling study of measured
conversion vs time profiles for butyl acrylate ATRP.

The spectroscopic techniques will also be applied to capture the
potential interplay between OMRP and ATRP equilibria. Along these
lines, SP-PLP-EPR is used to study the catalytic termination of two
propagating radicals via an organometallic R-Fe' intermediate. The
results are compared to Cu catalysis.



Theoretical Background

3.1 Mechanism of ATRP

The kinetics of ATRP is superimposed on a conventional radical
polymerization scheme. In Fe-catalyzed ATRP, radical propagation
occurs concurrently with reversible deactivation of radicals mediated by
Fe' and activation of alkyl halides by Fe' (Scheme 3.1). The activation
rate coefficient, kat, quantifies the rate of formation of the transient
radical, R*, whereas the deactivation rate coefficient, kdeact, refers to the
rate of formation of the alkyl halide, R.-X. The ratio of these two rate
coefficients is defined as the equilibrium constant, Katre = kact/kdeact.

A "Normal ATRP" is initiated by the reaction of, e.g., an Fe!' complex
with an alkyl halide, R«-X, which is typically of chain length unity, n =1.
The starting materials, including the monomer, M, are marked in red.
The structure of the alkyl halide initiator may resemble the structure of
the monomer. However, to ensure an efficient initiation, the radicals
generated from the initiator should exhibit at least the same reactivity as
the radicals generated from the growing chain (i.e., generated from the
monomer).!? For example, methyl methacrylate (MMA) may be initiated
using an iso-butyrate-type alkyl halide, MBriB, but even more effectively
using a-bromophenylacetate (EBrPA), see Figure 3.1. The associated
chloride initiators may also be used, which, however, typically results in
both slower activation and deactivation rate.®
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kact +M k
Fe/L + R, X <~——=— X-FeL + R, P

kdeact
ik N

Katre dead polymer
Scheme 3.1: Mechanism of Fe-mediated ATRP; L represents the ligand
to iron, R«-X refers to the dormant alkyl halide species, R:.* to the
propagating radical, M to monomer, k: to the termination rate coefficient
and kp to the propagation rate coefficient.

Br Br o
(@]
o~ Br _
o \‘)J\O/ (0)
Br

EBrPA MBriB PEBr MBrP
=
O O
o Ao
MMA styrene MA

Figure 3.1: Common alkyl halide initiators (top) suitable for ATRP of
the indicated monomers (bottom). EBrPA refers to ethyl a-bromophenyl-
acetate, MBriB to methyl 2-bromo-iso-butyrate, PEBr to 1-phenylethyl-
bromide, and MBrP to methyl 2-bromopropionate.

Monomers with suitable substituents next to the double bond
stabilize the generated radicals, which results in higher values of Katre.
Furthermore, these substituents activate the halogen—alkyl-bond of the
dormant  species.  Substituted  styrene  derivatives!!!  and
methacrylates,!12113 as well as acrylates,!'* (meth)acrylamides,!!5116
acrylonitriles,’” and vinylpyridines''® have been studied for (Cu-
mediated) ATRP.

10



3.1 Mechanism of ATRP

In ATRP, as with all radical polymerizations, radical-radical
termination cannot be avoided (cf. Scheme 3.1). By properly selecting
the reaction conditions, the amount of terminated chains will be lower
than the amount of initially added alkyl halide. The concentration of the
alkyl halide may thus not be reduced arbitrarily to preserve a high
degree of chain-end functionality. Conversely, ATRP may efficiently be
operated with substoichiometric amounts of the metal catalyst relative
to the alkyl halide (see below). Such a procedure is also favorable from
an economic point of view.

In the present work, Fe-mediated ATRP will be investigated in an
extended temperature and pressure range as well as with various
solvents and iron-ligand systems to explore suitable reaction conditions.
In order to achieve a high degree of control and livingness, different
ATRP procedures will also be tested.”’® For example, ATRP may be
initiated in a reverse fashion, i.e, with the catalyst in the less air-
sensitive, higher oxidation state, Fe', which requires its reduction to
start ATRP.® A few methodologies are explained in the following.

In reverse ATRP (R-ATRP), the alkyl halide and the Fe''/L catalyst
are produced in equal amounts in situ via the decomposition of an azo
initiator, RIN=NR1 (Scheme 3.2). The temperature stability of these azo
initiators may be adjusted to provide rapid initiator decomposition at
the targeted polymerization temperature and to enable an immediate
initiation of the chain-growth reaction (see chapter 6.4).

Alternatively, a photoinitiator'” may be used instead of a thermal
one, such as in the pulsed-laser controlled experiments illustrated in
chapter 5.2. The photo-induced reduction of Fe' (or Cu') may be
precisely controlled by sensible selection of the number and intensity of
applied laser pulses.

Simultaneous Reverse & Normal Initiation (SR&NI) ATRP!®
combines the advantages of normal and R-ATRP: The catalyst is
introduced in the higher oxidation state and reduced in situ. However,
the majority of the chains grow from an initially added alkyl halide,
analogous to Normal ATRP. Consequently, SR&NI ATRP operates with
substoichiometric amounts of Fe to alkyl halide. Just like in Normal
ATRP, a multifunctional chain initiator may be used as the added alkyl

11
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kact +M k

Fe'/L + R,-X —  X-Fe'/L + R;, P

\Nz ktl
RS

dead polymer

1 thermal initiator
2 | or photoinitiator

Scheme 3.2: ATRP initiated in the reverse fashion by decomposition of
either a thermal initator or a photoinitiator. The starting materials are
indicated in red. An alkyl halide initiator (brown color), Ri-X, may also be
added as an initial component. The structure of the primary radicals, R,
depends on the type of initiator and differs from the monomer-specific
radicals, Rx*.

kact . +M k

Fe''L + R, X <«———— X-Fe'/L + R} P
‘>—kdea¥ kl
t

oxidizing agent, X~  reducing agent dead polymer

Scheme 3.3: ATRP initiated in the reverse fashion by converting
X-Fell/L to Fe'/L and X~ using a reducing agent. The starting materials are
marked in red.

halide, which allows for accessing more complex topologies such as star
polymers.

In Activators Generated by Electron Transfer (AGET) ATRP,70121-124
reducing agents (Scheme 3.3) are used instead of thermal initiators. An
actual reducing agent rules out the formation of new growing chains as
a byproduct of the reduction process. As with SR&NI ATRP, the amount
and type of alkyl halide initiator may be selected independently.

12



3.1 Mechanism of ATRP

R-ATRP, SR&NI, and AGET ATRP are based on a rapid and single
reduction of the catalyst in the higher oxidation state. The subsequent
radical-radical termination results in the accumulation of the persistent
radical, Fe', (see chapter 3.2) and in the simultaneous loss of the Fe!!
activator species. According to Le Chatelier’s principle, the accumulation
of Fe' and the loss of Fe!' and alkyl halide results in a lowering of
radical concentration, [R«*], and thus in ATRP rate. It may therefore be
desirable to regenerate the Fe'' catalyst during ATRP in order to increase
the equilibrium concentration of R.*. This may be achieved by adding
thermal initiators, which decompose slowly under the selected
conditions, thus progressively reducing Fe'. This method is called
Initiators for Continuous Activator Regeneration (ICAR) ATRP.58125
Owing to the regeneration of Fe', the concentration of the catalyst may
be reduced to a ppm level.1¢

In a similar way, Activators ReGenerated by Electron Transfer
(ARGET) ATRP'»12130 yses actual reducing agents to constantly
regenerate the metal catalyst. In contrast to ARGET ATRP, the AGET
methodology operates with reducing agents, which quickly reduce the
catalyst in the higher oxidation state. For example, Tin(II)
2-ethylhexanoate efficiently reduces iron bromide,’3! whereas sulfites!*
such as sodium dithionite (Na25:04) reduce Fe'/heme catalysts (cf.
Figure S1). Ascorbic acid quickly reduces Cu'/bipyridine complexes,
however, more active Cu-based catalysts, as well as Fe''/heme species,
and amine-bis(phenolate)iron(Ill) halide complexes are transformed
slowly (Table S1 and Figure S1). In these cases, ascorbic acid may be
used for ARGET ATRP procedures. The ability of different
triarylphosphines to reduce iron(Ill) bromide will be studied in
chapter 4.2.3.

Different initiation principles will be addressed throughout chapters
4—-6. Normal and reverse ATRP are most suited for kinetic studies due
to the absence of background initiation once the equilibrium stage is
reached. On the other hand, ICAR and ARGET ATRP are attractive
methods for syntheses due to the lowering of catalyst concentration and
the high living character of ATRP.1313-137 The kinetics of ATRP are
detailed in chapter 3.2.

13
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3.2 Kinetics of ATRP

3.2.1 ATRP Rate, Control, and Chain-End Functionality

Equation 3.1 tells that polymerization rate in (Fe-mediated) ATRP under
equilibrium conditions depends on the size of Katre as well as on the
concentrations of Fell/L, X-Fe'/L, and alkyl halide.®*!"! Katre may be
determined based on Equation 3.1 by measuring the polymerization
rate, Rp, as well as the concentrations of the associated catalyst, alkyl
halide species, and the monomer concentration (for details see chapters
4 and 6.3-6.4). Equation 3.1 applies irrespective of the ATRP procedures
described in chapter 3.1. Nevertheless, there are important mechanistic
features, which are characteristic of the specific ATRP methodology.

__9M MR =K M- .
Rp - dt kp [M] [Rn] kp [M] KATRP

[Fe"/L]-[R,-X] 3.1)
[X-Fe"'/L]

Radical concentration and thus polymerization rate in normal,
reverse, and SR&NI ATRP depend primarily on the position of the
ATRP equilibrium, ie., on Karre. This relation is illustrated in
Figure 3.2A by simulation of the associated In([M]o/[M]) vs time traces
for different values of Katre but identical initial concentrations of the
catalyst and initiator.

A different situation is observed for ICAR ATRP, where radical
concentration under equilibrium conditions primarily depends on the
amount and the decomposition rate of the thermal initiator and on the
termination rate coefficient (Equation 3.2).1% This steady-state scenario
is similar to RAFT polymerization.!?® Since ATRP rate is dictated by the
decomposition rate of the thermal initiator, this rate becomes almost
independent of the size of Karre (Figure 3.2B). An increase in Katre is
compensated by a decrease in the equilibrium concentrations of Fe!l/L
relative to X-Fe/L, since these concentrations conform according to the
Karrp value.'38

2Ky [1,] = 2k [R° ]2 (3.2a)

R ]= /% (3.2b)

14
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1.5
Karre B

1.24 0.6
= 0.9
2 0.4
g o061
£

0.2
0.3
0.0 r . . . ; 0.0 T : : T .
0 5 10 15 20 25 0 5 10 15 20 25 30
time / h time / h

Figure 3.2: Simulation of In([M]o/[M]) vs time in (A) SR&NI ATRP at
initial molar ratios of [M]:[R-X]:[Fe!] :[RiN=NR:] = 250 :1.00 :0.50 :0.25,
[M]o = 5M, with a thermal initiator decomposition rate of 1x102s7,
kp =10 M-1s7, and Katre being varied between 1 x 106 and 1 x 107 (ref. 1%);
(B) in ICAR ATRP according to ref. 13,

Nevertheless, the value of Katrr is important for the control of ICAR
ATRP. Since a very small amount of the catalyst is usually employed,
catalysts with large values of Katre, which results in high equilibrium
concentrations of Fe (or Cul), and with large deactivation rate
coefficients are desirable to yield a well-controlled ICAR ATRP.140

The decomposition rate of the thermal initiator determines whether
the system operates according to either SR&NI or ICAR ATRP.'® In
addition, there may be differences in the absolute concentration of the
catalyst and/or alkyl halide.

Irrespective of the ATRP technique, the degree of polymerization,
DP, of the polymer synthesized via ATRP may be predicted by the ratio
of consumed monomer, [M]o - conv, to the initial concentration of the
initiator (Equation 3.3). The number average molar mass of the polymer,
M, may be predicted based on the product of DP and the molar mass of
the monomer.

_ [M], -conv
-~ RX

DP (3.3)

15



3 Theoretical Background

A well-controlled ATRP yielding low dispersities, © = Mw/Mn, and
predictable molar mass requires a sufficient concentration of the ATRP
deactivator, [X-Fe/L] (Equation 3.4).141142 Dispersity decreases with
conversion, toward smaller initial concentration of the alkyl halide,
[R-X]o, and with decreasing ratio of kp to kdeact. According to Equation 3.4,
the effect of pressure and temperature on dispersity should be studied
at otherwise identical reactions conditions (cf. chapter 6).

D=ﬂ=1+i+( [R-X], -k, J( 2 _1j (3.4
M DP | Ky [X-Fe"/L]) \conv

n

deact

Termination. ATRP may be carried out to achieve narrow molar
mass distributions, but perhaps even more importantly, it is desirable to
obtain polymer with a high degree of preserved chain-end functionality
(CEF). In ATRP, as in all radical polymerizations, radical-radical
termination cannot be avoided. As a consequence, the degree of CEF
decreases with time, i.e., toward higher degrees of monomer conversion.
The loss in CEF, i.e., the concentration of dead chains without halogen,
[T], may be estimated via Equation 3.5, where [T] is a function of
monomer conversion, conv, and time, .

2k, -din(1-conv)?
k,” - dt

p

[T]=2k -[R;]* -t = (3.5)

The growing macroradicals, R.*, are highly reactive species that
terminate under diffusion control.!¥31# Termination may either occur by
combination of two radicals, ktcom, to yield Pu:m (Equation 3.6a) or by
disproportionation, ktdis, which results in the formation saturated and
unsaturated polymer, P»!! and P, respectively (Equation 3.6b).

R, +R;, &)Pmm (combination) (3.6a)
R; +R;, &)P; +P},  (disproportionation) (3.6b)

The ratio of combination and disproportionation primarily depends
on the type of monomer. On the one hand, termination by combination
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3.2 Kinetics of ATRP

dominates in case of less sterically demanding monomers, mostly mono-
substituted monomers like styrene. On the other hand, termination by
disproportionation is found preferably with higher substituted
monomers like MMA.%5 Both reaction pathways (combination and
disproportionation) are included in the combined termination rate
coefficient k: (cf. Equation 3.5). The dependence of k: on chain length, n,
of Ru*, as described via the so-called composite model, is detailed
elsewhere 143144

Transfer. The kinetics of transfer reactions may affect the control of
ATRP. In a chain-transfer reaction, the radical function is transferred
(ker,z) to another molecule, Z (Equation 3.7a), either to the monomer, an
initiator molecule, a solvent molecule, the polymer, or an added chain-
transfer agent. The radical function is transferred to Z simultaneously
with the exchange of, for example, a hydrogen or a halogen atom. The
newly formed radical, Z°, may undergo chain growth (kpz),
Equation 3.7b.

R, +Z—x 5p 47 (3.7a)
Z +M—ex 570 (3.7b)

Of particular importance for the kinetics of acrylates is
intramolecular transfer:14¢148  Via a 1,5-hydrogen shift reaction
(Scheme 3.4), mostly referred to as backbiting, highly reactive secondary
propagating radicals (SPRs) are transformed into weakly reactive mid-
chain radicals (MCRs).!#-152 Propagation of MCRs, which results in the
formation of SPRs, is by three orders of magnitude slower than for
SPRs.1%315 The consequences of backbiting for ATRP will be discussed in
chapter 6.2.

Organometallic reactions. The ATRP scheme 3.1 contains the
reaction of propagating radicals with monomer (propagation), with
other propagating radicals (termination) and with the catalyst in the
higher oxidation state, e.g., Fe" (ATRP deactivation). The reaction with
the catalyst in the lower oxidation state, Fell, is usually not considered,
even though such organometallic reaction may also play a role. This
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COOBu COOBu
H Kob H
—_— .
BuOOC R BuOOC R
COOBu COOBu
SPR MCR

Scheme 3.4: Transformation of secondary propagating radicals (SPRs)
into mid-chain radicals (MCRs) in acrylate polymerization, described by the
rate coefficient of the so-called backbiting reaction, kbb.

thesis will present a detailed study into the consequences of the
interplay between atom transfer and organometallic reactions in
chapter 5.

3.2.2 The Persistent Radical Effect

In (normal) ATRP, termination of radicals, Rs*, results in the
accumulation of the persistent radical, i.e., the halogen-capped catalyst
species in the higher oxidation state, e.g., X-Fe'/L (cf. Scheme 3.1). This
is referred to as the persistent radical effect (PRE).1>1% In contrast to the
classic equation for the accumulation of the persistent radical solved by
Fischer,!>15¢ Tang et al. deduced a modified function, F([Y]), which
precisely describes the accumulation of the persistent radical, Y, with
time even for highly reactive systems.* Equations 3.8 and 3.10 are to be
used in the equimolar case and Equations 3.8 and 3.9 in the non-
equimolar one. In order to remain consistent with previous work, [I]o
represents [R-X]o, [Clo refers to [Fe'/L]o, and [Y] to [X-Fe'/L] in case of
Fe catalysis.* It should be noted that these equations apply only in case
of normal, reverse, SR&NI or AGET ATRP, provided that the
equilibrium state has been reached. In ICAR and ARGET ATRP, the
catalyst is progressively regenerated by reducing the persistent radical,
e.g., X-Fe''/L back to Fel!/L.

B
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3.2 Kinetics of ATRP

1 2
Lick V] ©€lrll ) Ll - L)
F([Y]):(—[CI]O (_:m()] .m( i, _[Y]]+ 1 (39)
ek -1 (i, 7 (cl, - [¥)
FIYD=2 Kk, K t+c’ (3.10)

The F([Y]) function is therefore typically determined from normal
ATRP procedures to avoid any interference of reduction reactions with
the PRE. The required time-dependent concentrations of the persistent
species may be observed via online UV/VIS or VIS/NIR measurements
as detailed in chapter 4.1 and 6.3. By plotting F([Y]) against time, the
equilibrium constant, Katre, may be determined. The analysis of Katre
requires knowledge of the termination rate coefficient, k:. It is favorable
to investigate Katre for monomer-free model systems in order to avoid
the chain-length-dependent variation of kt (and possibly of Katre)
underlying the F([Y]) function. Analysis of Katre for polymerization
systems should be carried out according to Equation 3.1

The Termination Rate Coefficient k:. The termination process in the
model system involves the reaction of two small, sterically non-
demanding radicals. Therefore, a reasonable approach to access the
required termination rate coefficients is by assuming a translational-
diffusion controlled reaction (k). The derivation of the corresponding
expression (Equation 3.11) from the Smoluchowski equation and the
Stokes-Einstein relation is described elsewhere.!® kP may thus be
estimated from fluidity, i.e., reciprocal viscosity n(T,p).

kD — RT
' 3.q(Tp)

(3.11)

Another approach to k: is using the extrapolated termination rate
coefficients ki'! of two monomeric radicals, which have recently been
determined via SP-PLP-EPR.”
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3 Theoretical Background

3.2.3 Kinetics under High Pressure

The volume of activation, A*V, describes the pressure dependence of a
rate coefficient, k, according to Equation 3.13.15%-161 AtV is mostly defined
as the difference in the partial molar volume of the transition state
structure and the sum of the partial molar volumes of the reactants. It
should, however, be noted that AV may be strongly affected by
dynamic contributions, i.e., by the pressure dependence of viscosity.!2
Equation 3.13 precisely holds under chemical control with the rate
coefficient being expressed in pressure-independent units of kg x mol™
x 571, so that a change in density with pressure may be ignored.!>

P”(k)} _ AV (3.13)
op |, R-T

In a similar fashion, the pressure dependence of an equilibrium
constant, K, is described by the reaction volume, A:V, which is defined
as the difference in volume of the products vs the reactants.

As shown by Equation 3.14, there are two major contributions to the
overall volume of activation.!’®!% The change in molar volume of the
molecules or complexes, i.e., by changes in the bond lengths and angles
in the transition state, is represented by AVwmt. AVmt contributes with a
negative value in a bond-forming reaction and with a positive one in a
bond-cleaving reaction.

AWV = ANV, + ANV (3.14)

AVst describes the change in molar volume in the transition state due
to intermolecular interactions with the molecular environment, e.g.,
with the solvent. If a metal complex dissociates into ions, these will
interact with permanent or induced dipoles of the solvent molecules,
which will result in a contraction of the transition state structure and
thus in a negative value of AVst. The latter may even outweigh the
positive AVwmt to an overall negative volume of activation AV%

The preference for ionic complexes, for species of higher charge or
with enhanced ligand exchange rates (e.g., see ref. %) by increasing
pressure is well understood.!0>104164 Moreover, data for the pressure-
dependent solubility equilibria of a variety of ubiquitous metal
complexes is found in the literature.%
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3.3 Experimental Techniques

3.3 Experimental Techniques

A series of spectroscopic techniques has been applied which allow for
online reaction monitoring.

Online FT-NIR Spectroscopy up to High Pressure. The
polymerizations may be monitored in an extended pressure and
temperature range via online FT-NIR spectroscopy. The high-pressure
equipment is designed for pressures between 1 and 6000 bar and up to
300 °C.166167 The probing IR beam penetrates the autoclave through a
sapphire window on each side as illustrated in Figure 3.3. The autoclave
may either be placed directly into the FT-IR spectrometer!®” or, in case of
larger optical path lengths, the probing light is transferred by flexible
fiber optics into an autoclave positioned outside the optical
compartment and back to the FT instrument.’®® Further details of the
high-pressure equipment are given in chapter 8.4.

The concentrations of the reacting species (see Figure 3.4) were
determined on the basis of Beer-Lambert’s Law (Equation 3.15), which
correlates the absorbance A at a specific wavenumber, v, with the
concentration, ¢, of the detected species. The relation is given by the
optical path length, d, and the molar decadic extinction coefficient, ¢,
which is specific for the absorption of a species at given temperature
and pressure.

The linear relation between absorbance and concentration according
to the Beer-Lambert’s Law precisely holds within an upper and a lower
threshold of absorbance units. The validity of this relation has been
checked for all detectors within the spectral range of interest as detailed
in refs. 16819 The spectral analysis and the procedures of deducing
integral molar absorption coefficients (vibrational intensities), [ &(v) dv,
as well as an error estimate for the individual measurements is given in
the results and discussion sections of chapters 4—-6.

A7) = log [’70] —eff)-c-d (3.15)
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3 Theoretical Background

Figure 3.3: Schematic view of the 3 kbar autoclave embedded into an
electrically heated brass jacket.’” The arrows illustrate the IR light path.
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Figure 3.4: Typical series of FT-NIR spectra recorded online during an
ATRP carried out under pressure. The absorbance of monomer, solvent and
the Fe species may be monitored at separate spectral positions. The red
arrows indicate the range of major change in absorbance with time.
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Figure 3.5: Mossbauer spectrum of [Fell(NMP)s]* in a flash-frozen NMP
solution recorded at 80 K. The Mdssbauer doublet is characterized by the
isomer shift, 6 / mm s, the quadrupole splitting, AEq, and the line width, 7;
at half maximum.

Mossbauer spectroscopy'’'7? is based on the recoilless nuclear
resonance absorption of y-radiation by atomic nuclei bound in a solid
phase. The radioactive source needs to be of the same element as the
sample nuclei, e.g. “Fe. The isomer shift (Figure3.5), 6/mms7,
provides direct information on the oxidation and spin state
(Figure 3.6)'” and may provide information about the ligand sphere of
the investigated nuclei. A quadrupole splitting, AEq, i.e., a doublet of
the resonance line occurs in case of unsymmetrical charge distribution
of the d-electrons. For example, the presence of a quadrupole splitting,
AEq, in the spectrum of the [Fe'(NMP)s]** complex (Figure 3.5) is due to
Fe!' being in the high spin state, where the six d-electrons are essentially
located in five d-orbitals. Furthermore, the peak area of the Mdssbauer
doublets is proportional to the relative concentrations of the associated
species (provided that relaxation rates and Lamb Mdssbauer factors are
identical, which is mostly the case). The line width, 7; is determined at
the half maximum.
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Figure 3.6: Expected oxidation and spin states of Fe as a function of the
measured isomer shift, 6 / mm s, according to ref. 173.

EPR spectroscopy is used for measuring paramagnetic properties of
atoms or molecules in a magnetic field.'”* Unpaired electrons couple
with the magnetic moment of the atomic nuclei. The resulting hyperfine
structure of the resonance lines provides information about the
molecular structure.

EPR spectroscopy was applied in conjunction with single-pulse—
pulsed-laser—polymerization (SP-PLP-EPR).°>%* This particular setup
consists of an excimer laser (351 nm), which is placed in front of the EPR
spectrometer (Figure 3.7).1”> The cavity resonator is equipped with a
front grid for irradiation of the sample with UV light (Figure 3.7).
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Figure 3.7: Schematic setup of SP-PLP-EPR."”> The UV laser is

placed in front of the EPR spectrometer (top). The sample placed inside
the cavity (bottom) may be irradiated through a grid. The laser source
and the spectrometer are synchronized using a pulse generator. The
console consists of signal processing units and control electronics. The
microwave bridge houses the microwave source and the detector.

The microwave bridge houses the electromagnetic radiation source and
the detector. The laser source and the spectrometer are synchronized
using a pulse generator (see chapter 8.2). The console consists of signal
processing units and control electronics.
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3 Theoretical Background

An EPR spectrum is typically presented as the first derivative of the
absorbance spectrum (Figure 3.8). The double integral, i.e., the integral
of absorbance is proportional to the concentration of the radical species
(see r.h.s. of Equation 3.17 below). In addition to growing radicals, metal
complexes with unpaired electrons such as Cu'' or high-spin Fe'! are
EPR-active.?2'7¢ In contrast to the spectra of organic compounds (see
Figure 3.8), the solid-state spectra of metal complexes are often
unsymmetrical and appear at different field positions due to spin-orbit
coupling of the d-electrons.!”*

In SP-PLP-EPR, the signal intensity, Isc, of the propagating radical is
recorded at a constant magnetic field (Bx) after pulsed-laser induced
radical production, with a time resolution of less than a microsecond.
The index sc in Isc refers to the recording of the spectrum via the signal
channel. The peak intensity is directly proportional to the relative
concentration of a specific type of radical species. Time-resolved
monitoring may be carried out for different types of radical species
which may evolve after laser-induced production of primary radical
fragments (see chapter5.2.2). The analyses of the SP-PLP-EPR
experiments discussed in chapter 5.2 are mostly based on relative EPR
intensity, thus not requiring calibration for absolute radical concentration.

In the case that such a quantitative analysis of radical concentration
is targeted, the signal intensity, Isc(Bx), may be correlated with the
double integral of the full spectrum. The proportionality given by /i is
expressed by Equation 3.16 and is characteristic for each type of radical.

Hlsc = hl'lsc(Bx) (3.16)

The double integral for the species of interest may be calibrated against
the measured double integral of a reference compound of known
concentration (see Equation 3.17), e.g., against a solution containing
2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO). For accurate calibration,
the EPR spectra of TEMPO have to be measured under exactly the same
conditions (such as temperature, solvent, microwave power, modulation
amplitude, sweep time, and data resolution) as used in the single-pulse
experiment. Detailed descriptions of the calibration procedure may be
found in the PhD theses of P. Hesse,'”” ]. Barth,'”® and N. S6rensen.!”?
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15G

1,1, [/ a.u.

Field
Figure 3.8: A typical EPR spectrum of 1.0x 10 °molL TEMPO is
shown in blue, the integral in red, and the double integral in gray.

Il —ny f[lse (3.17)

Cr = Crpet -
J.J. ISC,ref

Kinetics in SP-PLP-EPR may be studied as a function of chain
length, i, of propagating radicals.”>*> The laser-induced generation of
initiator-derived primary radicals is assumed to occur instantaneously
with respect to the timescale of all other reactions involved. Therefore,
the average chain length of propagating radicals may be estimated
according to Equation 3.18, where kp is the propagation rate coefficient,
cm the monomer concentration, and f the time after applying the laser
pulse. The term (+1) represents the initiator fragment which starts the
chain growth. Because of the instantaneous initiation, the molar-mass
distribution of the growing radical is very narrow.

i =k, -, -t+1 (3.18)
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Kinetics of Fe-Mediated ATRP
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Iron halides are active and cheap catalysts for ATRP and are precursors
for catalyst modifications by adding phosphines, N-heterocyclic
carbenes (NHCs), and amines.

This chapter deals with a detailed speciation analysis of iron-halide-
based complexes in different solvent environments via Fe Mdssbauer
and FT-IR spectroscopy. The results will be correlated with measured
ATRP activation and deactivation rate coefficients. NHC and phosphine
additives were also tested for the effects on rate and control of ATRP.
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4 Kinetics of Fe-Mediated ATRP

4.1 Iron-Halide-Based Catalysts'

4.1.1 Speciation Analysis

Iron bromides are efficient mediators of ATRP even in the absence of
any external ligands.®8 Illustrated in Scheme 4.1 are the structures of
monomeric Fe!! complexes,!® which may result from the dissolution of
FeBro. The coordination number and geometry of these complexes
depend on the steric demand of the ligands. Fe! complexes containing at
least two relatively large bromine atoms are tetrahedral, 5166180181
whereas [Fe'L¢]** occurs in the typical octahedral structure.!® L
represents a monodentate ligand; more specifically, in the systems
under investigation in this chapter, L is a solvent molecule: L = (Solv).
The [FeBrLs]* species, which has not been detected in the experiments, is
most likely thermodynamically labile.

+Br- +Br- +Br- +Br-
LN 230N LN 2N
[FelLg?* [Fe''BriLg]* [Fe'BryLy] [Fe"BraL]” [Fe'Br,J>-
L 3L L Nl
—Br —Br —Br - Br

Scheme 4.1: Monomeric Fe! complexes in solution of FeBrz. The
monodentate ligand L refers in this case to a coordinated solvent molecule.
Further Fell complexes are not expected to occur in significant amounts.

The FT-NIR spectra of 30 mM FeBr: dissolved in CDCl3/CDsCN, at a
molar ratio of 87.5/12.5, with different amounts of added TBA-Br are
shown in Figure4.1. This solvent mixture constitutes the best
compromise of high catalyst loading and sufficient IR transmission
down to 2400 cm™!, thus enabling Fe!! absorption to be monitored within
a wide spectral range. The optical path length, d, may be as high as
3.5 mm, since the small and rather symmetric solvent molecules, CDCl3
and CDsCN, exhibit only a few vibrational modes. Moreover, the

! Reproduced with permission from Schroeder, H.; Buback, J.; Demeshko, S.; Matyjaszewski,
K.; Meyer, F.; Buback, M. Macromolecules 2015, 48, 1981-1990, Copyright 2015 American
Chemical Society. Reproduced in part with permission from Schroeder, H.; Yalalov, D.;
Buback, M.; Matyjaszewski, K. Macromol. Chem. Phys. 2012, 213, 2019-2026, Copyright 2015
Wiley-VCH. The Mossbauer measurements were carried out together with S. Demeshko.
J. Buback contributed to the measurements of ATRP activation and deactivation rate.
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Figure 4.1: FT-NIR spectra of 30 mM FeBr: dissolved in CDCls/CDsCN
(molar ratio: 87.5/12.5) upon addition of either 0, 1, or 3 equiv of TBA-Br
relative to FeBr2. The spectra were recorded at ambient p and T and an
optical path length, d, of 3.5 mm. Solvent absorption (gray line) has been
subtracted (see text). The dashed vertical lines represent the absorbance
maximum positions of the indicated Fe!l complexes.

solvent absorption of the deuterated solvents is shifted to lower
wavenumbers as compared to the non-deuterated solvents. The spectra
in Figure 4.1 do not contain the solvent absorption, given by the gray
line, which has been subtracted via reference spectra measured at
identical composition and TBA-Br content, but without the Fe! species.
The spectra have been recorded on freshly prepared solutions to avoid
halogen exchange between CDCls and iron(II) bromide species.

Titration of the FeBr2 solution with TBA-Br, as illustrated in
Figure 4.1, yields NIR spectra which may be deconvoluted according to
the speciation of Fe!' complexes proposed in Scheme 4.1. The solubility
and the complexation of Fe!l species is primarily due to acetonitrile,
which was used as the solvent for ATRP in reported studies.®? The
monomer-free catalyst system thus appears to be an adequate model
system for the speciation analysis in ATRP.

The IR-NIR bands in Figure 4.1 are assigned to iron-centered d-d
transitions of tetrahedral Fe! species (cf. Scheme 4.1) based on the peak
positions being located between 2400 and 9000 cm™.166182 The [FeBra]*
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4 Kinetics of Fe-Mediated ATRP

complex should be the dominant species in the FeBr2 solution with the
highest TBA-Br content, i.e.,, upon the addition of 3 equiv of TBA-Br
relative to FeBr.. Hence, the absorbance around 4000 cm™ (blue line)
was assigned to [FeBrs]?". The intense absorbance at around 3200 cm™
results from the 2vitvs combination mode of acetonitrile!® with
additional contributions to absorbance from trace amounts of water. The
peak position of [FeBrs]>> may be more precisely determined via the
absorbance spectra measured at higher pressure as in chapter 6.3. The
absorbance around 4900 cm™ (orange line in Figure 4.1) reaches a
maximum upon adding 1 equiv of TBA-Br. On the basis of the overall
amount of bromide in the solution, this peak is assigned to [FeBrsL]".
The absorbance of the FeBr: solution without added TBA-Br (black line
in Figure 4.1) is rather broad which indicates the simultaneous presence
of the several tetrahedral [FeBrul]u+=4 species, i.e., with u =2, 3, and 4,
as proposed in Scheme4.1. The peak position around 6100 cm™ is
assigned to the neutral [FeBr2L2] complex. The octahedral species
[FeL¢]** occurs at above 9000 cm™ (see Figure 4.2B), i.e., above the range
covered in Figure 4.1.1% As expected for such species bearing an
inversion center, the extinction coefficient is only around
¢=5Lmol'em™,1% which in turn complicates the detection of this
complex in the presence of, e.g., the tetrahedral [Fe(Br).(NMP)o]u+o=4
species (¢ =37 Lmol?'ecm™ at 4820 cm™). As explained in chapter 6.3.1,
applying high pressure may assist the speciation analysis of Fe!
complexes. These experiments confirm the assignment of the peak
positions of the individual species.

Of major interest is to identify the ATRP mediators. Wang et al.
observed highest catalyst activity in ATRP at ambient pressure upon
adding 1 equiv TBA-Br.#! Polymerization rate decreased upon further
addition of TBA-Br, as the resulting [FeBrs]> complex (Figure 4.1) does
not activate alkyl halides, since no further bromide can coordinate to
this species. Quantitative evidence for this interpretation is provided by
measuring Kamre at different levels of TBA-Br (see below). Since the
highest catalyst activity occurs upon the addition of 1 equiv TBA-Br,
where the intensity of the NIR band assigned to [FeBrsL]" is highest (cf.
Figure 4.1), it may be concluded that ATRP operates predominantly by
[FeBrsL]™ activation of the alkyl bromide. This conclusion is in
agreement with studies suggesting that the [Fe'BrsL«]- complex is the
primary Fe component'® and acts as the bromide-capped
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Figure 4.2: (A) FT-NIR spectra of [Fe"Brs]- and [Fe"BruLo]u+-+ complexes
measured for 30 mM FeBr: at different levels of FeBrs in solution of
CDCls/CDsCN (87.5/12.5). The spectra were recorded at ambient p and T
and an optical path length of 3.5 mm. Solvent absorption has been
subtracted. (B) FI-NIR spectra indicating the transformation of
[FeCluLo]u+o=s to [FellLs]?+ in solutions of 20 mM FeCl. in CDCls/CDsCN (2/1)
without or with 2.1 equiv of FeCls, respectively. The optical path length was
d =5 mm. The associated Fe™ absorption occurs in the UV/VIS range.

deactivator.#51% As shown in Figure 4.2A, the absorption of Fe occurs
between 9000 and 15 000 cm™. Such high transition energies are mostly
associated with octahedral complexes, e.g. [FelXsL2]".1618 However,
this observed absorbance is actually due to tetrahedral [Fe!'Brs]-.186-188
The absorption occurs at significantly higher energy as compared to the
tetrahedral Fe!' complexes (cf. Figure 4.1) as a consequence of the d®
electron configuration in [FeBrs]~. All d-d transitions are spin-
forbidden and Laporte-allowed, i.e., the reverse of the usual selection
rules applies.’® Evidence for [Fe"Brs] 119! and [Fe'Cls]~ 4519219 is also
found in the Cambridge Structural Database.!*®

Shown in Figure 4.2A are NIR spectra of 30 mM FeBr2 to which
different amounts of FeBrs have been added in CDCls/CDsCN (87.5/12.5)
solution. The intensity of the signal assigned to [Fe''Brs]~ scales with the
FeBrs content. Despite the constant level of Fe!, the overall intensity of
tetrahedral [Fe'Br.L.] species decreases toward higher Fe!! content and
even disappears at the highest Fe' content, i.e,, at 90 mM Fe'. This
observation indicates bromide transfer from Fe! to the Lewis acid Fe'l,
which is accompanied by the formation of octahedral [FeLs]>*.
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4 Kinetics of Fe-Mediated ATRP

The occurrence of [FeLs]** cannot be evidenced by FT-NIR but was
clearly shown by %Fe Mossbauer spectroscopy (see further below).
Quantitative halide transfer from Fe!! to Fel also occurs for the
associated chloride salts (Figure 4.2B) upon the addition of at least two
equivalents of FeCls to FeClz (cf. Figure 52). The broad weak band at
around 11 000 cm™ is assigned to [Fe!'Ls]**. With the Cl system, this band
may be observed, as the absorbance of [Fe'Cls]" is shifted to higher
wavenumbers compared with [Fe"Br4]~ (Figure 4.2A).188

The halide transfer from Fe'' to Fe' did not occur when 1 equiv, with
respect to total Fe, of the associated halide salt, TBA-Br, was added. The
additional halide results in bromide saturation to [Fe"Brs]" irrespective
of the Fe' : Fe!l ratio. Addition of a halide salt thus may help to conduct
actual ATRPs by preventing halide transfer from Fe!! to Fe!!l,

It is important to check whether the solvent environment
significantly affects the NIR absorption pattern of the Fe! species. This
being the case could result in considerable variations of Katre with
solvent composition (see chapter 4.1.2). The spectra of 22 mM FeBr2 in 16
to 100 mol% CD3CN as the cosolvent to CDCls, i.e., the gray lines in the
upper part of Figure 4.3, were measured. Analysis of the intensities at
the peak positions indicated in Figure 4.1 for the tetrahedral Fe!
complexes suggests that the formation of [FeBr4]*, along with [FeLe]*, is
favored in the most polar solvent environment, i.e., in pure CDs3CN,
whereas [FeBr2L2] absorbance increases toward higher CDCls content.
According to the measured absorbance at around 4900 cm™, the
[FeBrsL]  activator content remains almost unchanged and thus should
not cause any changes in Katre. Shown in the lower part of Figure 4.3 is
the FT-NIR spectrum of FeBr: dissolved in pure CDCIs (red line). 66 mM
TBA-OTf have been added to ensure the solubility of FeBrz. The peak
absorption around 4200 cm™ is due to [Fe!BrsL], the primary
component in this solvent, as confirmed by Mdssbauer spectroscopy
(see below). It should be noted that the peak position of [Fe'BrsL] is
shifted by about 700-800 cm™, ie. by about 10 kJmol™ to lower
wavenumbers in passing over to the less polar solvent environment. As
detailed in chapter 4.1.2, the observed red-shift leads to an enhancement
of Katre by more than two orders of magnitude in the weakly polar
solvent.1%°
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Figure 4.3: FT-(N)IR spectra of 22 mM FeBr: dissolved in CDCls/CDsCN
solvent mixtures of different composition at ambient p and T; d =5.8 mm.
The dashed lines indicate the approximate peak positions of the tetrahedral
Fell species. Solvent absorption has been subtracted. The orange arrow
indicates the shift in the peak position of [Fe!'BrsL]-.

5’Fe Mossbauer Spectroscopy

Fe Mossbauer spectroscopy has been applied for more detailed
speciation analysis of iron-mediated ATRP. Due to the unfavorably
large y-capture cross-section of bromide, iron chloride salts were used
for these measurements. The NIR spectra in Figure 4.2A-B indicate that
speciation aspects should be similar for chloride and bromide salts. The
Mossbauer spectra were recorded at 80 K on flash-frozen solutions
which thus should closely reflect the speciation at ambient temperature.

First, two reference spectra were recorded to help with the
assignment of species (Figure 4.4A-B). The Mossbauer parameters for
[FeCls]* (green area in Figure 4.4A) were obtained by measuring FeClz
with 4 equiv of TBA-Cl in solution of NMP. The Mossbauer parameters
for [FeLs]** (blue area Figure 4.4B) were obtained from spectra measured
on a solution of 100 mM Fe(OTf) in NMP, which contains the
[Fe(NMP)s]?** (= [FeLe]**) complex.!® The parameters used for fitting the
symmetric Lorentzian doublets to each single species are given in
Table 4.1. The isomer shifts for [FeCls]>, 06=1.06mms?’, and
[Fe(NMP)s]*, 6 = 1.40 mm s, are close to the reported values calculated
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4 Kinetics of Fe-Mediated ATRP

and measured for [FeCls]*: 6=0.90mms?, and 6=1.39mm s for
[Fe(H20)s]?* (= [FeLe]?*).1% As expected, the measured isomer shifts meet
the expectation of the Fel complexes being in the high-spin state.

The Mossbauer spectrum measured on a FeClz solution in NMP is
shown in Figure 4.4C. The spectrum is indicative of a distribution of Fe"
species, probably similar to the one illustrated by the series in
Scheme 4.1 for the bromide system. The spectrum was fitted using the
parameters for [FeCls]> (green area) and [FeLs]** (blue area) from
Table 4.1. The third fitted subfunction (red/gray area) refers to a
combined fit for the [Fe'Cl2L2] and [Fe"CIsL] species.

Mossbauer spectroscopy is particularly useful for the detection of
[FeLe]?*, which was difficult to achieve via FT-NIR (see above). Shown in
Figure 4.4D is the Mossbauer spectrum of a solution of 50 mM FeClz and
150 mM FeCls. The intense (narrow) subfunction (blue curve) resulting
from fitting the experimental data indicates the formation of
[Fe(NMP)¢]** in the Fe!//Fe! mixture (cf. entries 2 and 4 in Table 4.1). By
calibration via the data in Figure4.4B, the concentration of the
[Fe(NMP)s]** complex is obtained to be 47 + 3 mM, which is in close
agreement with the selected Fel concentration and thus confirms that
[Fe(NMP)¢]** is the dominant Fe! complex. The condensed doublet of
the second subfunction is assigned to high-spin Fe' with the [Fe'Cl4]-
complex being the lead component. A minor amount of Fe! may occur
as [Fe(NMP)e]**. The isomer shift of the Fe quadrupole doublet,
0=020mms7, is close to the reported values for [FeCls]" in ionic
liquids, 6= 0.31 mms™ (90 K),” and for [FeCls]- with choline as the
counterion, 0 = 0.32 mms™ (4.1 K).1® The integral of the subfunction for
[Fe"'Cls]" is, however, by about a factor of 8 below the expectation based
on the relative concentrations of Fe" (150 mM) to Fe!' (50 mM). As
reported by Konig and Ritter, intermediate spin relaxation of Fe!l may
cause such problems with quantitative measurements.’” The data
collected at 6 K in an extended velocity range exhibits an additional
broad feature (see Figure S3), which suggests that intermediate spin
relaxation also occurs with the Fe complexes. Applying an external
magnetic field may help to yield the full Fe contribution with narrow
line width. Irrespective of such potential further experiments, the
spectrum in Figure4.4D clearly demonstrates the formation of
[Fe(NMP)¢]** as the only one Fe! species, which is produced by chloride
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Figure 4.4: ’Fe Mossbauer spectra measured on flash-frozen solutions at
80 K. The experimental data is represented by the filled symbols. (A)
Spectrum for 30 mM FeCl> with 120 mM TBA-CI indicating that [Fe"Cls]*
(green area) is present as the single Fe!' species. (B) [Fe!lLs]>*= [Fel'(NMP)s]?*
(blue area) was detected after dissolving 100 mM Fe(OTf): in NMP. (C)
Spectrum of a solution of 100 mM FeClz in NMP. Three functions have been
used to fit the experimental data (cf. Table 4.1). (D) Spectrum of a solution
of 150 mM FeCls and 50 mM FeCl: in NMP. The orange subfunction
represents [Fe"Cls]- and the blue one refers to [FeLs]?*. (E) Spectrum of a
solution of 50 mM FeCl: and 50 mM TBA-OTf in 2-butanone. The red
function represents [Fe'ClsL]- and the blue one refers to [FeLs]?.

transfer from Fe!' to Fe (cf. Figure 4.2B). Moreover, the data in
Figure 44D evidences the importance of Mossbauer spectroscopy in
complementing the speciation analysis via NIR/VIS spectroscopy.

The Mossbauer spectrum in Figure 4.4E was measured with FeClz
and 1 equiv of TBA-OTf dissolved in 2-butanone. The fitted symmetric
Lorentzian doublets indicate that only two species, [FeCIsL]” and [FeLs]?*
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Table 4.1: Mossbauer parameters of frozen solutions containing FeCl:
and the indicated amounts of TBA-Cl, FeCls, and TBA-OT{, respectively; 0,
AEq, and [ refer to isomer shift, quadrupole splitting, and line width,
respectively. Unless stated otherwise, the spectra were measured at 80 K
with NMP as the solvent.

entry [Fe"]/ [TBA-Cl]/ fitted o/ AEo/ r/ rel.

mM mM species mms?! mms! mms™ conc./ %
1 30 120 [Fe'Cls]> 1.05 279  0.55 100
2 100l 0 [Fe'Le]* 140 220 0.79 100
100 0 [FeLe]>*  1.4011 2.20Mdl (.79 28
[FeCls]>  1.050 2791l (.55 18
[FelClL:2], 1.14 263  0.66 54
[Fel'CIsL] [l
[FeIII]
4 50 150 [FeLe]*  1.38 225  0.88 24lel
[Fe'Cls]- 020 067 071 <76l
[TBA-OTI]
5 501! 50 [Fe'ClL]-  1.07 259 046 66

[FelLe)?* 1.30 322 046 34

lal Fe(OTf)2, [l solvent: 2-butanone, I overall fit for these two species, !d]
fixed parameters according to entries 1 and 2, ] determined via calibration
of [FellLs]** vs the reference spectrum in Figure 4.4B (entry 2) at known
overall iron content, Il assuming [Fe!Cl]- to be the dominant Fel
component.

occur, at a molar ratio of 2:1. The formation of [FeL¢]** is driven by the
charge balance. Addition of one equivalent of TBA-Br to a solution of
FeBr2 in 2-butanone almost quantitatively yields [FeBrsL]~ (Table 4.2).
The distribution of Fel! species along the series in Scheme 4.1 thus
primarily occurs in a highly polar solvent environment.

The information about the speciation of Fel' complexes in different
solvent environments, as obtained from both FT-NIR and Mossbauer
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Table 4.2: Relative amounts of Fel!l complexes in different solvent
environments with or without added TBA-X as determined via FT-NIR
(entries 1 — 2 and 5), by Mdssbauer spectroscopy (entry 3) and by a
combination of both techniques (entry 4). The uncertainty of the tabulated
relative amounts should be better than 15 %.

entry MeCN/ [TBA-X]/ [FeLe]*/ [FeXzL2] [FeXsL]- [Fe™Xa]>
mol% equiv of Fe' % [Fellot % [Felot % [Fefot % [FeJeot

1 100 [ 0 34 15 34 17
2 16 [ 0 21 40 36 3
3 0l 0 =33 - = 66 -
4 0 [l 1 = = >90 =
2 16 [ 0 21 40 36 3
50 16 [a 0 30 22 36 12

lal cosolvent: CDCls, b1 solvent: 2-butanone, [ at 2000 bar.

spectroscopy, is summarized in Table 4.2. The NIR spectra shown in
Figure 41-4.3 provide relative changes, whereas Mdssbauer
spectroscopy yields absolute concentrations via the relative amounts of
iron species at known overall iron content. Estimates of concentrations
from NIR spectra employ charge balance considerations. The
uncertainty of the molar percentages listed in Table 4.2 should be below
+15 %, irrespective of chloride or bromide being the halide species.
Speciation of Fe! in pure MeCN-ds (entry 1) from FT-NIR is in
remarkable agreement with the values obtained via Mossbauer
spectroscopy (cf. Table 4.1, entry 3) for dissolution in pure NMP: 17 vs
18 % for [Fel'X4]>; 34 vs 28 % for [Fe''Ls]**, and 49 vs 54 % for the sum of
[FeXzLlz] and [Fe™XsL]- concentrations.

4.1.2 Measurement of ATRP Rate Coefficients

It appeared particularly interesting to correlate the structural analysis of
the complexes in monomer-free model systems with measurements of
the activation and deactivation rate coefficients, kit and Kkdeact,
respectively. For this purpose, a novel evaluation strategy was
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kact
[Fe'BrsL]” + R-Br —=—==— [Fe''Br,]” + R},
kdeact k‘\‘
V4 '
Kinodel dead polymer

Scheme 4.2: Mechanism for iron-bromide-mediated ATRP model
systems; R-X refers to the dormant alkyl halide species, R* to the radical
species and k: to the termination rate coefficient. Due to the absence of
monomer, M, propagation cannot occur.

developed, which allows for determination of kact and kdeact in a single
experiment. The ratio of kact and kdeact is referred to as Kmode, whereas
Karre refers to the ratio of these coefficients for an actual polymerization.

Shown in Scheme 4.2 is the mechanism for iron-bromide-mediated
ATRP model systems. The absence of monomer yields a simplified
scenario by excluding chain-length dependent polymerization kinetics.
The reaction of [Fe"'BrsL]- with, e.g., ethyl 2-bromophenylacetate,
EBrPA, as the alkyl halide results in oxidation to [Fe"Brs]. The
accumulation of [FeBrs]-, which is concurrent with termination of
transient radicals according to Scheme 4.2, is referred to as persistent
radical effect (PRE)!® and may be monitored via the ligand-to-metal
charge transfer (LMCT) absorption at 21200 cm™ (Figure 4.5). The
reaction rate may be controlled by adjusting the catalyst and initiator
concentrations.

Alternatively, [Fe"Brs]~ concentration may be measured via the d-d
transition between 9000 and 15500 cm™ (Figure 4.6) in experiments
started with higher Fe!' concentrations.!®® The increase in [Fe!'Bri]-
concentration with time is quantitatively measured by integration of the
absorbance between 13 600-12 225 cm™ against a straight line passing
through the absorbance points at these lower and higher limiting
wavenumbers. Integration was performed over this low-wavenumber
half-band of the Fe!-complex absorbance, as the sensitivity of the silicon
diode detector is higher than in the 14 900-13 600 cm™ region.
Quantitative analysis via integrated absorbances is mostly preferable
over analysis via absorbance at the peak maximum position, as Beer-
Lambert’s law better holds for vibrational intensity than for absorbance
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Figure 4.5: Plot of the [Fe'Br4]-

concentration as a function of time

21200 cm* for the reaction of 0.67 mM FeBr2
‘ and 0.68 mM EBrPA in solution of

% | 2-butanone with 53 mM NMP at
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Figure 4.6: VIS/NIR spectral series of the [Fe!'Brs]- species as measured
during the reaction of 10.0 mM FeBr2 with 33.3 mM EBrPA in NMP at 60 °C;
optical path length: d =35.72 mm. By means of separately measured pure
solvent spectra, the solvent absorption (dashed gray line) has been
subtracted. The hatched area gives an example of the integration procedure
by which [Fe"Brs]- concentration is determined from the spectra.

at a specific wavelength. Calibration for quantitative analysis has been
carried out via integrated absorbances using mixtures of 5 mM FeBrs
and of 10 mM FeBr2 without initiator.

In principle, the reaction may also be monitored via the decrease of
absorbance of d—d-transitions of the Fe!! species centered around 4000 to
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6000 cm™ (Figure 4.3). Quantitative and time-resolved analysis of the
Felll species is, however, more appropriate because of the absence of
strong background absorption of the solvent.

The measurement of [Fe'Bri]- vs time consists of two parts
(Figure 4.7): The pre-equilibrium state and the equilibrium state. First,
Kmodel is evaluated from the equilibrium state according to a reported
procedure:3¢ Equation 4.1 presents a modified expression for the PRE,
which, in contrast to the classic equations by Fischer'>® and Goto and
Fukuda,’ is also applicable to high-conversion systems.3 [I]o refers to
[EBrPA] at time zero, [Clo to [Fe"Jo, and [Y] to [Fe'"Brs]~.% The integrated
expression is given by Equations 3.8-3.10 in chapter 3.2.2.

[YP®

FQYD = | T o o g M= 2 ke K (4.1)

The estimate of k;, which is required for using Equation 4.1, is carried
out via the diffusion-controlled rate!®® which scales with fluidity.?® An
alternative approach for estimating k: of the ATRP model system is
based on using the composite-model parameter ki1, which is obtained
from pulsed-laser experiments for termination of two radicals of chain
length unity after adjustment to the actual solvent viscosity.”>** The kt
values deduced by these two approaches differ by a factor of four,
which translates into Kmodel being uncertain within a factor of two. The
uncertainty of kt is considered to have the strongest impact on the
accuracy of Kmodel. The estimates of kt via diffusion control (i.e., via
fluidity) were used to determine Kmodel if not indicated otherwise.

The evaluation proceeds via a straight-line fit of F(Y) under
equilibrium conditions as illustrates in Figure 4.8. Analysis of F(Y) and
the estimate of k=3.0x10°Lmol's? from fluidity yields
Kmodel = 6.0 x 1077 for the reaction of 0.67 mM FeBr2 and 0.68 mM EBrPA
in solution of 2-butanone and NMP (53 mM) at 60 °C.

It should be noted that Kmodel, which refers to total Fe! content, is
obtained from total Fe concentration and measured [Fe"Bri]~. The
simplification of using total Fe!' rather than [Fe"BrsL]~ concentration is
based on the fact that the individual Fe! species are in chemical
equilibrium. The results are not indicative of any impact of halogen
transfer from Fe! to yield the Lewis acidic complex [Fe'Brs],, even in
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Figure 4.7: Plot of [Fe'Brs]- concentration vs time for the reaction of
0.67 mM FeBr2 and 0.68 mM EBrPA in solution of 2-butanone and NMP
(53 mM) at 60 °C. kdeact was obtained by fitting the NIR-spectroscopically
measured [Fe'Br4]- concentration vs time trace using the measured value of
Kimodel Obtained under equilibrium conditions.

F ()

504

502

500

498 4

496 -

pre-equilibrium state

equilibrium state

T
2000

T T
3000 4000 5000

time/h

Figure 4.8: Plot of the function F[Y] vs time for the reaction of 0.67 mM
FeBr: and 0.68 mM EBrPA in solution of 2-butanone with 53 mM NMP at
60 °C. The close agreement of the straight-line fit with the experimental data

for +>2800 s indicates that the equilibrium has been established for the
activation and deactivation reactions.
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the absence of TBA-Br or at high conversion, i.e., up to 90 % [FeBrsL]-
being transformed to [Fe'Brs]. Well-controlled ATRPs operate at a
rather constant Fe'': Fe'!l ratio,'® which prevents any major impact of
halogen transfer.

The second evaluation step consists of modeling the pre-equilibrium
data, according to Scheme 4.2, via the PREDICI program package. Due to
monomer being absent, the ATRP mechanism reduces to only three
elementary reactions of activation, deactivation, and termination. k: is
introduced as estimated via diffusion control. The measured value of
Kmodel is used to substitute kact by Kmodel X kdeact. The rate coefficient kdeact is
obtained by fitting the experimental [Fe'Brs]- concentration vs time
data. Figure 4.7 illustrates the close agreement of modeled and
measured data by both lowering and enhancing kdeat by a factor of
about 1.7. The simulations may also be applied toward selecting suitable
catalyst and initiator concentrations. Low catalyst and initiator
concentrations should be used to expand the pre-equilibrium region.

The outlined novel procedure is particularly attractive since all rate
coefficients are accessible from a single experiment. With Cu catalysis,
the established procedure for measuring kact is by radical trapping with
2,2,6,6-tetramethyl-1-piperidinyloxyl ~(TEMPO).3>* This approach,
however, fails with Fe-mediated system, since Fe!' is oxidized by
TEMPO.

The activation-deactivation-equilibrium constant, Katre, may also
be determined from an actual polymerization; for details see
chapters 4.2.3 and 6.3.2. As with analyzing Kmode, the measurement of
Katre involves online spectroscopic detection of the conversion of the
Fe complex (or alternatively of Fe), and additionally of
polymerization rate. The results for Kmodet and Katre measured at 60 °C
and ambient pressure will be discussed in the following. Measurements
over an extended pressure and temperature range are detailed in
chapter 6.3.

4.1.3 Analysis of ATRP Rate Coefficients

According to the speciation analysis from chapter 4.1.1, the active ATRP
species are [Fe!'Br3(Solv)]-/ [Fe"Bri]~. As the d-d transition energy for the
Fe!l mediator is sensitive to the type of solvent coordinated Fel, it was
checked whether solvent variation also affects absolute Kmodel and Katre.
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As compared to the experiments for speciation analysis, CDCls was
replaced by anisole or 2-butanone, as measurements were carried out at
elevated temperature, i.e., at 60 °C. Such conditions are close to the ones
for ATRP with the same catalyst.882 Different amounts of NMP were
added as a polar solvent, which should yield stronger coordination to
Fell. TBA-OTf was added to mixtures with less than 10 mol% NMP to
achieve solubility of Fe'. The addition of TBA-OTf does not affect the
equilibrium constant to any measurable extent, which is consistent with
observations reported by the Matyjaszewski group.®! This insensitivity
indicates that the enhanced solubility is primarily due to the effect of
charge separation by the large OTf" ions rather than by strong metal-
OTf interactions.

Plotted in Figure 4.9A are the values of Kmodel measured for different
binary NMP/anisole solvent compositions. The Ig(Kmode) data is plotted
vs the molar ratio of NMP to Fel!, xnmp/xrean, i.e. vs the content of the
highly polar solvent component relative to Fe. The dependence of Kmodel
on both the NMP and Fe!' mole fraction is confirmed by experiments in
a wide range of absolute Fe and thus NMP concentrations (cf.
Figure 4.9A). Kmodel in the absence of NMP is by more than two orders of
magnitude above the value measured for the highest xnwmr/xrean in bulk
NMP solution. The variation of Kmodel with xnNmp/xreqny becomes linear on
a double-log scale, as shown in Figure 4.9B. The decadic logarithm (Ig) is
more easily associated with decimal numbers, and is thus used instead
of the natural logarithm (In). The filled symbols refer to reaction in
mixtures of NMP with 2-butanone instead of NMP with anisole (open
symbols). The Kmodel values are slightly above the values measured for
anisole/NMP mixtures. A similar trend of Katre vs lg(xnmp/xrean) was
found for actual polymerization, i.e.,, for the ATRP of MMA with
different levels of NMP as cosolvent (see chapter 6.3.2).1%

As indicated by the straight lines in Figure 4.9B, the variation of
lg(kact) with lg(xnmp/xrean) is almost identical to the one of 1g(Kmode) with
lg(xnmp/xeean). Thus, the variation of Kmodet with solvent composition
appears to be essentially due to the associated change in kact with solvent
polarity, i.e., both quantities decrease toward increasing lg(xnmp/xFe(n).
At the same time, kdeact increases, but only by about a factor of two in
passing from low to high xnwmp/xrea (cf. Table 4.3). As described in
chapter 4.1.1, both lower ki and lower Katrr in polar solvents, are not
associated with a significant variation of the [Fe!BrsL]™ activator
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Figure 4.9: (A) 1g(Kmodet) vs xnmp/xre(ny and (b) 1g(Kmode) vs 1g(xnmp/xreqn)
for the reaction of EBrPA with FeBr: in solution of anisole (empty circles) or
2-butanone (filled symbols) with NMP at 60 °C. Also shown in (B) is the
plot of lg(kat) vs lg(xnmp/xrean) (triangles). Straight lines have been fitted to

the data in (b).

concentration (cf. Figure 4.3). The decrease of kat occurs primarily at
small amounts of the polar solvent component NMP, ie. at low
xnwme/xren (cf. Figure 4.9A). This observation indicates coordination of
NMP molecules to Fe'. Similarly, the FT-NIR absorbance of the
[Fe"BrsL]~ complex shifts by about 800 cm™ (10 kjmol™) to higher energy
(Figure 4.3) upon the addition of highly polar acetonitrile. The higher
energy for the d-d transition indicates a stabilization of the [Fe!'BrsL]-
species. The variations of kat and Katre correspond to a difference in
Gibbs energy of about 13 kJmol!. The decrease in kat should thus
essentially be due to the stabilization of [Fe'BrsL]™ in case of the ligand,
L, being a highly polar solvent molecule, such as NMP, MeCN, or
DME.1%5 The deactivation reaction via the [Fe'Bri]- complex is rather
insensitive toward the type of solvent due to the absence of solvent
coordination. The findings suggest that iron-based ATRP should
favorably be performed in less polar solvents.

The overall situation is clearly different from the one with Cu-
mediated ATRP, where kact is enhanced toward more polar solvents.®
The measured In(kat(Cu')) values are directly proportional to non-
specific solvent-solute parameters such as the Kamlet-Taft ones. The
enhancement of kact(Cu') is primarily due to the improved stability of the
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Table 4.3: Kmodet and kdeact at 60 °C for iron-halide-mediated ATRP model
systems in different solvents and with added tetrabutylammonium salt.

entry solvent?/ TBAsalt/ initiator  Kmodel at Kkaeact /
(=Ligand L)  1eq. 60 °C Lmols™
1 NMP - EBrPA 1.2 x 107 8.0 x 10°
2 2-Bu TBA-OTf  EBrPA 1.8 x10°° 3.3 x10°
3 2-Bu TBA-Br EBrPA 5.7 x 105 2.5x10°
4 2-Bu TBA-Br PMMA-Br 1.0x10° 5.0 x 10°

[a] 2-Bu = 2-butanone.

Cu"" deactivator complex and of the associated transition state because
of their dipolar character.®

A selection of absolute Kmodel in different solvent environments and
with different amounts of added tetrabutylammonium halides is listed
in Table 4.3. Kmodel and thus Katre may be efficiently tuned by suitable
selection of the solvent to yield an optimum ATRP performance for a
specified class of monomers. Iron-catalyzed ATRP in the presence of
NMP offers a high degree of livingness at low Katre (cf. Kmodel entry 1).%2
On the other hand, Katre may be significantly enhanced by replacement
of NMP by less polar solvents such as ketones (cf. Kmodel entry 2), esters,
and substituted benzenes, which may allow for high-performance
ICAR-ATRP.#84 In less polar solvents, ammonium salts such as TBA-
OTf were added for the better solubility of the catalyst (entry 2). Adding
1 equivalent of TBA-Br to FeBr: in 2-butanone almost quantitatively
produces [FeBrsL]" and further enhances Kmodel by about a factor of
three (entry 3).

Absolute Katre depends on the type of alkyl halide and may be
affected by radical chain length.?22"! To mimic both the type of halide-
capped radical species and chain size in the ATRP of MMA, a
poly(MMA)-Br initiator with a high degree of chain-end functionality
has been wused (see chapter83 for ICAR-ATRP synthesis of
poly(MMA)-Br with Mn = 8000 g mol™?).# As the degree of chain-end
functionality in ICAR-ATRP may be controlled by sensible selection of
the initial molar ratio of reagents, the amount of terminated chains
cannot exceed 3 % of the total number of chains. Solvent selection is
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particularly important for the model systems with poly(MMA)-Br, as
the solvent replaces the monomer as complexing species. Isobutyrate,
which may be looked upon as “saturated” MMA, cannot be applied due
to the poor solubility provided for Fe-species, even in the presence of
NMP or other ammonium salts. The number for Kmodel in solution of
2-butanone (Table 4.3, entry 4) is in excellent agreement with Katre
measured during an actual iron-mediated ATRP of MMA (Table 4.4,
entry 1). It should be noted that the chain-length dependent k: value was
taken for the analysis of Kmodel(poly(MMA)-Br). The number is available
from independent pulsed laser experiments?”? and was corrected for
actual solvent viscosity.200203-209

As seen with the monomer-free model systems, using 1equiv
TBA-Br instead of TBA-OTf enhances Katre by about a factor of four
(Table 4.4, entries 1 and 2). Addition of a second equivalent of TBA-Br
reduces Katre by about one order of magnitude (entry 3), which is
assigned to [FeBrsL]™ being transformed into catalytically less active
[Fe"Brs]> (see Figure 4.1). As with the model systems, Katrr with NMP
as cosolvent (entry 4) is by more than two orders below the value in
bulk MMA with the TBA-OTf additive (entry 2).

The Fe-based system [FeBrs(Solv)]™ in less polar solvents with the
TBA-Br additive, Katre (MMA) =1 x 107 at 60 °C, may be an attractive
alternative to, e.g., the Cu/PMDETA catalyst, for which the reported
Katre (MMA) at 25 °C amounts to 1.6 x 107 (entry 5).12 In Cu catalysis,
Katre increases upon ligand variation in passing from bipy <HMTETA
<PMDETA < TPMA < MesTREN (for the structures see ref. 3°) by about
four orders of magnitude. Tuning of Katre with the [FeBrs(Solv)]-
system may be carried out by simple solvent variation without the need
of adding external ligands. However, [Fe'Brs(Solv)]- cannot compete
with the catalytic performance of highly active Cu catalysts such as
Cu/TPMA or Cu/MesTREN.?10

Modifications of the iron halide catalyst by adding monodentate
ligands, such as amines, phosphines or carbenes have been frequently
used.52555759,6063-6580211212 [nterestingly, = the reported monomer
conversion vs time data suggests no significant enhancement of Katre
upon the addition of these ligands in comparison to ligand-free
FeBr/TBA-Br catalysis,'* when the relative amounts of catalyst and
initiator as well as polymerization temperature are taken into account.
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Table 4.4: Katre for iron-mediated ATRPs of MMA at 60 °C in different
solvents and with the indicated additives.

entry  monomer/ additives  equiv. Karre at 60 °C
solvent rel. to Fe

1 MMA TBA-Br 1 9.7 x 10

2 MMA TBA-OTf 1 2.2x10°

3 MMA/2-Bul? TBA-Br 2 6.4 x 107

4 MMA/NMPP - - 1.4 x 10781
Cu catalysis: ligand  rel. to Cu Karrr at 25 °C

5 MMA/MeCNFEl  PMDETAD! 1 1.6 x 10511021

lal Ratio of MMA : solvent=1:1; Pl PMDETA = N,N,N',N",N"-pentame-
thyldiethylenetriamine; [l mean value from a 1:2 and 2:1 monomer/solvent
mixture.!%

The speciation analysis should be helpful for arriving at a better
understanding of these Fe-ligand systems, which are derived from iron
halides. Selected systems will be studied in the following chapters and
Katre will be determined. A novel type of Fe catalyst will be explored in
chapters 5.1 and 6.4.

49



4 Kinetics of Fe-Mediated ATRP

4.2 Iron Halide Catalysts with Additional Ligands

4.2.1 N-Heterocyclic Carbenes

The complexes [Fe"BrsL]~/[Fe"Brs]~ with L being a solvent molecule are
active ATRP mediators. The composition of these species is very similar
in the case that the ligand, L, is a N-heterocyclic carbene such as HIDipp
(see Figure 4.10): [Fe"Brs(HIDipp)] was isolated after adding HIDipp to
a solution of FeBrs.2!! As compared to [Fe'Brs4]-, one bromide is replaced
by the HIDipp ligand. The associated Fe' complex usually occurs as a
dimer,  [Fe:Br2(u-Br)2(HIDipp)2], ~but may be  monomeric,
[FeBr2(HIDipp)2], when two equivalents of HIDipp are added.?'

ATRP of MMA in solution of anisole (50 vol%) was carried out in the
reverse fashion by reaction of [Fe"Brs(HIDipp)] with radicals being
produced by decomposition of the azo initiator V-70. In this way, the
Fe'l species and alkyl halide are produced in situ. The reaction was
started at 80 °C, where rapid V-70 decomposition ensures rapid
formation of alkyl halide. The short initiation interval assures a well-
controlled ATRP with narrow molar mass distribution. The reaction
mixture was subsequently cooled to 60 °C and ATRP continued for 25 h,
which yielded 52 % monomer conversion and a dispersity of 1.04. The
concentrations of [Fe"Brs(HIDipp)] as well as monomer conversion
were monitored via online NIR spectroscopy (Figure 4.11). The
absorption pattern of [Fe"Brs(HIDipp)] is similar to [Fe"Brs]". The Fe!
species does, however, not occur at a measureable intensity within the
wavenumber range covered in Figure 4.11.

The mean value for Katrr =2.3 x 10 (r.h.s. of Figure 4.11) is close to
the number measured with [Fe"'Brs]~ being the catalyst, Katrr =2.2 x 107°
(Table 4.4, entry 2). Nevertheless, N-heterocyclic carbenes as ligands to
iron halides may be preferable in that they improve catalyst solubility
and robustness at ppm concentrations.?!!
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NN Figure 4.10: [Fe"Brs(HIDipp)], where
_ T _ HIDipp = 1,3-bis(2,6-di-i-propylphenyl)4,5-
'BF’f /Fe.\.,,,,wgr dihydroimidazol-2-ylidine.
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Figure 4.11: (L.h.s.) VIS/NIR spectra measured during a reverse ATRP
of MMA at 60 °C mediated by 10 mM [Fe"Brs(HIDipp)] with 0.6 equiv of
V-70 acting as the azo initiator in solution of anisole (50 vol%). The online
NIR-spectroscopic monitoring of Fe and of monomer conversion yields
Karre (r.h.s. figure) as described in, e.g., chapter 4.2.3.

4.2.2 TPMA and TPMA*

Multidentate amines are common ligands for Cu-based ATRP.
Conversely, such ligands are scarcely used for Fe-ligand catalyst
formation.?425> Tris(2-pyridylmethyl)-amine (TPMA) and, in particular,
the substituted analogue, tris([(4-methoxy-2,5-dimethyl)-2-pyridyl]
methyl)amine (TPMA¥*), Figure4.12, yield highly active Cu-ligand
systems and were thus screened for potential use in Fe-based
catalysis.?!0

However, none of the two ligands provided active Fe-ligand
combinations when being added in stoichiometric amounts, either to
FeBr2 or to Fe(OTf)2. Attempts to polymerize MMA with EBrPA as the
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Figure 4.12: Tris(2-pyridylmethyl)-amine (TPMA) and tris([(4-methoxy-
2,5-dimethyl)-2-pyridyl] methyl)amine (TPMA*).

initiator at 60 °C were unsuccessful with almost no monomer conversion
being observed after 20h and with large dispersity, B> 3, of the
resulting oligomer. Further experiments were performed with
substoichiometric amounts of the ligand to Fe. TPMA* is preferable over
TPMA due to the solubility of the resulting Fe complexes in less polar
solvents such as 2-butanone, propylene carbonate or even toluene if
TBA-OTf is also added (see below).

Shown in Figure 4.13 are VIS/NIR spectra measured during ATRP of
MMA in solution of 2-butanone (50 vol%) at 60 °C starting with the
following initial molar ratio of reagents: [MMA] : [FeBrz] : [TPMA*] :
[EBrPA] : [TBA-OTf] =333:2.00:1.00:1.00 : 3.00, i.e., with just 0.5 equiv
of TPMA* with respect to FeBrz. The intensity of the absorption band at
around 10000 cm™ assigned to the Fe/TPMA* complex (probably
[Fe'(TPMA¥)]>*)?16-218 remains constant in the spectra recorded over 20 h,
indicating that the complex neither reacts with alkyl halide, nor
equilibrates into ATRP-active Fe! species. Due to the substoichiometric
amount of TPMA¥, the [Fe!'BrsL]- and [Fe"Brs]~ species are also present
and are assigned to be the mediators of ATRP. Eckenhoff et al. came to a
similar conclusion after studying several Fe-halide-based catalysts,
which contained 0.5 equiv of a multidentate amine.*®

Katrp(60 °C) =7.1 x 10, which was determined based on the
concentrations of [Fe'BrsL]- and [Fe'Brs]-, is almost identical to the
value found for the FeBr2/TBABr system in the absence of TPMA¥,
Katrr =9.7 x 10¢ (cf. Table 4.4). Adding substoichiometric amounts of
TPMA* has no effect on Katrr and ATRP is equally well-controlled,
D =1.10, with 70 % monomer conversion being reached after 20 h.
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Figure 4.13: VIS/NIR spectra measured during ATRP of MMA starting
with FeBr2: TPMA* : EBrPA=2:1:1 in solution of 2-butanone (50 vol%) at
60 °C. [FeMBrs]-, the Fe/TPMA* complex, and [Fe"BrsL]- may be monitored
at separate positions. The spectra recorded over 20 h indicate that [Fe"BrsL]-
is transformed to [Fe™Bri], whereas the Fe"/TPMA* complex is not
consumed. The dashed gray line illustrates the absorption pattern of
[Fe'BrsL]- for the initial spectrum after subtraction of solvent absorption.

4.2.3 Triarylphosphines?®

Phosphines are among the most frequently used additives in iron-
mediated ATRP**8 and generate economic and robust Fe catalysts. Their
influence on the rate and degree of control over an ATRP has been
studied for several monomers,®>% such as styrene®9-61219220 and
methyl methacrylate (MMA).52-5557-65212 [t is recommendable to add the
iron catalyst to the polymerization medium in the less air-sensitive,
higher oxidation state, Fe', which requires its reduction to start ATRP.
Iron-mediated ATRP with phosphines has been effectively carried out in
the presence8#8545863-65212 and in the absence®?? of external reducing
agents. The results suggest that phosphines themselves may reduce
Felll. 853 It was found that substituted, electron-rich phosphines accelerate

2 Reproduced with permission from Schroeder, H.; Matyjaszewski, K.; Buback, M.
Macromolecules 2015, 48, 4431-4437, Copyright 2015 American Chemical Society.
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polymerization®%® and improve functional group tolerance which
allowed for copolymerizations with HEMA and enabled conducting an
ATRP in the presence of methanol.>* Iron/phosphine-catalyzed ATRP
even operates in the absence of an alkyl halide or a thermal
initiator.4860212221-22¢  Dass et al. reported that dipolar interactions
between the carbonyl oxygen of MMA and the phosphorus atom are
mediated by the presence of the iron(Ill) halide complex.??>?2 The so-
induced catalytic formation of 1,2-dihaloisobutyrate was detected via
NMR spectroscopy.®’ Such in situ initiator formation is referred to as
generation of activators by monomer addition (GAMA) ATRP.%
Phosphine presents an essential additive for GAMA ATRP, since FeBrs
by itself retards radical polymerization.>

However, full understanding of the ability of different types of
phosphines to act as ligand,**® reducing agent*$> or assistant for chain
initiation*#% has not yet been attained. It is a matter of priority to
clarify the specific roles of phosphine and to achieve further mechanistic
insight. Therefore, phosphine-assisted Fe-mediated ATRPs and
associated monomer-free model systems were monitored via online
VIS/NIR spectroscopy. In addition, Katre was measured for the ATRP of
styrene, MMA, and BA. Of primary interest among the triarylphosphine
additives  (Figure 4.14) is  tris(2,4,6-trimethoxyphenyl)phosphine
(TTMPP), which has been reported to reduce iron(Ill) halides to iron(II)
compounds and is highly Lewis basic??® (pKa=11.2).48226227 The rate of
this reaction was also studied via online spectroscopic monitoring.

The ATRPs were started in the reverse fashion with the Fe catalyst
added to the reaction in the higher oxidation state, Fe', as illustrated in
Scheme 4.3. The reagents marked in red, i.e., the alkyl halide initiator,
the Br-Fe/L complex, TTMPP, and monomer, M, are the initial
components. The formation of the Fe!//L activator complex is expected to
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Scheme 4.3: Iron-mediated ATRP involving Fe and Fe™ complexes.
TTMPP acts as the reducing agent for the Fe!' complex. The type of ligand,
L, coordinated to iron will be specified below. Ru-Br refers to deactivated
chains, R«* to growing radicals of chain length 17, M to monomer, and kp and
ke to the propagation and the termination rate coefficient, respectively.

occur in situ via the reduction of Br-Fe'/L with TTMPP. The mechanism
and the kinetics of this reduction will be discussed in detail below, as
will be the type of ligand, L, including Br, the phosphine or solvent.

ATRPs of styrene were carried out at 100 °C in DMF solution
(33 vol%) wusing the following initial molar ratios of reagents:
[Sty]:[MBriB]:[FeBrs] =200 : 1.25 : 1.00. The polymerizations were carried
out with different levels of TTMPP: 0.5, 1.0, and 1.5 equivalents with
respect to FeBrs. Spectroscopic measurements were started just before
adding TTMPP to the reaction mixture at the target polymerization
temperature. Monomer conversion was monitored between 6250 and
6000 cm™ via online NIR spectroscopy as illustrated in Figure 4.15A for
styrene ATRP with 1.0 equiv of TTMPP. Only seven out of a multitude
of spectra recorded over 21 h are shown. The In([M]o/[M]) vs time traces
for all three levels of TTMPP are illustrated in Figure 4.15B. Especially in
the early polymerization stage, ATRP is significantly accelerated upon
increasing the amount of added TTMPP. This observation is in
agreement with reported data for ATRP carried out in heterogeneous
systems with anisole under otherwise similar conditions.>

Br-Fe/L was monitored between wavelengths of 15000 and
9000 cm™ as illustrated in Figure 4.15C. This absorption is highest at
time zero, prior to adding TTMPP. The Br-Fe'/L absorption band almost
completely disappears upon addition of 1 equiv of TTMPP due to the
rapid reaction of Br-Fe"/L with TTMPP. The associated formation of the
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Figure 4.15: Kinetics of ATRP monitored via online NIR spectroscopy:
(A) Monomer conversion measured between 6250 and 6000 cm™; (B)
In([M]o/[M]) vs time traces measured at three levels of TTMPP; (C) Br-Fel'/L
monitored between 15 000 and 9000 cm™; (D) Br-Fell//L is first reduced by
TTMPP and accumulates with reaction time, resulting from radical
termination and following the PRE.

Fe!l redox partner may be evidenced via the absorption between 9000
and 5000 cm™ (Figure S4) underlying the intense monomer band in
Figure 4.15A.22% No monomer conversion was observed prior to the
formation of Fe!' which indicates that ATRP is initiated via the Fe!
catalyst complex. The subsequent increase in Br-Fe'/L absorption is
consistent with the PRE.1% The measured Br-Fell/L. concentration vs
time curve is plotted in Figure 4.15D.

The absorption pattern in Figure 4.15C, measured prior to adding
TTMPP, was tentatively assigned to Br-Fel'/L and is actually due to
[FeBra], 184228 the expected primary species present in the absence of
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additives: [FeBrs] : [Fe(Solv)e]*>* = 3:1.2281% Quantitative formation of
[FeBrs]- from FeBrs requires additional bromide. The Fe!' bromide
complex, i.e., the redox partner in ATRP, may serve as a bromide
source.??® [FeBrs]~ should be the only Fe species as soon as the
formation of the Fe!' bromide complex allows for bromide transfer to
Felll.28 Interestingly, no major change in the shape of the Fe'!l absorption
band was observed after adding TTMPP, which suggests that [FeBri]-
remains the single Fe! species present in the reaction medium.
Fe TTMPP complexes have not been detected, probably because the
reduction of Fe' presents the preferred reaction pathway in ATRPs
conducted at elevated temperature. In the following discussion, [FeBr4]-
is assumed to be the single Fe species present in the reaction medium,
thus specifying the structure of the Br-Fe/L complex given in
Scheme 4.3 and Figure 4.15. Calibration of the [FeBrs]~ concentration vs
time traces was performed as described in chapter 4.1.2.

The online spectroscopic measurements indicate that a higher
TTMPP content yields progressively higher Fel:Fe!l ratios, thus
enhancing the rate of the ATRP, Rp, according to Equation 4.2. The
simultaneous measurement of both monomer conversion and [FeBr4]-
concentration allows for the quantitative analysis of Karmre via
Equation 4.2.%

dM .
R, =0k, - [RA- M) =K, K-

[Fe']-[R,X]

oM 42)

The propagation rate coefficient is precisely known from pulsed-
laser polymerization experiments”*$22% for systems of similar monomer-
to-solvent composition.?0%! The time-dependent concentrations of [Fe!]
and [Re«-X] are calculated from the following relationships:
[Fel'] = [Fel'lo-[Fe'] and [R#-X] = [Re-X]o—[Fel']. Katrr was found to be
independent of TTMPP content, and no significant change of Katre was
observed within the range of monomer conversions under investigation.
The so-obtained mean value for styrene at 100 °C amounts to
Katrr =7.6 x 107 (Table 4.5). This value is by about a factor of two above
the one found when using 1equiv of triphenylphosphine (TPP),
Katrr = 3.6 x 107, instead of TTMPP. Despite the level of uncertainty of
about * 30 %, the higher Katre suggests a weak interaction between Fe!l
and TTMPP. Also listed in Table 4.5 are the associated values for BA
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Table 4.5: Katrr for Fe-mediated ATRPs of different monomers with or
without TTMPP as the additive.

entry monomer/solvent T/°C equiv of Katrre
TTMPPLI

1 MMA / NMP (1:1) 60 °C - 1.4 x 1078 232

2 MMA / NMP (1:1) 60 °C 15 3.2 x 1078 1232

3 Sty / DMF (2:1) 100 °C 0.5-15 7.6 x107°

4 Sty / DMF (2:1) 100 °C 1.11b] 3.6 x 107

5 BA : NMP (2:3) 100 °C 1 9.0 x 10710

lal Equivalents of TTMPP with respect to FeBrs. Polymerization without
TTMPP (entry 1) was started with FeBr: instead of FeBrs. [Pl TPP was used
instead of TTMPP at the following initial molar ratios:
[FeBra] : [FeBrs] : [TPP]=0.86:0.14 : 1.10.

polymerization at 100°C, Kamre=9.0x10", and for MMA
polymerization at 60 °C, Katre = 3.2 x 10-%, which were obtained via the
same methodology using NMP instead of DMF as the highly polar
solvent. The value of Katrr (entry 2) is slightly enhanced by the presence
of TTMPP compared to the value measured with FeBr: in the absence of
any additive, Kamre=1.4x108 (entry1).22 The known reaction
enthalphies (cf. chapter 6.3.2) suggest that Katre for the TTMPP-assisted
ATRP of MMA should be around 6.0 x 107 at 100 °C, i.e., by about two
orders of magnitude above the value for styrene. The increase of Katrr
upon passing from BA to styrene and to MMA reflects the expectations
based on the relative bond strengths of the associated alkyl
hahdes‘44,201,233

The polymerization rate, as visualized by the In([M]o/[M]) vs time
plots, for homogeneous solutions in either DMF or NMP is enhanced as
compared to heterogeneous polymerization with anisole. Despite the
rate enhancement in homogeneous polymerization, the ATRPs of
styrene and MMA occurred in a controlled fashion. The dispersity
values were P=149 (PS) at 44 % and D=134 (PMMA) at 76 %
monomer conversion, respectively, with 1.5 equiv of TTMPP being
added in each case (Figure S5). While the heterogeneous system may be
the preferred option for synthesizing polymer due to the lower
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dispersity values® and the minor toxicity concerns with the solvent
anisole, the homogeneous system was selected as it enables the online
NIR spectroscopic studies. The measured molar masses were in good
agreement with the theoretical values calculated on the basis of the
amount of initially added alkyl halide (MBriB or EBrPA), e.g,
Mhsec =8900 g mol™? vs Mntheo =9200 g mol! for polystyrene. This
observation confirms that control over the polymerization was attained.
No impact of initiation via the GAMA ATRP mechanism was observed,
which would have resulted in a lower than predicted molar mass due to
the formation of an additional amount of initiator. Under the conditions
investigated, the reduction of [FeBri]- by TTMPP is the dominant
process, as detailed in the following section.

Reduction of [FeBri- by TTMPP. The rate of reduction of the
[FeBrs]- complex by TTMPP was measured in monomer-free systems
between 25 and 140 °C via online VIS spectroscopy (Figure 4.16A). An
equivalent amount of TBA-Br was added to a solution of 30 mM FeBrs in
DMEF to allow for quantitative formation of [FeBra]". After recording the
first spectrum, 0.5equiv of TTMPP were added. The subsequent
reduction of [FeBr4] in the presence of TTMPP was monitored via the
associated absorption bands between 15 000 and 9000 cm™ as illustrated
in the inset in Figure 4.16A.

At 25 °C, about 33 % of the total [FeBrs]™ is immediately reduced
after injecting 0.5 equiv of TTMPP into the reaction medium. However,
no further reaction occurs for several hours. Figure 4.16B illustrates that
1.5 equiv of TTMPP are needed for complete reduction of [FeBr4] at
25 °C (cf. Figure S6). Interestingly, the analogous reaction using TPP as
the reducing agent requires more than 100 h for the reduction of ca.
85 % [FeBra]~ at 25 °C. The lower rate of reduction may be related to the
weaker Lewis basic character of the unsubstituted triphenylphosphine.
The resulting lower ratio of Fel: Fe in TPP-mediated ATRP would
yield a lower polymerization rate than with TTMPP (cf. Equation 4.2),
although Katrr is similar (see Table 4.5). This observation is consistent
with the reported lowering of the ATRP rate with decreasing electron-
donating character of the phosphine.5253

As shown in Figure 4.16A, only 0.5 equiv of TTMPP are sufficient to
almost quantitatively reduce [FeBrs]™ at 140 °C within 4 to 5 h. TTMPP
thus predominantly acts as a reducing agent for [FeBrs]™ at elevated
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Figure 4.16: (A) Reduction of [FeBri]- with 0.5 equiv of TTMPP in DMF
at 25, 60, 100, and 140 °C monitored by online spectroscopy between 15 000
and 9000 cm™, see the inset; (B) reduction of [FeBrs]- by 1.5 equiv of TTMPP
or by 1.5 equiv of TPP monitored at 25 °C.

temperatures. At ambient temperature, more than stoichiometric
amounts of the reducing agent are needed for complete reduction,
which suggests that coordination of TTMPP to Fe also takes place.
Because of the ability to reduce Fe'!, the coordination of TTMPP should
almost exclusively occur to the Fe!! complex. Support for such
coordination is provided by the fact that an equimolar mixture of FeBr:
and TTMPP is insoluble in less polar environments, such as 2-butanone
and MMA, even though the individual components are soluble.??

3P NMR is particularly useful for deducing further information on
the interaction of TTMPP and Fe. The spectra shown in Figure 4.17 were
recorded in DMF-d7 at 25°C; the 'H NMR spectra are shown in
Figure S7. The chemical shift of TTMPP in the absence of Fe is
-66.7 ppm.?* This signal disappears in a solution containing equivalent
amounts of FeBr2 and TTMPP. It is assumed that the paramagnetism of
the so-formed Fe!'/TTMPP complex does not allow for the detection of
the associated 3P NMR signal. The signal of the free ligand at —-66.7 ppm
returns when 2 equiv of TTMPP are added to FeBr», indicating that only
one TTMPP molecule is coordinated to Fe!, most likely due to steric
limitations. A fourth spectrum has been recorded for a mixture of FeBrs
and 1.5 equiv TTMPP. A signal at -53.7 ppm appears which is due to the
presence of TTMPP-Br+** ie., the oxidized product of TTMPP
associated with the reduction of Fe!. Again no signal is observed for the
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Figure 4.17: 3'P NMR spectra of TTMPP in a metal-free DMF-d solution
(black), of 1 equiv of TTMPP with FeBr: (red), of 2 equiv of TTMPP with
FeBr: (blue), and of 1.5 equiv of TTMPP with FeBrs (green).

Fe'/ TTMPP complex, which should also be present. Upon the addition
of more than 1.5 equiv of TTMPP to FeBrs, the signal of the free ligand at
—66.7 ppm is additionally observed (not shown).

Dunbar and Quillevéré investigated the analogous reaction of FeCls
with TTMPP and characterized the X-ray structure of the TTMPP-CI*
(PY) product.?2¢ In addition to the NMR analysis, the bromine analogue
TTMPP-Br* was identified via ESI-MS (MeCN), m/z (%) = 611.1; 613.1
(10) for the reduction of FeBrs with an excess of TTMPP, m/z (%) = 533.2
(88). The reported X-ray structure for the Fe!/TTMPP complex is
[H-TTMPP]2[FezCl¢].226 The protonation of TTMPP (P™) occurs due to
the presence of HCIl, which is present in iron chloride as a
contaminant.??® In agreement with the X-ray structure, the peak position
of the NIR absorbance, determined for the dissolved Fel/TTMPP
complex, is also indicative of a tetrahedral Fe!' complex (Figure 54).228 It
is assumed that TTMPP predominantly occurs as non-protonated ligand
in the solutions, since HCI is present only in subequivalent amounts.
The non-protonated TTMPP may coordinate directly to Fe!, which most
likely yields monomeric complexes of otherwise analogous composition
(cf. Equation4.3a) as reported for the dimeric X-ray structure.
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Monomeric complexes have already been described for the structurally
similar [FeCls(NMP)]- and the [FeCls(PMes)]~ species.!82% Equation 4.3a
illustrates the suggested mechanism for the reduction of [FeBrs]~ by
TTMPP at ambient temperature, assuming coordination of TTMPP to
Fell,

2 [FeBra] + 3 TTMPP — >
2 [Fe'Brs(TTMPP)] + 1 TTMPP-Br* + 1 Br- (4.3a)

At higher  temperatures, TTMPP  decoordinates  from
[Fe"Brs(TTMPP)]-, see Equation4.3b. At 140°C, the complex is
apparently sufficiently labile, so that only 0.5 equiv TTMPP are required
for complete reduction of [FeBr4]", see net Equation 4.4.

2 [Fe"Brs]” + 1 [Fe!'Brs(TTMPP)]- —%

3 [Fe"Brs(Solv)]- + 1 TTMPP-Br* + 1 Br- (4.3b)
|
2 [Fe"Brs]- + 1 TTMPP — >
2 [Fe'Brs(Solv)] + 1 TTMPP-Br* +1 Br- (4.4)

It is evident that the transformation of TTMPP to TTMPP-Br* is a
two-electron process with TTMPP-Br* probably being the intermediate
radical. EPR spectra of TPP-Br* radicals were reported for annealed
glasses and single crystals.?3”23 Similar EPR features, which suggest the
occurrence of TTMPP-Br® intermediates during the reaction of [FeBrs]-
and TTMPP, were observed by recording EPR spectra of flash-frozen
solutions at 140 K (Figure S8). An interaction of both TTMPP and
TTMPP-Br® with Fe" may contribute to the curvature of [FeBrs]~ vs time
trace observed at 140 °C (cf. Figure 4.16A) and may in turn make the
determination of rate coefficients for the reduction of [FeBrs]- rather
complicated. One may, however, conclude that TTMPP primarily acts as
a reducing agent at the elevated temperatures typically used in Fe-
mediated ATRPs.

In principle, similar mechanistic scenarios should also apply to other
phosphines. TPP also reduces [FeX4]", even though the reaction is
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4.2 Iron Halide Catalysts with Additional Ligands

much slower than with TTMPP. The reported coordination of TPP to
Fell 4823 may be beneficial in enhancing the tolerance of the Fe! catalyst
to the presence of functional groups.’? Since TPP is a weaker base, even
Fell/TPP complexes are sufficiently stable for detection by both X-ray
and low-temperature EPR spectroscopy.?’ In the absence of an alkyl
halide, the TPP-mediated generation of activators by monomer addition
(GAMA) should be considered.*

Consequences for the Livingness of Fe-mediated ATRP. The
amount of the highly active reducing agent TTMPP in ATRPs at
T>100 °C needs to be carefully selected: Equimolar amounts of alkyl
halide, FeBrs, and the phosphine additive are commonly used in ATRP.
In such a case, all [FeBrs]™ is reduced in less than 2 min to a mixture of
[FeBr3(Solv)]™ and [Fe!'Brs(TTMPP)]" species. The TTMPP ligand can be
replaced by solvent and may reduce [FeBr4],, resulting from radical
termination and following the PRE. Such a continuous decrease of the
[FeBrs]~ deactivator content may, according to Scheme 4.3, produce large
amounts of dead polymer, unless substoichiometric amounts of the
catalyst are used. Such an unfavorable scenario may occur despite the
formation of polymers with acceptable dispersity values well below 1.5.
The consequences of catalyst regeneration in the phosphine-assisted
ATRPs should be considered for the selection of suitable reaction
conditions (vide infra).

With phosphine-containing Fe systems, even ATRP of acrylates is
feasible (cf. Katrr in Table 4.1), despite the kinetic complications
described in chapter 5.2.2. ATRPs with monomer conversion up to 86 %
and dispersities below 1.2 have been achieved.>*552!4 The overall ratio of
reagents was modified to achieve a high degree of chain-end
functionality (CEF) despite the catalyst regeneration via TTMPP. ATRP
of BA was carried out in anisole (25 vol%) at 100 °C and initial molar
ratios of [BA]:[MBriB]:[FeBrs].[TTMPP] =100:1.00:0.10: 0.15, i.e., with
just 5mM FeBrs. The [FeBrs  deactivator may be reduced and
subsequently be regenerated twice, but according to Scheme 4.3, each
regeneration is accompanied by an equivalent loss in CEF. However,
due to the presence of excess R-Br initiator, MBriB, compared to overall
Fe, the loss of CEF remains below 20 % of total R.-Br according to
stoichiometric considerations. 40 % monomer conversion and poly(butyl
acrylate) with a dispersity of P =156 was obtained. The higher
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4 Kinetics of Fe-Mediated ATRP

dispersity is a consequence of lowering the Fe content. More active Fe
catalysts with a higher Karre are required for achieving lower dispersity
and higher degrees of BA conversion at a similarly high level of
preserved chain-end functionality and at possibly even lower Fe
concentrations. ATRP of MMA and styrene at ppm levels of the iron
bromide catalyst is already feasible 5758678384

Even though no significant enhancement of Katre occurs, TTMPP is
an attractive additive for Fe-based ATRP, as it serves as a convenient
reducing agent for the stable Fe!! precursor. TTMPP is associated with
minor toxicity concerns as opposed to the commonly used tin(Il)-based
reducing agents'® and exhibits better solubility in the organic phase
than ascorbic acid.

In an attempt to find even more active Fe-based catalysts, the
following chapter explores amine-bis(phenolate)iron complexes,3%”
which are not generated in situ from an FeBr2 or FeBrs precursor. Even
though the systems studied so far operated exclusively via ATRP, it
should be considered that organometallic reactions may occur
concurrently with ATRP.
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The systems studied so far operate exclusively via ATRP, which
involves deactivation of propagating radicals by the catalyst in the
higher oxidation state, e.g., Fe'l. The reaction of propagating radicals
with the catalyst in the lower oxidation state, Fel,, is not contained in the
ATRP scheme, but such organometallic reaction may also play a role.

Chapter 5.1 presents a multi-spectroscopic analysis of RDRP
mediated by amine-bis(phenolate)iron complexes centering around the
question whether both equilibria, ATRP and OMRP, are operative.
Chapters 5.2.1 and 5.2.2 present SP-PLP-EPR investigations into ATRP
deactivation and organometallic reactions, respectively.
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5 The Interface of ATRP and OMRP

5.1 RDRP Mediated by Amine-bis(phenolate)
Iron Complexes®

One of the most efficient®®® amine-bis(phenolate)iron catalysts
(Figure 5.1) will be the subject of a detailed spectroscopic investigation
involving online monitoring of styrene and MMA polymerizations by
VIS/NIR spectroscopy combined with Mdssbauer, EPR, and NMR
spectroscopy. The results of polymerization reactions performed under
both ATRP and OMRP control®87241 will be discussed in the context of
the findings from the spectroscopic studies.

Figure 5.1: Structure of the ATRP deactivator, Cl-Felll/L,284041 and the
expected structure of the organometallic Ri-Fe!'l/L complex.

[llustrated in Scheme 5.1 are equilibria implicated in Fe-mediated
RDRP. It is evident that the Fe/L complex may participate in both
ATRP and OMRP pathways. According to the ATRP equilibrium,
activation of an alkyl chloride initiator by Fe'/L generates radicals, R*,
of chain length n along with the chain deactivator complex, Cl-Fel//L. In
the OMRP equilibrium, the reaction of Fe!'/L with R.* produces the
organometallic species, Rus-Fe'/L. This complex may undergo
subsequent reactions, the most important of which, with respect to the
present study, being the reverse reaction to Fe!'/L, known as reversible
termination (RT) OMRP. In addition, degenerative transfer (DT)
between Rn»* and R.-Fe!'/L may occur. The same reactants may also yield
dead polymer and Fe!/L. The net reaction is a catalytic termination of
two radicals, R:* and Rw®, via the Ru-Fel/L intermediate, which is
referred to as Fe-catalyzed radical termination (Fe-CRT, see
chapter 5.2.2).21242 Even though all of these organometallic reactions

3Reproduced with permission from Schroeder, H.; Lake, B. R. M.; Demeshko, S.; Shaver, M. P.;
Buback, M. Macromolecules 2015, 48, 4329-4338, Copyright 2015 American Chemical Society.
The synthesis of and OMRP with Fe!' was carried out by B. R. M. Lake and M. P. Shaver.
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ATRP R Fel/L 4
R, R°m/DT—OMRP
my Sl ny R - Rin
Cl-Fe"/L — Fe'/L — —= Fe'/L +(P,"+P,,)
+R,-Cl +Ry
-R}, RT-OMRP CRT

Scheme 5.1: Iron-mediated radical polymerization with a simultaneous
ATRP and RT-OMRP equilibrium. Both reaction pathways involve the
Fell/L activator complex and growing radicals, R«*, of chain length n.
Potential subsequent reactions such as degenerative transfer (DT) and
catalytic radical termination (CRT) are also included.

proceed via Ru-Fe/L, the catalyst design determines which
organometallic mechanism is dominant. The focus of the spectroscopic
studies centers around the question whether ATRP and OMRP equilibria
are both operating with the Fe catalyst under investigation, i.e., whether
both species, Cl-Fe'/L and Rx-Fe!'/L, are present during the reaction.

Both the Fel and the Fe!' catalyst under investigation are derived
from a chloro-substituted amine-bis(phenolate) ligand.?** The synthesis
of the highly air- and moisture-sensitive Fe/L species from an
Fell-bis(amide) precursor, [Fe(N(SiMes)2)2],%# has only very recently been
reported.?! The solution magnetic moment data, st = 4.7us, suggests a
high-spin electron configuration for this compound (see Figure 5.2 for
the reported crystal structure),?! which was found to crystallize as a
(u-OAr)2-bridged dimer, along with two molecules of solvent THF.

UV/VIS Spectroscopy. Initial polymerization studies were
performed with the stable (with respect to oxidation) Fe! species, i.e.,
CLANM2[O,NN']FeCl  (Cl-Fe"/L, Figure5.1). As illustrated in
Scheme 5.2, polymerization is initiated by rapid decomposition of a
thermal initiator. It should be noted that the structure of the primary
radicals, Ri*, which add to monomer, depends on the choice of the
thermal initiator and differs from the monomer-specific radicals, Rx*.
Reaction of R«* with the ATRP deactivator, Cl-Fe''/L, yields alkyl halide
and the reduced complex, Fel/L. In addition to the ATRP reaction,
organometallic species may be formed from Fe'/L, according to
Scheme 5.1.
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Figure 5.2: Crystal structure of the Fe'//L complex from ref. 241. Ellipsoids
are set to the 50% probability level. Hydrogen atoms and two molecules of
co-crystallized THF have been omitted for clarity.
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Scheme 5.2: Reverse ATRP mediated by the complexes Cl-Fe'/L and

Fel/L. The starting reagents are marked in red. Polymerization is initiated
by the decomposition of the thermal initiator, RiN=NRu.

polymer

Polymerizations of styrene and MMA were monitored via online VIS
spectroscopy (Figure 5.3). The styrene solution contained the ATRP
deactivator, Cl-Fe'"/L (2 mM), and AIBN (20 mM). The decomposition of
AIBN at 90 °C (t12=34min) produces growing styryl radicals, R»°,
which react with Cl-Fe/L according to Scheme 5.2 to yield Fe!/L and
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Figure 5.3: (A) The absorption of Cl-Fe!/L was monitored online at
around 500 nm during styrene polymerization at 90 °C. Cl-Fe!'/L is reduced
via the reaction with styrene radicals. (B) In MMA polymerization, rapid
transformation of Cl-Fe/L to Ru-Fe!/L at around 430 nm was observed as
represented by the increasing line thickness and the color transition to
orange. Cl-Fe'/L, monitored at 520 nm, is essentially formed back at
extended reaction times up to 20 h. (C) The formation of R.-Fe!'/L may also
be evidenced by the direct reaction of Fe!l/L with propagating radicals in the
absence of alkyl halide. (D) In the presence of alkyl halide, both Ru-Fe!/L
and Cl-Fe/L are formed from Fel/L. After 20 h, Cl-Fe/L turns out to be the
dominant species.

absorbance

Ri+-Cl. The associated reduction in the concentration of Cl-Fel/L is
monitored by a decrease in the absorbance at around 500 nm as
illustrated in Figure 5.3A (only six out of a multitude of spectra
recorded within 40 minutes are shown). The formation of the Fell/L
complex was evidenced via Mossbauer spectroscopy (vide infra). The

69
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experimental procedure used in these online VIS spectroscopy studies is
similar to the one commonly used in reverse ATRP (R-ATRP), except for
the lower decomposition rate of the thermal initiator and the excess of
AIBN being employed. An excess of AIBN was intentionally used to try
and facilitate the formation and detection of organometallic species.
However, neither Ri-Fel/L nor the Ri-Fe/L species involving the
initiator fragment (n = 1) were observed during styrene polymerization.
The absence of organometallic species is further demonstrated by the
Mossbauer measurements.

The polymerization of MMA under similar conditions was also
examined using online VIS spectroscopy (Figure 5.3B). The ATRP
deactivator, Cl-Fe/L (0.4 mM), was used as the initial Fe-containing
species, giving the absorption at around 520 nm. An excess of the
thermal initiator, V-70 (9 mM), was added to the polymerization at 70 °C
(t12(V-70) = 6 min). The reaction scenario illustrated in Figure 5.3B
clearly differs from the one in styrene polymerization, with the reaction
sequence being represented by increasing line thickness. The spectra
recorded within 15 min indicate that Cl-Fe/L is transformed into a
different Fe'l species with peak absorbance at around 430 nm (orange
line). The reaction was continued for 20 h at 80 °C, though only the final
spectrum is shown in Figure 5.3B. The position of the peak in this
spectrum (thick maroon line) is at 520 nm, indicating that the starting
Cl-Fe'/L complex has been re-formed. These observations are strongly
indicative of both ATRP and OMRP equilibria imparting control over
MMA polymerization initiated under R-ATRP conditions. In agreement
with the Mossbauer analysis discussed below, the intermediate Fe!ll
species seems to be Rq.-Fell/L. In contrast to styrene polymerization, the
Fel'/L complex, which is formed via the reduction of Cl-Fe'/L, quickly
reacts with MMA-type radicals, R.*, to produce R.-Fe'/L according to
the mechanism proposed in Scheme 5.3A. It should be noted that alkyl
halide, R«-Cl, is also formed while transforming Cl-Fe/L to Ru-Fe'/L
(cf. Scheme 5.3A). After the depletion of the V-70 thermal initiator, the
underlying RT-OMRP equilibrium (cf. Scheme 5.1) induces the
decomposition of Ru-Fe'/L back to Fe/L and R»* (Scheme 5.3B). Fe!l/L
progressively reacts with R.-Cl to produce CI-Fe/L. Over time, all R«*
species will disappear due to radical termination reactions, thus
producing CI-Fe/L as the final iron-containing compound after 20 h.
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Start 15 min
(A) [cI-Fe"/L] +R,, —— [Fe'/L] + R -CI =
+

n
—R,-CI
% +R,-Cl J

(B) —R; 20h depletion
of V-70

Scheme 5.3: Pathway for the reaction sequence illustrated in
Figure 5.3B. (A) Cl-Fe/L reacts with R« to Fe/L and R.-Cl. Fel/L
subsequently reacts with excess R«* to produce Ru-Fe/L. (B) The V-70
thermal initiator is depleted upon running the reaction for 20 h. R«-Fe™/L
decomposes and Cl-Fe"/L is formed back by the reverse reaction pathway.

With the Fe/L complex being accessible, the mechanistic
interpretation was checked by two further experiments. First, V-70
(14 mM) was added to a solution of Fe'/L (10 mM, i.e.,, 5 mM of the
Fel/L. dimer) in MMA/anisole (1:3, v/v) at 70 °C. Because of the absence
of alkyl halide, Cl-Fe/L cannot be formed. Only R.-Fe/L, which is
produced by the reaction of Fe''/L with propagating radicals, is observed
in the VIS spectrum at around 430 nm (Figure 5.3C). This finding is in
agreement with the Mossbauer analysis detailed below.

Secondly, an alkyl halide initiator, i.e., ethyl a-chlorophenylacetate
(ECIPA, 50 mM) was added to a solution of Fel/L (5mM) in
MMA/anisole (1:3, v/v) at 70 °C. Such a setup is, in general, typical for
ATRP, where Fe!'/L activates the alkyl halide to produce Cl-Fe/L and
primary radicals. However, in this system, the methacrylate-type
radicals, R«*, also react with the Fe!/L complex to produce Ri-Fe/L
along with Cl-Fe!/L. In the absence of a thermal initiator, the formation
of Ru-Fel'/L is accompanied by the production of at least the same
amount of Cl-Fe"/L, since each R.-Fe'/L requires first the formation of
R»* and thus Cl-Fel'/L. via ATRDP activation. This situation is illustrated
by the net equation shown in Schemeb5.4. In what follows, the
mechanistic scenario is identical to the one presented in Scheme 5.3:
Ru-Fel'/L decomposes as the reaction is continued for 20 h at 80 °C and
Cl-Fe'/L finally turns out to be the single Fe' species. The reaction
sequence is represented by increasing line thickness and a color
transition from orange to maroon in Figure 5.3D.
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2Fe''/L + R -Cl == + Cl-Fe'/L

Scheme 5.4: The net reaction for Fel/L and R«-Cl illustrates that
Rs-Fe/L may only be produced in equal amounts as Cl-Fe'/L. The absence
of a thermal initiator prevents the formation of excess Ru-Fe!l/L.

It should be noted that, in the case of styrene polymerization
initiated in the presence of Fe!/L, only species expected to be present
due to the ATRP equilibrium are observed (Figure S9). In this instance,
ATRP of styrene was initiated via the reaction of Fel'/L with the alkyl
halide initiator, PECl, which resulted in the formation of only a single
observed Fe!' species, Cl-Fe'/L. In the absence of alkyl halide, when
styrene polymerization was initiated at 110 °C by meso-1,2-bis(1-
phenylethyl)diazene (PEDA), which decomposes to styryl radicals, no
formation of R«-Fe/L from Fe''/L was observed (Figure S10).

Mossbauer Spectroscopy. ¥Fe Mossbauer spectroscopy provides
direct information on the oxidation and spin states of Fe species, and
thus was used to further corroborate the data provided by the online
VIS spectroscopy studies. Another important facet of Fe Mossbauer
spectroscopy is the provision of quantitative information on the relative
amounts of Fe complexes, which could infer the relative importance of
ATRP and OMRP equilibria in the RDRP of styrene and MMA. The
experimental procedures to yield the polymer samples subjected to
Mossbauer spectroscopy were similar to the ones for VIS spectroscopy,
except that higher concentrations of each component were used. Thus,
due to the specific adjustments required for each spectroscopic
technique, a wide range of reaction conditions was covered within the
experiments.

All Mossbauer spectra were recorded at 80 K, mostly on flash-frozen
solutions. The Mdssbauer spectrum of the Fell/L complex, shown in
Figure 54A, is the only one recorded on powdered Fe!/L. Two
subfunctions have been used to fit the overall spectrum, both indicating
typical parameters for a high-spin Fe! species, i.e, 6=1.09 and
1.16 mm s}, respectively (Table S3).2#> The subfunction of lower
intensity is assigned to a different molecular arrangement of the
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Figure 5.4: Fe Mossbauer spectra recorded at 80 K. (A) Powder
spectrum of Fe'/L. (B) Spectrum of CI-Fe/L (100 mM) recorded on a flash-
frozen styrene solution. (C) Spectrum of styrene polymerization indicating
the presence of Fe'/L (80 %) and of Cl-Fe"/L (20 %). (D)-(F) were recorded
from MMA polymerization with 66 vol% anisole. (D) was recorded on an
MMA polymerization carried out with V-70 (200 mM) and Cl-Fe/L
(50 mM). After 30 min at 70 °C, both Ru-Fe/L. (80 %) and CI-Fel/L. (20 %)
were observed. (E) R.-Fel'/L in 82 % yield also results from reaction of Fe!//L
(50 mM) with MMA-type radicals generated via V-70 (500 mM) at 60 °C.
After 20 h at 80 °C (F), Cl-Fe'/L (65 %) and R«-Fell/L. (35 %) were found.
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otherwise identical complex: either two different topological isomers or
a monomer/dimer equilibrium. Shown in Figure 5.4B is the spectrum of
Cl-Fe/L. (100 mM), 6=0.49 mm s7!, which was recorded on a flash-
frozen styrene solution. The Mossbauer parameters (cf. Table S3)
obtained from fitting the spectra in Figure 5.4A-B are used for the
interpretation of the spectra recorded on the actual polymerization
systems (Figure 5.4C-F). It turns out that the position of Fe!/L and
Cl-Fe"/L is insensitive toward the type of solvents used within this
work. The measured isomer shifts (cf. Table S3) are indicative of all Fe!
complexes being in the high-spin state.?40-24

The spectrum shown in Figure 5.4C was measured on a flash-frozen
solution from the polymerization of styrene at 85 °C initiated under
reverse ATRP conditions, starting with V-70 (120 mM) and Cl-Fe!/L
(100 mM). The analysis indicates the presence of Fe/L (80 %) as the
major component and of Cl-Fe'/L (20 %, cf. Table S3). No further Fe™
species were observed, which confirms the online VIS spectroscopy
data. It should be noted that the Mossbauer parameters of Fell/L are
identical to the intense subfunction of the powder spectrum in
Figure 5.4A, which suggests that the same dimeric Fe!' species is also
present in the flash-frozen solution.

The spectra shown in Figure 5.4D-F were recorded on flash-frozen
solutions from MMA polymerization in 66 vol% anisole. Figure 5.4D
illustrates the catalyst speciation analysis in a polymerization performed
at 70 °C with Cl-Fe/L (50 mM) and V-70 (200 mM), i.e., under reverse
ATRP conditions. The spectrum was recorded after 30 min and indicates
the presence of two different Fe!' species, assigned to Ra-Fe!/L (80 %)
and Cl-Fe'/L (20 %). As shown in Figure 5.4E, the same Ru-Fe'/L
species (82 %) also resulted from reaction of Fe'/L (50 mM) with MMA-
type radicals formed via the decomposition of V-70 (500 mM) at 60 °C.
The spectrum shown in Figure 5.4F was measured after running the
reaction illustrated in Figure 5.4D for an extended time period (20 h at
80 °C). It is evident that Cl-Fe"/L (65 %) is regenerated from Ru-Fe!'/L
(35 %). Thus, the mechanistic conclusions drawn from the Mdssbauer
spectroscopic measurements are identical to the ones observed in the
online VIS spectroscopic experiments (cf. Figure 5.4B-C), i.e., that the
RDRP of styrene is controlled by an ATRP equilibrium, whereas control
is imparted both by ATRP and OMRP equilibria during MMA
polymerization.
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EPR spectroscopy. Further verification of the mechanistic analysis of
iron-mediated styrene and MMA polymerization was obtained via EPR
spectroscopy. Both Fe' complexes, Cl-Fe/L and Ru.-Fel'/L, may be
detected in the solid state, i.e., on flash-frozen solutions of the
polymerization systems.

A solution of Cl-Fe/L (13.3mM) and V-70 (12.0mM) in
styrene/anisole (1:1, v/v) was prepared. The initial spectrum (purple
line) shown in Figure 5.5A was recorded at —-163 °C, with the signal at
~1500 G being assigned to Cl-Fe'/L. The sample was heated at 80 °C for
4 min thus inducing a rapid decomposition of V-70. The second
spectrum (gray line) was recorded after flash-freezing the sample, again
to -163 °C. The signal around 1500 G almost entirely disappeared due to
the reduction of Cl-Fe!/L to the Fe!'/L complex, which is not observable
by EPR spectroscopy. As with the other spectroscopic techniques, no
other Fe!' species were observed during styrene polymerization.

MMA polymerizations were studied in solution (50 vol% anisole)
starting with 3.0 mM Cl-Fe''/L and 15mM V-70. In between the
measurements at =170 °C, the sample was heated to 70 °C for the given
time interval to induce the decomposition of V-70. In contrast to the
observation with styrene, the Fel! signal around 1500 G is transformed
into a broader signal (Figure 5.5B) with a distinct shoulder indicating
the presence of two Fe!l species. This finding is in agreement with the
observations from VIS and Mossbauer spectroscopy. The spectral
change suggests partial transformation of Cl-Fe'/L to another Fel!-
containing species, in all likelihood, R.-Fe/L.

Consequences of the Mechanistic Insight for Controlled Radical
Polymerizations. The mechanistic analysis suggests that styrene
polymerizations using the investigated catalyst system operate via an
ATRP mechanism. The occurrence of this single polymerization
mechanism should be beneficial for the synthesis of polymeric materials
due to only one type of chain-end functionality (CEF) being present, i.e.,
the chloride-capped radical species. This situation could be
advantageous for subsequent modification of the polymer, e.g., for the
synthesis of block copolymers.

To probe the CEF in the ATRP of styrene, a 'H-NMR spectroscopic
study was performed. R-ATRP reactions were initiated at 90 °C via
decomposition of the thermal initiator, V-70. The crude polymer was
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Figure 5.5: (A) The initial EPR spectrum (purple line) was recorded at
-163°C on a flash-frozen solution of CI-Fel/L (13.3 mM) and V-70
(12.0 mM) in styrene/anisole (1:1, v/v). The second spectrum (gray line) was
recorded at —-163 °C after heating the sample at 80 °C for 4 min, thus
inducing a rapid decomposition of V-70. The signal around 1500 G almost
entirely disappeared due to the reduction of CI-Fe™/L. (B) Spectra recorded
on a solution which initially contained Cl-Fe/L (3.0 mM) and V-70 (15 mM)
in MMA/anisole (1:1, v/v). In between the measurements at -170 °C, the
sample was heated at 70 °C for the given time intervals to induce
decomposition of V-70. The Fe! signal around 1500 G is transformed into a
broader signal with a distinct shoulder indicating partial transformation of
Cl-Fe/L into Rn-Fe/L.

isolated by removing all solvents under reduced pressure. As illustrated
in Figure 5.6A, the 'H NMR signals of the V-70 initiator fragment
(—-OCHz) at 3.08 ppm (3H) and of the proton at the Cl-functionalized
carbon, -CHCl, at 4.35 ppm (1H) are well separated. The degree of
—CHCI functionality may be calculated by comparing the integration of
these two fragments, a process which assumes that all chains were
initiated by the primary radicals of V-70.

The ratio of Cl-Fel/L. and V-70 for the reverse ATRPs was selected such
as to have sufficient halide for ATRP deactivation of all generated
radicals. When ATRP was carried out with 45.6 mM Cl-Fe'/L and
169 mM V-70 up to ca. 10 % monomer conversion, the degree of
chlorine CEF amounted to 97 % (Figure 5.6B), thus being almost
quantitative. This observation confirms that no other type of CEF, e.g.,
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Figure 5.6: 'H-NMR analysis of CEF in Cl-Fe!//L-mediated ATRP of
styrene at 90 °C. (A) The '"H-NMR signals for the -OCHs fragment of the V-
70 initiator at 3.08 ppm (3H) and of the proton at the Cl-functionalized
carbon at 4.35 ppm (1H) are well separated. (B) Chlorine CEF amounts to
97 % for ATRP carried out with 45.6 mM Cl-Fe/L and 16.9 mM V-70 up to
ca. 10 % monomer conversion. The decrease in %(—CHCI) for spectra
recorded at higher degrees of monomer conversion is consistent with
expectations based on radical termination rate (see main text).

metal-capped radical species (R:-Fe/L), occurs to any significant extent.
It should be noted that in ATRP, as in all radical polymerizations,
radical-radical termination cannot be avoided. As a consequence, the
degree of CEF decreases with time, i.e., toward higher degrees of
monomer conversion. The loss in CEF, i.e., in the concentration of dead
chains without chlorine functionality, [T], may be estimated via
Equation 5.1,%# where [T] is a function of monomer conversion, conv,
and time, t. The associated rate coefficients for termination, k:2° and
propagation, kp, ! are found in the literature. Monomer conversion was
determined via NIR spectroscopy.'®

The decrease in %(-CHCI) may be explained based on radical-
radical termination rate and the associated conversion vs time profiles
used to calculate [T] according to Equation5.1. This observation

2k, -dIn(1- conv)?
k,” - dt

P

[T =2k, [R;]? -t =

(5.1)
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confirms that no further loss of CEF via a different termination
mechanism occurs. The Fe-CRT reaction (Scheme 5.1) does not appear to
affect Cl-Fe'/L-mediated ATRP of styrene. In ATRP, it is generally
desirable to obtain polymers with a high degree of CEF, which may be
achieved by carrying out ATRP with an excess of alkyl halide as
compared with the total amount of Fe (vide infra).

In contrast to styrene polymerizations, a dual control mechanism
including ATRP and OMRP equilibria is operative in MMA
polymerization. As illustrated by the VIS spectra in Figure 5.3D, both
mechanisms contribute even in the presence of an excess of the ATRP
initiator, R-Cl, relative to the Fe-mediator. Nevertheless, Cl-capped
radical species should be the dominant type of CEF under such
conditions, since the OMRP pathway has the obvious restriction of
requiring stoichiometric amounts of Fe'//L and Rx".

Variation of temperature may favor one of the two mechanisms,
even though both the ATRP of styrene (Figure S11A) and the OMRP of
MMA (Figure S11B) are significantly accelerated at higher temperature.
The rate enhancements are partially due to the increase in the associated
propagation rate coefficients.?!?> Moreover, both the ATRP and OMRP
equilibria are expected to be shifted to the side of the active radical
species. Nevertheless, both mechanisms are not equally important when
simultaneously in operation. The R.-Fe'/L complex is quite labile in
MMA polymerizations carried out above 90 °C. Under these conditions,
ATRP should be the dominant mechanism, especially at increased
polymerization times (Scheme 5.3). The polymerization temperature for
OMRP-only processes, i.e., in the absence of alkyl halide, should also be
selected carefully. Lower temperature increases the stability of R«-Fe!l/L
but also provides lower rates for the deactivation of R.* with Fe!//L.%

Protocols for ATRP and OMRP. As shown in Figure 5.6B, radical
termination affects each RDRP in that the degree of CEF is progressively
lowered toward increasing polymerization time. To synthesize polymer
with a high degree of CEF, one should make use of the beneficial
situation that ATRP does not require stoichiometric amounts of catalyst
and initiator. Radical termination in ATRP results in the loss of chain-
end functionalized alkyl halide and simultaneously in the loss of Fe!//L
that is converted into persistent X-Fe!'/L species. The polymerization
will essentially cease when all of the Fe/L mediator is converted to
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X-Fe/L. Therefore, the loss of CEF is small if an excess of the alkyl
halide initiator as compared with the total Fe content is used. As an
example, ATRP of styrene was carried out at 100 °C in solution of
anisole (25vol%) with the following molar ratios of reagents:
[Sty] : [PECI] : [Fe'/L] : [CI-Fe'/L]=100:1.00:0.17:0.04. Based on
stoichiometric considerations (17 % Fe'/L with respect to PECI), the
degree of CEF will in any case be better than 83 %. After 23 h, 50 %
monomer conversion was reached yielding polymer with a dispersity of
D =114 (entry 1, Table 5.1) and an experimentally obtained number
average molar mass, Mnsec=6200 gmol!, which is in reasonable
agreement with the theoretical value, M theo = 5350 gmol™. Owing to the
excellent catalytic performance of [O2NN']Fe in styrene polymerizations,
ATRP may be carried out at even lower levels of the catalyst.®

Listed in Table 5.1 are further examples of polymerization reactions
started with the Fe'/L mediator and performed under ATRP and/or
OMRP control.?*! Polymerization of MMA at 120 °C initiated by an alkyl
halide, PECl, operates under simultaneous ATRP and OMRP control
yielding a dispersity of D =1.22 (entry 3).2#! An advantage of being able
to isolate an RDRP mediator in its lower oxidation state, Fell, is the
possibility of using this compound under OMRP conditions in the
absence of alkyl halide, where the intervention of an ATRP mechanism
is not possible. Dispersities as low as 1.29 were reported in case of MMA
using either AIBN or V-40 (entry 4) as the radical initiators at 110°C.24
Control in OMRP was better at elevated temperatures.?! As expected
from the spectroscopic analysis, Fe!'/L. under OMRP conditions is not an
efficient mediator of styrene polymerization (entry 2).24!

Table 5.1: Data for the polymerizations of styrene (Sty) and MMA
under ATRP and/or OMRP control started with ¢/CINMe2[OQ,NN'|Fell.

entry monomer initiator T/°C mechanism P ref.
1 Sty PECI 100 ATRP 1.14  this work
2 Sty V-40 or AIBN 110 uncontrolled >1.5 241
3 MMA PECI1 120 ATRP-OMRP 1.22 21
4 MMA  V-40or AIBN 110 OMRP 1.29 21
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5.2 Analysis of Rate Coefficientsvia SP-PLP-EPR

Because of the kinetic complexity, the precise knowledge of the
mechanism and of the individual rate coefficients is necessary for
improving Fe-mediated RDRP. The SP-PLP-EPR technique is
particularly useful for investigations into the kinetics of radical
polymerization, since the concentration of the propagating radical may
be measured with high time resolution after pulsed-laser-induced
radical production. Metal complexes with unpaired electrons such as
Cul' or high-spin Fell are also EPR-active.?21762% One SP-PLP-EPR
methodology has been developed for measuring ATRP deactivation
rate, i.e., the reaction of Fe' with propagating radicals. SP-PLP-EPR is
also used for measuring the catalytic termination of radicals mediated
by Fe!, which presents one type of organometallic reaction.

5.2.1 ATRP Deactivation®

EHMA® | __ dIn(EHMAT]) Fe"

~|—

dt-[Fe"]
(\G\G\G time/s field / [G]

intensity

This chapter deals with an SP-PLP-EPR approach to measure ATRP
deactivation rate for amine-bis(phenolate)iron-mediated polymerization
of 2-ethylhexyl methacrylate (EHMA). As shown further below, the SP-
PLP-EPR experiment is carried out so that ATRP deactivation kinetics is
monitored without the interference by organometallic reactions.

4 Reproduced with permission from Schroeder, H.; Buback, M. Macromolecules 2015, 48, 6108—
6113, Copyright 2015 American Chemical Society.
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5.2 Rate Coefficients via SP-PLP-EPR

SP-PLP-EPR studies into kdeact are performed more easily in case
that deactivation rate is much faster than termination, which is the
reason why EHMA was selected as the monomer for this first study into
Fe-mediated deactivation rate. EHMA radicals terminate by more than
one order of magnitude slower than MMA radicals under otherwise
identical conditions.!*>22 EPR is more sensitive toward the detection of
methacrylate-type radicals compared with, e.g., styryl radicals, where
the EPR intensity is spread over a multitude of lower-intensity peaks.
Other than with acrylates, complications due to backbiting and thus
midchain-radical formation are not met with methacrylates.

[lustrated in Scheme 5.5 is the scenario for measuring the ATRP
deactivation rate coefficient, kdeact, Which resembles the one of reverse
ATRP in that the catalyst is employed in the higher oxidation state, i.e.,
Cl-Fe'/L. The starting reagents are marked in red. MMMP acts as the
photoinitiator for producing primary radicals which rapidly add to
monomer molecules, M. Propagating radicals, R«*, of chain length n,
react with the Cl-Fe'/L complex to generate deactivated alkyl halide,
R:-Cl, and the Fe''/L complex. In addition, the radicals may terminate
and produce dead polymer.

The system under investigation involves 3.0mM of the
amine-bis(phenolate)iron(Ill) chloride complex, Cl-Fe/L (for the
structure see Figure 5.7A), and 50 mM MMMP (for the structure see
Scheme 5.5) in solution of a mixture of EHMA and anisole (25 vol%).
MMMP?* was chosen as the photoinitiator due to its strong absorption
at the laser wavelength of 351 nm.

Shown in Figure 5.7A are EPR spectra of Cl-Fe/L with maximum
intensity at around 1560 G. The spectra were recorded on flash-frozen
solutions at —153 °C, as this complex may only be detected in the solid
state. After recording the initial spectrum (red line), the solution was
heated to —40 °C. At this temperature, the SP-PLP-EPR analysis for kdeact
was carried out by applying up to 40 laser single pulses. Subsequently,
the solution was flash-frozen back to —153 °C and the conversion of
Cl-Fe'/L was measured via the double integral of the spectra in
Figure 5.7A. The conversion of Cl-Fe!''/L per pulse sequence turned out
to be well below 10 %. In the experiments at temperatures above —40 °C,
only about 15 pulses were applied to keep the overall Cl-Fe!'/L
conversion below 5 %. Thus, only minor amounts of Fe!!/L are produced
which ensures that the reverse reaction, ATRP activation, does not occur
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7\ Me o kp
Ou’HM:b @
SME\ R, + Cl-Fe'l/L —== R,-Cl + Fe'/L
MMMP : kdeact
k. : R
Y

dead polymer

Scheme 5.5: SP-PLP-EPR measurement of kdeat. The starting
components, i.e., the photoinitiator MMMP, monomer M, and the Cl-Fe™/L
complex are marked in red. The primary radicals generated via laser
pulsing produce propagating radicals, R«*, of chain length n. Deactivation of
Ru* yields alkyl chloride, R.-Cl, and Fe'/L. The scheme includes radical
termination to dead polymer.
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Figure 5.7: (A) EPR spectrum (red line) recorded on a flash-frozen
solution of 3.0 mM Cl-Fe/L. and 50 mM MMMP in EHMA and anisole (3:1,
v/v) at —153 °C (120 K). The second spectrum (black line) was recorded on
the same solution and also at =153 °C, but after applying 40 laser pulses at
-40 °C. (B) The spectrum of EHMA"* radicals was recorded at —40 °C using a
pulse repetition rate of 20 Hz to identify the appropriate field position,
indicated by the arrow, for time-resolved detection of EHMA"*
concentration.
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5.2 Rate Coefficients via SP-PLP-EPR

to a significant extent. This favorable situation is achieved due to the
SP-PLP-EPR experiment being instationary, which does not require the
activation—deactivation equilibrium state to be reached.

Shown in Figure 5.7B is the spectrum of EHMA radicals recorded
between 3300 and 3400 G at —40 °C using a pulse repetition rate of
20 Hz. This spectrum serves the purpose of identifying the appropriate
field position for time-resolved detection of EHMA radicals (cf.
Refs 143202) - which is indicated by the arrow in Figure 5.7B. This
spectrum may be recorded without interference by the broad absorption
of the metal complex, since Cl-Fe''/L. only shows up in the EPR solid-
phase spectrum. On the other hand, the EPR signal of EHMA* does not
disturb the Cl-Fel/L spectrum shown in Figure 5.7A, as the EHMA®*
radicals quickly disappear after laser-pulsing.

Shown in Figure 5.8 are the [EHMA"*] vs time traces recorded at
-40°C (A) and +40 °C (B). In each case, an intense burst of EHMA®*
evolves at time zero, t = 0, when the laser single pulse hits the sample. It
should be noted that the time scale is much shorter for the experiments
at higher temperature. At both temperatures (Figure 5.8A-B), the
[EHMA"] vs time traces were recorded in the absence'” and in the
presence of Cl-Fel/L. In the absence of Cl-Fe''/L, the decay of EHMA"*
concentration is entirely due to radical-radical termination (cf.
Scheme 5.5). Interestingly, the decrease in EHMA-* concentration at
—-40 °C is not significantly accelerated by the presence of 3.0 mM
Cl-Fe'/L (Figure 5.8A). This observation indicates a relatively slow
ATRP deactivation rate at —40 °C. The situation is clearly different at
+40 °C (Figure 5.8B), where the decay in [EHMA*] with 3.0 mM
Cl-Fe'/L is significantly faster, which is the expected effect of an
efficient ATRP deactivator. After 0.1 s, the EHMA® concentration in
Figure 5.8B decreases below the EPR detection limit.

The initial Cl-Fe'/L. concentration of 3.0 mM was selected to obtain a
clear and accurately measurable effect. Higher Cl-Fe!''/L concentration
would be associated with higher deactivation rate, which may be
difficult to analyze at +40 °C and above with the currently available time
resolution of the EPR setup. Moreover, initial Cl-Fe!/L concentration
and laser pulse intensity were balanced such as to generate only trace
amounts of Fel/L, thus avoiding any interference by organometallic
reactions between Fe''/L and Rx*. Such trapping of R.* by Fe'/L would
result in an enhanced decay of [EHMA"*] vs time, which was, however,
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Figure 5.8: (A) Relative EHMA" radical concentration, [R*]/[R*]o, vs time
recorded at —40 °C with the laser single pulse being applied at time zero.
Two [R*]/[R*]o vs time traces, one in the absence and one in the presence of
3.0 mM Cl-Fel/L, were recorded. The black line illustrates the PREDICI®-
simulated data for the experiment with Cl-Fe'/L. Figure 5.8B shows the
results of the analogous experiments carried out at +40 °C. Again, the black
line is from PREDICI®-simulation. The experimental data for the iron-free
systems, w/o Fe, are from ref. 17°.

not seen in experiments with 5, 10 or 15 applied laser pulses, neither at
-40 °C, nor at +40 °C. Organometallic reactions may play a role at higher
degrees of Cl-Fe/L conversion, which were avoided in the present
study. A particular advantage of measuring ATRP deactivation by SP-
PLP-EPR relates to the fact that this technique enables the precise
control of Cl-Fe'/L conversion by sensible selection of the number and
intensity of applied laser pulses. Investigations into the kinetics of
organometallic reactions may be carried out via SP-PLP-EPR
experiments starting from the Fe'/L complex.2#22%

As has been mentioned above, the analysis for kdeact benefits from an
increase in the ratio of deactivation to termination rate. This is why
EHMA, where termination is much slower than, e.g., with methyl
methacrylate, has been selected for this study into kdeact.143> Moreover, the
low melting point and the high boiling point of the EHMA/anisole
mixture allow for measuring kdcact within a wide temperature range.

Deactivation is a first-order reaction in [R*], whereas radical-radical
termination is second order in [R*]. As a consequence, termination may
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Figure 5.9: In([R*]o/[R*]) vs time traces for —40, 0, and +40 °C. The
curvature in the early time regime is indicative of significant contributions
from radical-radical termination. Straight lines have been fitted to the data
for later times where ATRP deactivation controls the decay of radical
concentration.

control the kinetics in the early time period of the SP-PLP-EPR
measurement, where radical concentration immediately after applying
the laser pulse is very high. The analysis of kdeact Was carried out in the
region of lower radical concentration, i.e., at longer times after laser-
pulse application, where radical-radical termination plays a minor role
and may be ignored.

Shown in Figure 5.9 are In([R*]o/[R*]) vs time traces for experiments
carried out at +40, 0, and —40 °C. The curvature in the early time regime
is indicative of significant contributions from radical-radical
termination. Straight lines have been fitted to the data for the later time
regime where ATRP deactivation controls the kinetics. The slope of the
straight lines fitted to the In([R*]Jo/[R°]) vs time data yields the product
kdeact x [Cl-Fe'/L] according to Equation 5.2. The Cl-Fe'/L concentration
does not vary significantly during the experiment. The mean value of
Cl-Fe/L concentration measured before and after laser-pulse
application via an EPR experiment as presented in Figure 5.7A, is used
to calculate kdeact. The SP-PLP-EPR method is very convenient in that no
calibration for absolute radical concentration is required. The estimate of
kdeact is based on relative radical concentrations, [EHMA ]/[EHMA"*]o,
and thus on relative EPR intensity.
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I' +M—2L 5R: (5.3)

R +M—® R: | (5.4)

R +R;, —“ P (5.5)

R;, +Cl-Fe"/L — w2t 3R -Cl+Fe'/L (5.6)

Scheme 5.6: Reaction scheme used for the simulation of the [R*]/[R*]o vs
time traces from SP-PLP-EPR experiments. kp1 was assumed to be 10xkp.
All other rate coefficients were taken from literature for the particular
polymerization temperature (see text).

BLIRD - erretn (52)

Although a similar evaluation strategy has been successfully applied
toward analysis of iron(II) halide-mediated organometallic reactions,?
we verified our procedure by simulation of [EHMA*] vs time traces on
the basis of the reaction steps in Scheme 5.6 using the PREDICI®
program.? The value of kdeact (40 °C)=(1.2+0.2) x10* Lmol's™, as
determined from the first-order analysis, was introduced into the
simulation. The average Cl-Fe!'/L concentration was 2.97 mM. [IJo was
adopted and checked by modeling to be 1.8x10°mol L, kp(40 °C)
amounts to 740 L mol's™,%” and the composite-model parameters!43144
for chain-length-dependent kt are!'” o=0.61, «1=0.19, and
ic(40 °C) =100. The termination rate coefficient, ki!, was varied by a
factor of six to check whether this variation affects the first-order
analysis of kdeact.

Shown in Figure 5.10 are five simulated In([R*]Jo/[R]) vs time traces
with ki! being varied between 1.0x107 and 6.0x107 Lmol-'s™. Toward
higher termination rate, the initial curved region of the In([R*]Jo/[R"]) vs ¢
traces extends over a larger time range. Within the subsequent straight-
line region, the In([R*]o/[R*]) vs t correlations are essentially parallel to
each other. Thus, irrespective of the value adopted for the termination
rate coefficient, the same number for kdeat as introduced into the
simulation is obtained. Using k! = 2.8x10” Lmol's™, i.e., the bold value
in Figure5.10, yields an excellent agreement of experimental and
simulated [R*]/[R*]o vs time traces for 40 °C (Figure 5.8B). The simulation
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Figure 5.10: Simulation of In([R*]o/[R*]) vs time, f, and vs chain length, i,
for an SP-PLP-EPR experiment at 40 °C. k! was varied from 1.0x107 to
6.0x107 L mol-'s™. Further parameters used for simulation are given in the
text. Despite the differences in the early time regime, the In([R*]Jo/[R*]) vs ¢
traces calculated with different termination rates become essentially parallel
toward larger t and thus yield identical kdeact.

demonstrates that the linear part of the In([R*]o/[R*]) vs ¢ correlation at
later stages of the radical decay refers to kinetic control by ATRP
deactivation. Analysis of this part of the highly time-resolved EPR trace
thus allows for reliably measuring kdeat. As indicated by the upper
abscissa scale in Figure 5.10, the measured In([R*]o/[R*]) vs time traces
may allow for an analysis of rate coefficients as a function of chain
length, i=kpx cmx t+1. Our analysis suggests that kdeact is chain-length
independent, at least within the range of chain lengths covered in the
present study, i.e., for radicals up to i=280 (at 40 °C), since a single
value of kdeact suffices for modeling each [R*]/[R*]o vs t trace.

Further measurements of ATRP deactivation rate were carried out
between —40 and +80 °C. Shown in Figure 5.11 is the Arrhenius plot of
the so-obtained kdecact data. The associated activation energy was
determined from the slope of the straight-line fit to be:
Ea(kdeact) = (35 £5) kJmol™. Given in Equation5.7 is the Arrhenius

87



5 The Interface of ATRP and OMRP

E (k. )=(35+5)kimol”

deact:

0.0630 0.0I035 O.OIO4O
THK?
Figure 5.11: Arrhenius plot of kdeat. The activation energy associated
with the slope of the straight line is Ea(kdeact) = (35 = 5) kJmol-'.

expression for kdeact. The measured value at the lowest experimental
temperature of —40 °C slightly exceeds the value given by the Arrhenius
relation. This deviation is within experimental accuracy, but may also be
due to the small size of kdeact which may induce some interference of
radical-radical termination with the first-order analysis for deactivation.
It should be noted that the value of kdeat at —40 °C given by the
Arrhenius fit, kdeact =1.4x10? Lmols™!, provides excellent agreement of
the simulated [R*]/[R°]o vs time trace with the experimental data, as
shown in Figure 5.8A.

4078
In(k,. ./Lmol's?)=22.44-——— 5.7
( deact ) T /K ( )

The high value of Ea(kdeat) indicates that ATRP deactivation is a
chemically controlled process which encompasses the cleavage of the
iron-halogen bond and the structural reorganization of the complex.7
Ab initio calculations carried out by Lin et al.?8 as well as theoretical and
experimental investigations by Isse et al.?®® suggest that ATRP
deactivation proceeds in a concerted fashion: The inner-sphere electron
transfer (ISET) involves the transfer of an electron from the propagating
radical, R°®, to the metal center and the transfer of a halide ion.17°
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Interestingly, Ea(kdeact) is significantly above the activation energy for
EHMA propagation, Ea (kp enma) =20 kjmol 227 In contrast, the
activation energy for the deactivation of DMA-type radicals by
Cu"Br2(HMTETA) was reported to be =21.5kJmol™? (cf. Table 5.2),17°
which is very close to Ea(kp, pma) = 22.4 kJmol1.257200261 RDRP involving
the amine-bis(phenolate)iron chloride complex, “<NMe2[O,NN']Fel'Cl,
should thus be carried out at elevated temperature due to the beneficial
increase of deactivation rate relative to propagation rate, which
improves control and narrows molar mass distribution. Extrapolation
via Equation 5.7 yields kdeact = 1.7 x 10° Lmol!s™ at 120 °C, which is by
about a factor of 50 above kp(120 °C).%” This difference affords a
balanced  ratio of  deactivation and  propagation rate,

kdeact~[Cl—FeIH/L]~[R;]zkp'[M]~[R;], as the monomer content is well

above Cl-Fel/L concentration. For RDRPs of MMA at 120 °C,
dispersities as low as 1.2 have indeed been reported.®

Listed in Table 5.2 are reported kdeact values determined for ATRP
systems involving polymeric methacrylate-type radical species.!”0228 At
60 °C, kdeact for the /CINM2[OoNN']FeCl complex is by approximately
one order of magnitude below the kdeact value reported for [FeBrs]- and
by about two orders of magnitude below = kdeat for
Cu"Br2(HMTETA).176228  This difference decreases toward higher
temperature because of the high Ea(kdeact) for </C"NMe2[O,NN']FeCI. Only
minor effects on kdeact are expected to occur as a function of the size of
the ester side chain, i.e., in between MMA, EHMA, and DMA, since
deactivation occurs under chemical control and the side chain is located
relatively far off the carbon-centered radical site. The kp values, e.g., for
EHMA and MMA at 60 °C also differ by less than a factor of 1.5.262263

Of key impact on the size of kdeactis the strength of the metal-
halogen bond, which strongly depends on the type of halogen. In Cu
catalysis, kdeact for Cl complexes is by about one order of magnitude
below the value for the associated Br species, as may be inferred from
monomer-free systems involving methacrylate-type radicals of chain
length wunity.®® The deactivation rate of the bromine analogue,
[O:NN'|Fel'Br, thus will be closer to the values for [FeBri]- and
Cu'Br2(HMTETA) listed in Table 5.2. The size of kdeat makes amine—
bis(phenolate)iron an attractive catalyst system for well-controlled
RDRPs.8687
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Table 5.2: kdeact at 60 °C and activation energy, Ea(kdeact), for ATRP of
methacrylate-type radicals mediated by different deactivator species.

entry deactivator monomer Kkdeactat 60°C  Ea/ ref.
/Lmol?s? kJmol™

1 CoNve2[O,NN'[Fe™Cl EHMA  27x10*  35%5 thiswork

2 [TBA][Fe"Brs] [ MMAL 5.0 x 10° - 228
3 Cu'Br2(HMTETA) 1  DMA 2.2 x 106 21.5+5 176
(I TBA = tetrabutylammonium; ©® HMTETA = 1,1,47,10,10-

hexamethyltriethylenetetramine; I’ PMMA-Br of molar mass 8000 g mol!
dissolved in 2-butanone is used as the initiator.

5.2.2 Fe-Mediated Radical Termination®

I\ Meo
o} N
—/ Me
;351“ e COOBu
intensity H
BuOOC” \V+R
COOBuU
cat. ‘
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[Fe' Fe
dead polymer
time/s
\6\6
e

The SP-PLP-EPR technique was used to study the catalytic termination
of two propagating radicals by Fe'. Even though polymerization with
the [Fe!Br3(Solv)]" mediator is ATRP-controlled, the catalytic
termination turns out to play a role for the ATRP of acrylates.

5 Reproduced with permission from Schroeder, H.; Buback, M. Macromolecules 2014, 47, 6645—
6651, Copyright 2015 American Chemical Society.
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For the SP-PLP-EPR experiments, solutions of [Fe'Brs(Solv)]-, as
obtained by combining FeBr:: TBA-Br=1:1, and of the photoinitiator
MMMP (ca. 46 mM) in BA and 2-butanone (15 vol%) were prepared.
Experiments were carried out in the absence of alkyl halide, i.e., of the
ATRP initiator, thus avoiding the ATRP activation reaction. SP-PLP—
EPR experiments under such conditions focus on the potential
organometallic reactions of propagating radicals with the Fe! catalyst.

Shown in Figure 5.12A is an EPR spectrum recorded at -60 °C under
pseudo-stationary conditions at a laser pulse repetition rate of 20 Hz.
The four-line spectrum is characteristic of secondary propagating
radicals (SPRs) in BA polymerization (see Figure 5.12A).154264 Mid-chain
radicals (MCRs) are not detected at this low temperature due to the high
activation energy of the backbiting reaction of 34.7 kjmol-!, by which
MCRs are produced from SPRs (the structure of MCRs is given further
below).?%* The time-resolved concentration of SPRs was measured at the
maximum intensity of the associated spectrum. As illustrated in
Figure 5.12B, an intense burst of SPRs evolves at time t=0 when the
laser single pulse is applied. The primary photoinitiator-derived radicals
add to the monomer (Scheme 5.7). As is shown in Figure 5.12B, the
subsequent decay in SPR concentration, which usually occurs via
radical-radical termination, becomes much faster toward increasing Fe!!
content. In the presence of 10 mM Fe,, the decrease in SPR concentration
to ca. 107 molL! is about ten times faster than in the absence of Fe'’. This
observation suggests that the Fe!' species either induce an irreversible
trapping or catalyze the termination of propagating radicals. The shorter
lifetime of radicals in the presence of Fe!l has remarkable consequences
on the molar mass distribution of the polymer obtained from PLP:
Molar mass in PLP with Fe' being present is by two orders of
magnitude below the one from PLP without Fe' (Figure 5.13).

The interaction of radicals with Fe! species is not contained in the
conventional ATRP scheme and thus requires closer inspection in order
to elucidate the mechanistic scenarios and kinetic consequences for
controlled polymerization.

Scheme 5.7 illustrates potential reactions of propagating radicals
after laser pulsing. For BA polymerizations carried out at —-60 °C, R.*
refers exclusively to SPRs due to the absence of MCRs. Scheme 5.7
includes radical-radical termination to dead polymer, Pu+n, with a chain-
length-dependent (CLD) rate coefficient k¢! The organometallic
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Figure 5.12: (A) Time-resolved SPR concentration measured at the
position of maximum intensity of the four-line EPR spectrum. (B) SPR
concentration vs time traces measured at —60 °C with the laser single pulse
being applied at time zero using MMMP as the photoinitiator in a solution
of BA:2-butanone (85:15v/v) at different levels of Fe (including the
equivalent amounts of TBA-Br, see text). The experimental data has been
modeled (full lines) via PREDICI (see further below).
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Molar Mass

Figure 5.13: Molar mass distributions of poly(butyl acrylate) obtained
from PLP of BA at 25 °C in solution of 2-butanone (15 vol%) in the presence
(red full line) and in the absence (black full line) of [TBA][FeBrs(Solv)]
(10 mM). The dashed lines illustrate the distributions modeled with PREDICI.
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Scheme 5.7: Potential reactions of propagating radicals generated by
laser pulsing with MMMP acting as the photoinitiator. The scheme includes
radical-radical termination, as well as RT-OMRP, DT-OMRP, and Fe-CRT to
the P~ and Pw disproportionation products via Ru-Fell.

pathway, kadd, proceeds via an Ri-Fell intermediate. The formation of
Rs-Fe may result in organometallic-mediated radical polymerization
(OMRP) either via reversible termination (RT) or via degenerative
transfer (DT). Moreover, Rs-Fel! may induce Fe-CRT by reaction with
another radical R»* to form dead polymer. This CRT process is expected
to proceed in a similar manner as Cu-CRT, i.e., via f-H elimination to
produce disproportionation products, P»~ and Pm. In contrast to the
situation with Cul-CRT,?* the Rs-Fell intermediate could not be detected
via EPR or NIR spectroscopy. In what follows, the mechanism of the
organometallic pathway will be investigated by analyzing the
experimental [SPR] vs time traces presented in Figure 5.12.

Other than conventional radical-radical termination, the
organometallic reaction between R.* and Fe! is first order in [R«*] (cf.
Equations 5.8-5.9) and thus becomes the dominant reaction pathway
toward lower radical concentration and higher Fe!' content (cf.
Figure 5.12). The decay in radical concentration seen in the presence of
Fe!l should follow first-order kinetics in two potential scenarios: when a
stable Rs-Fe!l intermediate is irreversibly formed (R.* + Fe! > R.-Felll)
(Equation 5.8) or when subsequent CRT according to Scheme 5.7 takes
place to regenerate Fe!' (Equation 5.9). The additional factor of two in
Equation 5.9 results from two radicals being consumed in each Fe-CRT
step. The rate coefficient for Fe-CRT, ki, is defined as 2kadd in order to
remain consistent with the previous notation.?”® The essential difference
between both scenarios is that the formation of stable Rn-Fell
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intermediates results in a gradual decrease in Fe!' concentration upon
repetitive laser pulsing, whereas the Fe!l catalyst is regenerated by
Fe-CRT. It was found that identical [SPR] vs time traces may be
recorded even after several hundred pulses (Figure S13A). Although the
amount of radicals produced by such a large number of pulses is well
above the selected Fe!' concentration, there is no indication of any Fe!!
consumption. The characteristic NIR absorbance of the Fe!' complex
around 4700 cm™ (cf. chapter 4.1.1) before and after the PLP experiment
with 600 laser pulses remained unchanged (Figure S13B). It may be
concluded that the CRT mechanism observed in Cu-mediated ATRPs of
BA also operates in the Fe-catalyzed system.

The fast CRT reaction prevents an efficient control of the
polymerization by one of the two OMRP pathways presented in
Scheme 5.7. The Ru-Fe!l intermediate is predominantly decomposed via
the CRT pathway. In particular DT-OMRP requires stable R.-Fell
intermediates and thus the absence of significant contributions of Fe-
CRT. It should further be noted that the occurrence of an OMRP
equilibrium with an R.-Fe' intermediate would turn Fe-CRT into a
second-order reaction (cf. Equation S8), which is also not observed. The
interplay of ATRP and OMRP may thus be ruled out for
polymerizations with the investigated catalyst.

_dIn[R]

at Kaaa - [FE'] (5.8)

or in case of a subsequent reaction of R.-Fel with Ru":

—Q%Eilzz-gm-mdqzk?-méq (5.9)

First-order kinetics were checked by plotting the In([SPR]o/[SPR]) vs
time data from SP-PLP-EPR analysis for BA polymerizations at —-60 °C
and different levels of [Fe!] as illustrated in Figure 5.14A. With the
exception of the initial time period where the high level of radical
concentration significantly contributes to radical-radical termination,
straight lines may be fitted to the data. The slopes of these straight lines
are 240, 120, 54, and 27 s for experiments with 10.0, 5.0, 2.5, and
1.0 mM Fel, respectively, resulting in ke values of 2.4x104 2.3x10%,
2.2x104, and 2.7x10* Lmol-'s7!, respectively, according to Equation 5.9.
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5.2 Rate Coefficients via SP-PLP-EPR

The fitted data interval corresponds to chain lengths i =kpx cmx t+1 of
about 15 to 200. Within this chain-length interval, no CLD of kf¢ was
observed. The slightly larger k¢ value at the lowest Fe!' concentration is
probably due to radical-radical termination affecting the analysis as is
also indicated by the larger range of non-linearity of the associated data
(Figure 5.14A). The mean value for higher Fe'' content, 2.3x10* Lmol-!s,
was used for PREDICI modeling of the measured SP-PLP-EPR traces in
Figure 5.14B according to Scheme S1. Close agreement of the
experimental and modeled data was achieved by using identical rate
coefficients for modeling SP-PLP-EPR traces within the entire range of
Fe!' concentrations from 0 to 10 mM. The analysis of k¢ via modeling
(see Figure 5.12B) supports the evidence from the evaluation procedure
via the pseudo first-order plots.

Shown in Figure 5.14B are four In([SPR]o/[SPR]) vs time traces for BA
polymerization between —60°C and +50 °C in the presence of 5 to
10 mM Fe''. Favored by the high catalyst loading, Fe-CRT turns out to be
the dominant termination pathway throughout most of the measured
concentration regime, as evidenced by the linearity of these plots at
larger t. In case of BA polymerization, both the backbiting rate,
kobx[SPR], as well as the propagation rate of MCRs, kp'x[MCR]x[M], need
to be considered at higher temperature, see Equation 5.10.1%
Equation 5.10 reduces to the simple first-order expression, i.e.,
Equation 5.9, only in the case of very fast CRT, e.g., at high Fe' loadings.
Further determinations of ke have thus been carried out at Fe!! contents
of at least 5mM, since backbiting and MCR propagation would
otherwise complicate the analysis of kife.

d [iItDR] _ _ktFe . [Fe“] . [SPR] _ kbb . [SPR] + k; . [M] . [MCR] (510)

In order to measure SPR concentration in the presence of MCRs,
SPRs need to be monitored at a specific magnetic field position which is
free from overlap with the MCR spectrum.!>* The simulated EPR spectra
of SPRs and MCRs reported in the literature® suggest that it may be
difficult in case of BA polymerization to find such an optimum field
position for exclusively detecting SPRs. At 50 °C, SPR concentration was
measured at the field position indicated in Figure 5.12A according to the
procedure reported elsewhere.!>* The slope of the straight line fitted to
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Figure 5.14: Ln([SPR]o/[SPR]) vs time traces recorded during SP-PLP-
EPR measurements of BA at (A) —60 °C with 1.0 to 10.0 mM Fe" and (B) up
to +50 °C with 10 mM Fe!' or with 5 mM Fell. The data in Figure 5.14B has
been recorded at lower time resolution. The linear fits are represented by
the full (A) and dotted (B) lines.

the In([SPR]o/[SPR]) vs time data shown in Figure 5.14B results in the
rate coefficient: ki¢(50 °C) = (1.0 £ 0.1) x10°> Lmol-'s™!. A similarly suitable
field position could not be found for experiments between 20 °C and
+20 °C, probably due to an unfavorable shift of the MCR against the SPR
spectrum.

MCR concentration may be measured at the maximum of the highest
magnetic field position of the associated hyperfine structure (cf. Ref. 154)
without interference by the SPR spectrum. Such [MCR] vs time traces
are shown in Figure5.15 for +50°C and different levels of Fel.
Additional measurements are included in Figure S21. Other than with
the SPR traces in Figure 5.12B recorded under highly instationary
conditions, no significant acceleration of decay rate is seen toward
increasing Fe concentration. Some enhanced decay in MCR
concentration toward high Fe!! content is seen, which is due to Fe-CRT
of SPRs generated by the addition of monomer to MCRs. The data in
Figure 5.15 suggests that Fe-CRT is not an important process for MCRs.

As Fe-CRT of SPRs affects the MCR kinetics, it should be possible to
estimate ke for SPRs, under the equilibrium conditions described in
Appendix B, via the measurement of [MCR] vs ¢ traces. The analysis for
ke via pseudo first-order plots of experimental [MCR] vs t data is
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Figure 5.15: [MCR]/[MCR]o vs time traces measured by SP-PLP-EPR
experiments on BA containing 2-butanone (15 vol.%) at +50 °C and Fel!
concentrations of 0, 5, and 10.0 mM Fe, respectively.

detailed in Appendix B. As demonstrated by Equation S16, the analysis
of k¢ via time-resolved measurement of MCRs requires the knowledge
of the rate coefficients for MCR propagation and backbiting, kpt and kbb,
respectively. For this reason, direct analysis of k¢ via measuring SPR
concentration is the preferred option. It is however gratifying to note
that the numbers derived via both approaches are in close agreement
(cf. Table S5).

Methacrylate polymerization. Based on the mechanistic insight into
butyl acrylate polymerization, it appeared rewarding to check, whether
organometallic reactions as contained in Scheme 5.7 also operate in Fe-
mediated polymerization of methacrylates. Dodecyl methacryate (DMA)
was chosen as the monomer for the associated SP-PLP-EPR
measurements. The dodecyl side chain significantly lowers the
diffusion-controlled radical-radical termination rate coefficient, k143
which even allows for the analysis of slower organometallic reactions.
Shown in Figure 5.16 are two traces of relative radical concentration vs ¢
measured on a DMA/2-butanone solution (70:30 v/v) at 0°C, in the
absence and in the presence of 10 mM FeBr2/TBA-Br, respectively. With
backbiting being absent in the case of methacrylates, radical
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Figure 5.16: [R]/[R]o vs time traces for the SP-PLP-EPR measurements
of DMA at 0 °C with 10 mM Fe!' and without Fel.

concentration refers to the only one type of chain-end radicals. The
radical concentration vs t traces in Figure 5.16 are more or less identical
which indicates that an organometallic reaction such as Fe-CRT plays no
major role with methacrylate polymerizations. Analysis for kf¢(DMA)
along the above lines yields kfe(DMA) = (60 +10) Lmol-'s? at 0 °C,
which is by about three orders of magnitude below the value found for
SPRs in acrylate polymerization. A value similar to k&¢(DMA) may
apply to CRT behavior of the structurally similar MCRs in acrylate
polymerization.

Fe-CRT in ATRP. Fe-CRT may also be measured during ATRP.
According to the basic concept of ATRP, each termination step,
irrespective of occurring with or without metal catalysis, leads to the
accumulation of the ATRP deactivator species,!51% e.g., of [FeBr4].
Therefore, it appeared rewarding to expand the instationary SP-PLP-
EPR experiments to the analysis of ATRPs of BA and MMA under
stationary conditions, where radical concentration is below 107 molL.
Shown in Figure 5.17A are the NIR spectra for ATRP of BA with
17.7 mM FeBrz;, 17.7 mM TBA-Br, and 13.6 mM MBriB at 75 °C in
solution of 2-butanone (50 vol%). Only five out of a multitude of spectra
recorded within 90 h are shown. The concentrations of [FeBr4]-, of
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Figure 5.17: (A) Online NIR measurement of Fel, of Fel, and of
monomer concentration during an ATRP of BA with 17.7 mM FeBr;,
17.7 mM TBA-Br, and 13.6 mM MBriB at 75 °C in solution of 2-butanone (50
vol%). Only five out of a multitude of spectra recorded within 90 h are
shown. (B) Plot of the functions G(Y) and F(Y) vs time for the same reaction
as in Figure 5.17A.

monomer, and of Fe! were monitored during the same experiment (see
chapter 6.3.2 for details). The [Fe!'Br3(Solv)]~ contribution to absorption
is obtained by subtraction of the solvent absorption via reference spectra
taken at the same solvent composition, but in the absence of Fe.

The concentration of [Fe!'Brs]" is easily determined as described in
chapter 4.1.2, as no significant solvent absorption occurs in the 12 000 to
15 000 cm™ range. The [Fe!'Br3(Solv)]™ concentration may be determined
with sufficient accuracy as to conclude that the decrease in Fel is
equivalent to the increase in Fe!l. The increase in Fe' concentration
caused by radical-radical termination should be represented by the
modified Fischer Equation4.1, for F([Y]).** The accumulation of
[Fe"Brs]” in the BA ATRPs under investigation is, however, much faster
than predicted for conventional radical-radical termination, i.e.,
d[Br-Fe'] >> 2kx[R]>xdt. This observation indicates that [Fe™Brs]- is
predominantly produced via Fe-CRT which is represented by the
function G([Y]) in Equation 5.11.%° In order to remain consistent with
previous work, [I]o represents [RX]o, [C]o refers to [Fe"Brs(Solv)] at t =0,
and [Y] to [Fe"Brs]~3¢ Only the G([Y]) function results in a straight line
plot of the experimental data, illustrated in Figure 5.17B. The linearity of
the first-order function G([Y]) further demonstrates that (RT-) OMRP is
absent.
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From G([Y]), the Fe-CRT rate coefficient has been determined to be:
kiFe (75 °C)=(1.1+0.2) x 105 Lmol-!s7l. The equilibrium constant, Katre,
required for this analysis has been determined by online NIR-
spectroscopic measurement of monomer and catalyst concentration in
the monomer conversion range between 2 and 21 per cent, see
chapter 6.3.2 for details, to be: Karre=(1.2+0.2) x 10~ (cf. Figure S14).
The so-obtained ke values for 60 and 75 °C are close to each other. The
almost perfect agreement of kff¢ with the corresponding number from
the above-mentioned SP-PLP-EPR experiments can also be seen in
Figure 5.18 below.

ke for methacrylates was studied via online NIR-spectroscopic
monitoring of MMA ATRPs in different solvent environments. In
agreement with the results obtained via SP-PLP-EPR, the rate of CRT
for methacrylates is well below the rate for acrylates. For ATRP in bulk
MMA, ke at 60 °C amounts to (8.0 + 3.0) x 102 Lmol's™!, which is by a
factor of five below the value determined for DMA polymerization in
solution of 2-butanone (cf. Table 5.3 below).

Discussion. The measured k¢ values for DMA radicals and for SPRs
of BA are summarized in Figure 5.18. The slope of the straight line fitted
to the SPR-related data in the Arrhenius-type plot yields an activation
energy, Ea(kde), of (7.7 + 1.0) kJmol. The activation barrier is close to the
activation energy of fluidity of BA,¢ Ea(n!)=10.5kJmol, and of
2-butanone, Ea(n')=7.2kJmol1.2® The absolute value of ke is,
however, clearly below the one estimated for a diffusion-controlled
process.

Interestingly, Ea(kf¢) for DMA radicals is significantly higher and
amounts to (52 +5) kJmoll. CRT for both monomers occurs under
chemical control. The difference in activation energy suggests that the
relative importance of Rn-Fe! formation and subsequent S-H
elimination differs for acrylates and methacrylates. These reaction steps
may also occur in a concerted fashion via H-Fe' intermediates.?®
Although the activation energy is high for methacrylates, the rate of Fe-
CRT does not exceed the one of conventional radical-radical termination
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Figure 5.18: Arrhenius plot of ke for SPRs of BA (circles) and for DMA
in solution of 2-butanone (squares), determined via the SP-PLP-EPR
method (empty symbols) and via online NIR spectroscopy of actual ATRPs
(half-filled blue symbols). The data represented by red circles was deduced
via the analysis of MCR concentration (cf. Table S5). Straight lines were
fitted to the SP-PLP-EPR data.

at elevated polymerization temperatures, e.g., of 60 to 80 °C. Well-
controlled ATRPs of methacrylates catalyzed by [Fe'Brs(Solv)]- may
therefore be carried out even in the presence of high Fel catalyst
loadings.®182105 This statement also applies to such ATRPs in polar
solvent environments, where k¢ (DMA"*) is reduced by about one order
of magnitude in solution of 30 vol.% NMP (Table 5.3). The advantage of
a decrease in kf¢ may, however, be accompanied by a decrease in
catalyst activity, i.e., by a lowering of the ATRP equilibrium constant in
a polar solvent environment (see chapter 4.1.3).

The CRT reaction also occurs in Cu-mediated ATRPs of acrylates,
which are typically carried out in solution of MeCN.?%52% In contrast to
Fe, the organometallic species R«-Cul'/TPMA is stable at —40 °C and may
be detected via both EPR and NIR (Figure S12) spectroscopy.?> The
stability of R«-Cu'//TPMA is due to the subsequent termination reaction
being yet irrelevant at this lower temperature.'” The rate coefficient for
the formation of R«-CuYTPMA from radicals and [Cu'TPMA)]* at
—40 °C, kada= (3.0 £ 0.8) x 10° Lmol's™ (entry 1, Table 5.4),'” is by a factor
of 20 higher than kadda([Fe'Brs(Solv)]") = (1.5 +0.2) x 10* Lmols! in the
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Table 5.3: k¢(BA) at 60 °C and the associated activation energy, E., for
different monomer/solvent environments.

entry metal monomer/solvent kfeat 60 °C / E./

Lmols™! kJmol-!
1 Fell BA / 2-butanone (1.0£0.1) x 10561 7.7+1.0
2 Fell DMA / 2-butanone (4.0+£0.5) x 103 52 +5
3 Fell DMA / NMP (2.0+04) x 102

o] Extrapolated from 50 °C.

2-butanone solution (entry 3), whereas kaia = (9 £ 3) x 103 Lmol's™! for
the [Cu/(PMDETA)]* complex (entry 2)1”° is very close to the value for
the Fe-based system. Interestingly, [Cul(PMDETA)]* and [Fe"Br3(Solv)]-
are also characterized by similar ATRP activity, i.e., by similar size of
Katrr (see chapter 4.1.3). There are, however, mechanistic differences in
the Cu- and Fe-mediated organometallic reactions: In Cu catalysis, the
formation of R#-Cu/TPMA (kaad) occurs at lower T, but without
subsequent CRT. At higher T, both the reverse reaction, kdis, and CRT are
additionally in operation, which leads to more complex, non-first-order
kinetics (cf. Appendix B)!” and results in an effective lowering of the
apparent Cu-CRT to kv (25°C)=(7.0+£1.2)x10° Lmol's? for the
[Cu(TPMA)]J* catalyst.17925

Particularly in case of the fast Fe-CRT reaction in acrylate
polymerization, ATRPs should be carried out at very low levels of
catalyst concentration. High levels of Fe!! will result in a rapid
accumulation of the deactivator, [Fe"Br4]-, and in the simultaneous
production of dead chains, which prevents ATRP reaching a high
degree of monomer conversion and thus high molar masses. The
percentage of dead chains, Tmo%, produced by CRT may be estimated
via Equation 5.12, which applies irrespective of the selected ATRP
method, e.g., for normal, reverse or ICAR (initiators for continuous
activator regeneration) ATRP. With typical catalyst loadings of a normal
ATRP, such as the one described in Figure 5.17A, Tmo% approaches
100 % already at the rather low degree of monomer conversion, X, of
26 % (as determined via kp(75 °C) = 44 100 Lmol-'s™ ??]). This calculation
may indicate why ATRPs of BA reaching higher conversions have rarely
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Table 5.4: kaaa(BA) at —40 °C for different Cu- and Fe-based complexes.ll

entry catalyst kaaa at 40 °C / ref.
Lmols™

1 [Cul(TPMA)]* (3.0+0.8) x 10 17

2 [Cu(PMDETA)]* ! (9 +3) x 10° 179

3 [FeBrs(Solv)]- (1.5£0.2) x 10419 this work

lal Cosolvent: MeCN (Cu) and 2-butanone (Fe); ! PMDETA = N,N,N’,N",N"'-
pentamethyl-diethylenetriamine; kaad = 1/2 ke (see Equation 5.9).

been reported with iron bromide catalysts.>® An acceptable degree of
chain-end functionality and thus of low Tmol% is obtained when the Fe!
content is lowered to 0.5 mM, as may be targeted in ICAR ATRPs. In
that case, Tmo% may be reduced to less than 7 % at X =80 %, if 25 mM of
the initiator, [RX]o, are used.

Fe 1 1
k, -[Fe]-ln(1 Xj

kel Rt

Tmol% -
[Rx]o kp '[Rx]o

(5.12)

Improved Fe-mediated ATRP of acrylates would in general benefit
from low k¢ or more active catalysts (with higher Katrr) to maintain
narrow molar-mass distributions at a reduced Fe!' content. No or only a
minor impact of CRT has been found for both Fe- and Cu-mediated®
ATRPs of methacrylates so far. It remains to be studied whether CRT
also operates in further Fe-based ATRP catalysts, e.g., the amine-
bis(phenolate) Fe' or hemin-based catalysts.8#2%¢ The SP-PLP-EPR
analysis should be extended toward CRPs, where stable organometallic
species (e.g. Ru-Fell) are expected to occur, as with vinyl acetate
polymerization.?
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Kinetics of RDRP up to High Pressure

6.1 Preface

Applying high pressure has marked effects on the rate coefficients of
RDRP. The propagation rate coefficient is strongly enhanced (AfV(kp) <
0, see Table6.1) and the termination rate coefficient decreases
(AtV(ke) > 0) upon pressurization.?®> The lowering of termination rate is
due to diffusion control and is thus associated with an increase in
viscosity. The pressure dependence of transfer reactions has been
studied less frequently.?” Of particular interest is the backbiting
reaction, by which SPRs in acrylate polymerization are transformed into
MCRs. Preliminary data from PLP-SEC experiments with BA indicates
a large negative volume of activation, A*V(kwb) =20 cm®mol.2¢¢ This
information was obtained by significant variation of laser-pulse
repetition rate, i.e., by the so-called frequency-tuning method.!>® The
experimentally monitored repetition rate, at which a lowering of the
apparent propagation rate coefficient toward lower repetition rates is
observed, is 79 Hz at 1bar'>® and 175 Hz at 1000 bar.28¢ At 2000 bar,
repetition rates even above 400 Hz are needed to arrive at a constant
apparent propagation rate. The consequences of the pressure-induced
enhancement of backbiting for ATRP will be explored in chapter 6.2.

The lowering of termination rate enhances the living character of
ATRP and leads to the formation of polymer with a higher degree of
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Table 6.1: Reaction volumes, A:V, of Katre and volumes of activation,
AV, of kp for Cu-mediated ATRP of styrene and MMA and of associated
monomer-free model system with TPMA being the ligand.

Entry Solvent Monomer Initiator™ A:V(Katre)/ AV (kp)/ Ref.
cm®mol?  cmBmol!

1 MeCN Styrene PEBr -23 -12.1 36,97
2 MeCN MMA EBriB -17 -16.7 98103
3 MeCN - [b] EBriB -17 - 104
4 MeCN - [b] PEBr -17 - 102
5 MeCN - [b] MBtP -16 _ 102

[} PEBr = 1-phenylethyl bromide, EBriB = ethyl 2-bromo-iso-butyrate,
MBrP = methyl 2-bromopropionate; [Pl monomer-free model system.

preserved chain-end functionality. ATRP of BA under high pressure
was feasible with very low levels of the Cu catalyst in the absence of any
additives. 100 ppm Cu is sufficient to yield poly(BA) with Mn=
112,000 gmol, H=1.12, and more than 95 % preserved chain-end
functionality at 5 kbar.?®” Furthermore, Mn = 625,000 gmol~ with D =1.25
was obtained.?®® Applying pressure is also helpful for the synthesis of
highly branched, dense molecular brushes formed via homopoly-
merization of macromonomers: The advantages are due to the increased
ATRP rate despite the low catalyst content and to the beneficial
lowering of the equilibrium monomer concentration at high pressure.?”°

In chapters 6.3-6.4, the kinetics of Fe-based ATRP will be studied up
to 2500 and 6000 bar, respectively. Primary interest was directed toward
the effect of pressure on the ATRP equilibrium and on the dispersity of
the polymeric product. Higher pressure shifts chemical equilibria to the
component side with smaller molar volume, thus favoring higher
coordination and higher charged ions. In the Cu-based ATRP systems
studied so far, the ATRP equilibrium was shifted toward the side of Cu"
and propagating radicals, which results in an enormous enhancement of
ATRP rate due to the increase in both Karre and kp.1921%4 The results for
A:V(Katre) with TPMA being the ligand to Cu are shown in Table 6.1.
A:V(Katre) is almost insensitive toward the type of radical or initiator
species, but essentially depends on the type of ligand to copper.102104

106



6.2 Modeling Cu-Mediated ATRP of Butyl Acrylate

6.2 Modeling Cu-Mediated ATRP of Butyl Acrylate®

This chapter deals with the consequences of the backbiting reaction for
rate and control of ATRP of BA toward higher pressure by means of
PREDICI®”! simulations. Modeling also provides estimates of the
branching fraction of polymer obtained at higher pressure.

Katrr in Cu-mediated ATRP significantly increases toward higher
pressure.9104 As the size of ArV (Katre) is almost insensitive toward the
type of radical or initiator species, one would expect A:V(Katre) of
acrylates to be close to the numbers for styrene and MMA (cf. Table 6.1,
chapter 6.1) in case of the same catalyst being used: Cu/TPMA. In the
BA studies reported so far, the pressure-induced rate enhancement was,
however, considerably lower than expected?® and in some cases the rate
enhancement was only associated with the increase in kp.1° It appeared
rewarding to check whether this observation may be associated with the
pressure-induced enhancement of backbiting rate in BA polymerization
that was deduced from PLP experiments (see chapter 6.1).2%8 The ratio of
the associated radical species, SPRs and MCRs, was directly monitored
via EPR spectroscopy at ambient pressure.’™ Such EPR measurements
have, however, not been applicable toward higher pressure. Via NIR
spectroscopy, which allows for monitoring monomer conversion in a
wide pressure and temperature range, it is not possible to monitor or
distinguish between SPRs and MCRs. The corresponding concentrations
that affect experimental monomer and catalyst concentration-vs-time
traces in high-pressure ATRP of BA may, however, be estimated via
modeling of monomer and catalyst converson.

Polymerization rate in BA ATRP essentially depends on the
concentration of SPRs (and thus on Katrr®) and on the associated
propagation rate coefficient kp® (Equation 6.1), since the propagation rate
coefficient of MCRs is by about three orders of magnitude lower, i.e.
kpt << kp*.19%154  Analysis of Kamre® from polymerization kinetics is
complicated by the presence of the two types of radicals since, according
to Equation 6.2, the concentration of SPR-X species, [SPR-X], needs to be

6 Reproduced with permission from Schroeder, H.; Buback, ]J.; Schrooten, J.; Buback, M.;
Matyjaszewski, K. Macromol. Theory Simul. 2014, 23, 279-287, Copyright 2015 Wiley-VCH. The
software, which is further described in Appendix C, was developed by ]J. Buback.
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Scheme 6.1: Cu-mediated ATRP of acrylates taking both secondary
propagating radicals (SPRs) and mid-chain radicals (MCRs) into account.

known. As shown in Equation 6.3, [SPR-X] may be calculated according
to the principle of halogen conservation.?”? If backbiting and thus
MCR-X generation play no major role, [SPR-X] may be deduced from
the evolution of Cu" concentration. Illustrated in Scheme 6.1 is the
interplay of the activation-deactivation equilibria for both SPRs and
MCRs and the interconversion of these two types of radicals by
backbiting and propagation of mid-chain radicals.

R, = —% — k2 -[SPR]-[M] +k' - [MCR]-[M] ~ K - [SPR] - [M] 6.1)

[Cu']-[SPR-X]

cu M] (6.2)

R, = ks Kirre

[SPR-X] =[I-X], +[Cu"], — [Cu"] - [MCR-X] (6.3)

The PREDICI® simulations were performed based on the reaction
steps shown in Scheme 6.1 and Table 6.2. The scheme includes Cu'-CRT
of SPRs.? As CRT of MCRs should be sterically hindered, this reaction
was not taken into account. Moreover, intermolecular chain-transfer
reactions may be neglected at low and moderate degrees of monomer
conversion, 146-148.273

The rate coefficients for ambient-pressure reactions are accessible
from the literature (Table 6.3) with the exception of kact! and kdeact'. KaTrP®
for BA polymerization was reported for various solvent
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Table 6.2: Reaction Scheme for PREDICI® simulations of BA ATRP.

Cu'/L +1-Br—*eet sBr-CU'"/L +1°

Br-Cu''/L + 1" —Xdeact 5 Cu'/L +I-Br

' +M—%L ,SPR,

Cu'/L + SPR, -Br—¥at 5Br-Cu'/L + SPR,
Br-Cu"/L + SPR, — st 5 CU'/L + SPR_-Br

SPR, +M—% 5SPR
SPR, —*= ;MCR,

Cu'/L + MCR -Br—Xe5Br-Cu'/L + MCR,
Br-Cu"/L + MCR, — st Cu'/L + MCR ,-Br

MCR, +M—% »SPR_,
I+1—< 5p

SPR, +SPR, —< P,
MCR, +MCR, —“ P

SPR, +MCR,, —< P,

SPR, +Cu'/L— SPR _-Cu"/L

SPR,-Cu'/L — %P; +%Pn +Cu'/L

(6.8)

(6.9)
(6.10)

(6.11)
(6.12)

(6.13)
(6.14)
(6.15)
(6.16)
(6.17)

(6.18a)

(6.18b)

environments.?”’ kdeact was deduced from experiments on monomer-free
model systems,® allowing for calculation of ka«* via Katrres. It may be
assumed that kat=kat® (Equations 6.4 and 6.7) and kdeact = kdeact®
(Equations 6.5 and 6.8). The rate coefficients kp® 2 and kp!, for
propagation of SPRs and MCRs, respectively, kb for backbiting, k& and
ki, for radical-radical termination of two SPRs and MCRs, respectively,
as well as ki for cross termination have been studied via pulsed-laser
experiments.!>1% The known rate coefficients for ambient pressure
indicate that under reaction conditions such as the ones of the present
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Table 6.3: Rate coefficients and associated volumes of activation, AtV,
used for modeling ATRP of BA in solution of MeCN at 22 °C and various
pressures with TPMA as the ligand to Cu.

Entry Rate  kat22°C/ Comments/ | AtV/  Comments/
Coefficient Lmol's! Ref. cm’mol! Ref.
1 kacts [al 0.26 via Katre 27 | =16 +3 prediction 102104
2 kdeacts [2] 1.0 x 107 et 0+3 see ref, 104
3 Kactt 1.0 via Katrp 35104 - see Table 6.4
4 kdeactt 1.0 x 10®  estimate [4>31 - see Table 6.4
5 kps 2] 15000 229 -11.5 29
6 kpt 10 153,154 - see Table 6.4
7 kob 120 [®] 153,154 - see Table 6.4
8 kCu 4500 this work | —17+ 4[dl this work
9 ke(1,1)9 6.3 x108 154 prediction via 274
10 kt(1,1) < 3.9x108 e prediction via 274
11 ke (1,1) 1 =107 154 prediction via 274

Further assumptions: [ kact = kac®, kdeact = kdeact®, kp®=kp!; I in s71; L
corrected for actual solvent viscosity;27 ld] this preliminary data rests on a
rather limited set of measurements at three pressures.

study, only about 0.1 % of the growing macroradicals are lost due to
conventional radical termination(Equations 6.15-6.17). In contrast, about
2% of the growing chains are lost due to Cul-induced CRT
(Equation 6.18) at moderate degrees of monomer conversion. The
increase in the Cul' persistent radical concentration is thus almost
entirely caused by CRT. The associated rate coefficient ki“* was obtained
from the analysis of high-pressure ATRP of BA using the reported
protocol, which is based on monitoring the evolution of Cu with
time.?® Katrr! is estimated by comparison of the reported values for ka,
kacact, and overall Katre of tertiary methacrylate-type radicals and
secondary acrylate-type radicals.3>104176

Modeling was carried out for the experimental data of BA ATRP at
22°C from Ref. 2. The initial molar ratio of reactants was
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Figure 6.1: (A) Experimental (symbols) and simulated data (lines) of
In([M]o/[M]) and [Cu"] vs time for ATRP at initial molar ratios of
BA : Cu!: Cul': MBrP=200:0.16: 0.04 : 1.00 at 22 °C and 1 bar. (B) Model-
based cumulative branching fraction, firc, (full lines) and fraction of SPR-Br
species, fsrr, (dashed lines) for ATRP at the above-mentioned conditions
except for the variation of Katrrt between 3 x 10-¢ and 3 x 10-7.

BA : MBrP : CuBr : CuBrz2: TPMA =200:1.00 : 0.16 : 0.04 : 0.24 in solution
of 50 vol% MeCN (MBrP =methyl 2-bromopropionate). The modeled
In([M]o/[M]) and Cu" vs time traces closely fit the experimental data for
the experiments carried out at ambient pressure (Figure 6.1A). At
around 20 % monomer conversion, between 90 and 97 % of the growing
macroradicals are reversibly deactivated as SPR-Br species (dashed lines
Figure 6.1B). The fact that SPR-Br species dominate over MCR-Br species
at ambient pressure facilitates the prediction of ATRP rate according to
Equation 6.2. Even though the cumulated branching fraction (full lines
in Figure 6.1B), for, is affected upon variation of Katret within reasonable
limits, i.e., between 3 x 10 and 3 x 107, forc remains in all cases very
low and amounts only to 0.05-0.2 % at 20 % monomer conversion. The
prediction of low for is in agreement with reported measured values.?’

Modeling High-Pressure ATRP of BA. kp* at high pressure may be
estimated via the reported volume of activation given in Table 6.3.2%
The associated diffusion-controlled values for ks, kit and k¢ were
adjusted for high pressure via the estimated change in solvent viscosity.
56274275 k¢« was determined to be 18 000 Lmol™'s! as described above.
Due to A:V(Katre) being rather insensitive toward the type of radical
species, ArV/(Katrr) for both SPRs and MCRs may equally be estimated to
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Table 6.4:12 Parameter variation used for modeling ATRP of BA at 22 °C
and 2000 bar with TPMA as the ligand to Cu.

Entry  kvb/ ky! ks kactt kdeact  [Cu'Jo:[Cu]o:[IBr]o
s —_ inLmolls?! <—— / mM

1 0 0 5000 0.03 1x107 3.44:0.00:3.44

2 300 15 10000 0.3 1x106¢ 2.75:0.69:17.2

3 600 20 15000 1 3x10° 2.75:2.75:68.4

4 900 35 18000 3 1x10°

5 1400 50 20000 10 1 x10*

6 2100 75

7 3000

no. of

x 6 x 5 x 5 x 5 x 3 = 15750
scans:

lal Values in bold were used for the simulations shown in Figure 6.2 to
6.4 unless indicated otherwise.

be -16 + 3 cm®mol! based on the reported values for the same Cu/TPMA
catalyst.102194 AtV (kdeact) was reported to be close to zero.!%

Pressure-dependent keb and kp' have not been reported so far.
Modeling of BA polymerization under high pressure thus requires
inspection of the consequences of modifying keb and kpt. In addition,
variation of the activation—-deactivation rate coefficients for MCRs, kact!
and kdeact!, should be considered, since the estimates for the ambient-
pressure values as well as for the so-derived high-pressure values were
based on the reported values for chain-end methacrylate-type radicals.
Refinement of ki“ had to be performed by simulation due to the scarcity
of available data.

The entire data set subjected to parameter variation is given in
Table 6.4. The variation of five rate coefficients at five to seven levels
each in addition to three different initial concentrations results in
7x6x5x5x5x3=15750 combinations and thus simulations to be
performed. The enormous workload associated with manually
processing all of these scans makes an automated parameter variation,
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6.2 Modeling Cu-Mediated ATRP of Butyl Acrylate

such as incorporated in the PREDICI® program, indispensible. In view of
the extremely large number of required simulations and resulting data
sets, an additional software based on Python programming was used
(see Appendix C).

The following results refer to modeling based on the reported rate
coefficients shown in Table 6.3 and, if not stated otherwise, the bold
parameters given in Table 6.4, ie. kow=1400s", kp*=20Lmol's?,
kactt =3 Lmols™?, kdeactt=1 x 10° Lmol's?, and k=18 000 Lmols?,
which are based on fitting experimental data (see below). The essential
difference between conventional radical polymerization and RDRP of
BA consists of the interplay of activation and deactivation with the
interconversion of SPRs and MCRs.?”7 In case of fast backbiting, SPRs in
ATRP are effectively converted and subsequently deactivated to
MCR-Br species. The concentrations of both activated and deactivated
SPR-Br species may thus be diminished significantly, which results in a
lowering of polymerization rate according to Equation 6.1. This effect is
illustrated in Figure 6.2A by modeling of ATRP under variation of kub
between 0s7, ie., in the absence of backbiting, and kv =3000s" at
otherwise identical conditions. kp' was kept constant at 20 Lmols™.
Polymerization rate, as deduced from the In([M]o/[M]) vs time traces, is
reduced by a factor of two within this ket range. The range of kv» values
(except kw=0s") is associated with a volume of activation of
AV (kob) = -11, —20, 25, =30, -35, and —40 cm3®mol ™, respectively. In view
of the general trend seen for the propagation rate coefficients, the size of
ket at 2000 bar should at least exceed the ambient-pressure value of
ket =10 Lmol-'s’!. Polymerization rate in Figure 6.2B is only moderately
enhanced in passing from kp'=15 to 75 Lmol'!s™, in particular at low
degrees of monomer conversion. Within the limits of this parameter
variation, increased kp! at high pressure cannot compensate a decrease in
polymerization rate that would be induced by enhanced keb. The high
backbiting rate may thus serve as an explanation for the diminished
pressure-induced rate enhancement in BA polymerizations irrespective
of the size of kpt.

The fraction of SPR-Br species, fspr-8r, also depends on the position of
the ATRP equilibrium, Katre!, involving MCR-Br species. Shown in
Figure 6.3A is the predicted change of fsrs: at 30 % monomer
conversion upon variation of Katret and kdeactt within about three orders
of magnitude around the expected values of Kamrret=3x10° and
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Figure 6.2: Simulated In([M]o/[M]) vs time traces for ATRP with
BA : Cu!': Cul':MBrP =200:0.16 : 0.04 : 1.00 at 22 °C and 2000 bar in solution
of 50 vol% MeCN. The bold values given in Table 6.4 were used in the
simulations with different levels of kob as shown in (A) and of kb as shown
in (B).
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Figure 6.3: Predicted fraction of SPR-Br species, fsersr, (A) and of
cumulative branching fraction, fire, (B) at 30% monomer conversion in
ATRP of BA with BA : Cu': Cu'': MBrP =200:0.16 : 0.04 : 1.00 at 22 °C and
2000 bar upon variation of Katret and Kdeact!.

kdeactt =1 x 10¢ Lmol™'s™!. The conversion of MCRs into SPRs may be
hindered because of either high kdeact or low Kamret which lead to a
permanent decrease in fser-r. Since propagation of MCRs is very slow as
compared with propagation of SPRs, reactions with a large fraction of
MCR-Br species may yield significant broadening of the molar-mass
distribution. Narrow molar-mass distributions have, however, been
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6.2 Modeling Cu-Mediated ATRP of Butyl Acrylate

reported for actual BA ATRP even under high pressure.’®2% They are
also obtained by modeling with the predicted values of
Katret=3 x 10° and kdeact® =1 x 10° Lmol-'s™, which thus appear to be
appropriate estimates. Even higher Katret or lower kdeactt would result in
a further increase in fser-er. At the same time, the cumulative branching
fraction, for, will significantly increase for Kartret>10° and
kdeactt <10° Lmol™'s™, as is seen in Figure 6.3B for the same variation of
parameters.

Shown in Figure 6.4A are the In([M]o/[M]) and [Cu!] vs time traces
(lines) for modeling BA ATRP at 22 °C and 2000 bar of the experimental
data of Ref. 2 (symbols). The optimized rate coefficients, i.e., the bold
numbers in Table 6.4, provide close agreement with the experimental
data within the investigated range at moderate degrees of monomer
conversion. As is shown in Figure 6.4B, polymerization rate decreases
only slightly for low rates of backbiting and propagation of MCRs, i.e.,
for keb =300 s and kpt=10 Lmol's™, respectively, as compared to the
hypothetical case of backbiting being absent, i.e., koo =0s". In case of
slow backbiting, the size of Katret and kdeact' does not significantly affect
polymerization rate (not shown in Figure 6.4). To reproduce the
experimental data, it is thus necessary to assume fast backbiting, e.g.,
kob =1400 s (AtV(keb) = =30 cm®mol™). The initial curvature of the
In([M]o/[M]) vs time traces is already indicative of rapid conversion of
active SPR-Br to less active MCR-Br species. This curvature also rules
out that the experimental data may be modeled via a slow backbiting
rate in conjunction with a Katre® value that is considerably below the
predicted number for 2000 bar. A large negative volume of activation for
backbiting, AtV(keb) ~—20 cm3mol™, has also been found from PLP-SEC
experiments, which were carried out in bulk.

The interpretation of the high-pressure data for ATRP of BA
suggests that the initial concentration of initiator, [IBr]o, should be
chosen such as to prevent a large fraction of SPR-Br species from being
rapidly converted into MCR-Br species. It appeared rewarding to check
by variation of [IBr]o to 3.44, 17.2, and 69.0 mM whether the pressure-
induced rate enhancement in passing from 1 bar to 2000 bar would meet
the expectations. Along with [IBr]o, [CullJo was also increased to keep
polymerization rate, SPR concentration, and thus backbiting rate, almost
constant. As seen from Table 6.5, the expected rate enhancement in the
absence of backbiting, i.e. kbb =0 s7, is about a factor of 7 to 8 between 1
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Figure 6.4: Experimental (symbols) and modeled data (lines) of
In([M]o/[M]) and [Cu] vs time for ATRP with BA :Cu!: Cu: MBrP
=200:0.16:0.04 : 1.00 at 22 °C and 2000 bar in solution of 50 vol% MeCN.
The optimized values shown in Table 6.4 were used for the simulations
shown in (A). The In([M]o/[M]) vs time traces in (B) refer to simulation
results obtained with the same parameters and reaction conditions, but at
different levels of kob and kpt.

Table 6.5: Propagation rate, Rp, at 2000 bar relative to Rp'bar at 20 %
monomer conversion for the simulated ATRPs of BA with different initial
concentrations of initiator and Cu catalyst.

[IBrlo:[Cu'lo:[Cull]o  Rp2000 bar R.,2000 bar
Ry bar Rp!bar
/ mM kob =0 s7! kb = 1400 s7!
68.4:2.75:2.75 8.3 7.5
17.2:2.75:0.69 7.9 5.5
3.44:3.30:0.14 7.0 3.5

and 2000 bar, which is mainly due to the increase in both kp and Katre
(for the simulated In([M]o/[M]) and [SPR] vs time traces see Figure S15).

For the highest initiator concentration, [IBrJo=69.0 mM, the rate
enhancement, i.e. Rp?%bar/Rp!bar amounts to a factor of 7.5 even in case
of fast backbiting, keb=1400s". For the lowest [IBrJo, however,
Rp2000bar/Rptbar js only 3.5 which is almost as low as the typical increase
given by the pressure-induced enhancement of kp(BA),
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kp2000bar/kplbar=2 6, only. These results are in agreement with the
experimental observations for the same catalyst and initiator
concentrations.!®® The effect is due to most SPR-Br species being rapidly
converted to MCR-Br species in case of low [IBr]o. Higher [IBr]o may also
be helpful to reduce forc. For example, the predicted for amounts to 1.0
and 0.4% at 20% monomer conversion with [IBr]o=3.44 and 17.2 mM,
respectively, but remains as low as 0.1% in case of [IBr]o=69.0 mM.
ATRP experiments for BA at 22 °C between 500 and 2000 bar with
BA:Cu': Cu": MBrP=60.0: 0.05 : 0.04 : 1.00 in solution of 50 vol% MeCN
confirmed that high initiator concentrations are necessary to observe a
significant pressure-induced rate enhancement which corresponds to
the expectations based on the reported ArV(Katre) and AtV (kp) values.

The origin for the reduced branching level (firc) in ATRP (and in
other RDRP procedures) of acrylates as compared to conventional
radical polymerization is currently still under dispute in the
literature.?¢20 These discussions are centered around the question
whether the interplay of the activation-deactivation equilibria for SPRs
and MCRs and the interconversion of these by backbiting and
propagation of MCRs (cf. Scheme 6.1) are responsible for the observed
lowering of forc. This modeling study cannot proof beyond doubt the
origin of the reduced forc. The study was directed toward the kinetics of
BA ATRP, which may in fact be precisely modeled in an extended
pressure range based on the mechanistic scenario in Scheme 6.1. The
results suggests that the extent to which dormant MCR-X species affect
ATRP rate, in particular at high pressure, depends on the size of Katret,
and thus on the type of ATRP catalyst being used. Modeling may be
helpful to identify ATRP conditions, which allow for the actual
detection of MCR-Br species, perhaps even at ambient pressure. Tertiary
dormant species have already been detected in nitroxide mediated
polymerization.2!

117



6 Kinetics of RDRP up to High Pressure

6.3 Iron-Halide-Mediated ATRP up to High
Pressure

6.3.1 Monomer-Free Model Systems’

In this chapter, Kmodel for FeBr2/a-bromoester model systems is studied
in an extended pressure and temperature range. A speciation analysis
under high pressure was carried out to explore the reasons for the
observed shift of Kmodel with pressure.

Quantitative analysis of Kmodel is carried out in solution of either
NMP or MeCN via high-pressure online NIR spectroscopic monitoring
the formation of the [Fe!'Brs]~ species as detailed in chapter 4.1.2. Along
these lines, the slope of the so-obtained F([Y]) function (Figure S16)
yields Kmodel Once the termination rate coefficient, ki, is known. With ke
being assumed to occur under diffusion control, solvent viscosity, 1,2>
205275282283 gllows for estimating k:.1 Pressure-dependent viscosities are
estimated via Equation 6.19, where no refers to viscosity at ambient
pressure and a to the incremental change of viscosity per unit
pressure.?* The value of a = 6.24 - 10 bar™ for MeCN is known from the
literature?”* and a=5.0-10*bar! for NMP was adopted as the mean
value of data reported for several polar organic solvents.?”*

7(p) =1L+ - (p—p, )] (6.19)

This procedure has been used to measure Kmodel as a function of
pressure for reaction of 10.0mM FeBr: with several EBrPA
concentrations (for the structure see Figure 6.5) in MeCN and in NMP at
60 °C. The resulting Kmodel data is shown in Figure 6.6. In the pressure
range under investigation, i.e., up to 4000 bar, Kmodel decreases by a
factor of five. The measurements have been restricted to 4 kbar, as the
rate of Fell accumulation becomes insignificant at very high pressure
due the decrease in both ki and Kmodel. The slope of the straight lines in

7 Reproduced in part with permission from Schroeder, H.; Buback, J.; Demeshko, S.;
Matyjaszewski, K.; Meyer, F.; Buback, M. Macromolecules 2015, 48, 1981-1990, Copyright 2015
American Chemical Society, and from Schroeder, H.; Yalalov, D.; Buback, M.; Matyjaszewski,
K. Macromol. Chem. Phys. 2012, 213, 2019-2026, Copyright 2015 Wiley-VCH.
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Br o Figure 6.5: ATRP initiators under
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Figure 6.6: Pressure dependence of Kmodel for the system FeBr: and
EBrPA in solution of MeCN (I>) and NMP (O) at 60 °C.

Table 6.6: Equilibrium constants, Kmodel, at ambient pressure and 60 °C,
reaction enthalpies, ArH, and reaction volumes, A:V, for FeBr2-based model
systems in solution of NMP and MeCN.

entry metal solvent/ligand initiator Kmodel at AH / AV /

salt 60 °C kJmol™' cm3®mol™!
1 FeBr2 NMP EBrPA 1.2-107 37+4 13+£3
FeBr2 MeCN EBrPA 1.5-107 36+4 13+3
FeBr2 NMP MBriB 1.8-10° 43+4 -
aln(Kmodel ) — _ ArV (620)
op - R-T
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Figure 6.6 yields the reaction volume, A:V, according to Equation 6.20.
For reaction in both solvents, A:V=13+3 cm3®mol! is obtained.
Equilibrium constants, reaction enthalpies, and reaction volumes are
tabulated in Table 6.6. A:V is assumed to be independent of temperature
within the range of investigation (see below).

Equilibrium constants, Kmodel, were measured for the temperature
range 40 to 75 °C at ambient pressure (Figure 6.7). The Kmodel data for
reaction of FeBr2 and EBrPA in MeCN and in NMP as well as for FeBr2
and MBriB in NMP closely fit Arrhenius lines. Almost the same values
are found for reaction of FeBr: and EBrPA in the two solvents. For
reaction of FeBr2 and MBriB, Kmodel is clearly different in both absolute
value and temperature dependence. Reaction enthalpies, A:H, for the
iron-mediated systems are larger than the ones reported for Cu-based
model systems with MesTREN (4 kJmol?), TPMA (7 kJmol™) or
PMDETA (22 kJmol™) being the ligand to Cu.'™® ATRP with iron
catalysis thus should be strongly affected by temperature with catalyst
activity being enhanced toward higher temperature.

The most striking effect with the iron-based ATRP systems is the
decrease of Kmodel with pressure, whereas Kmodel increases upon
pressurization with the copper-mediated systems investigated so far.1>
104 As a consequence, the reaction volumes for iron catalysis are positive
and are negative for copper catalysis (cf. chapter 6.1).1921% According to
Equation 6.20, higher pressure shifts chemical equilibria to the side with
smaller molar volume. Therefore, high pressure mostly favors higher
coordination and higher charged ions, such as Cu® over Cul.

To reveal the origin of the unexpected decrease in Kmodel upon
pressurization, the speciation analysis of the individual Fe!! and Fe!™
species detailed in chapter 4.1.1 was expanded to higher pressure. The
[Fe'Brs]- complex seems to be stable toward higher pressure, whereas
marked changes in the distribution of [Fe'Br.(Solv).] complexes may be
observed via NIR spectroscopy. The spectra shown in Figure 6.8A were
measured on a solution of FeBr2 in NMP at 60 °C and pressures of 1,
1000, and 2000 bar. Figure 6.8A exhibits an isosbestic point at ca.
8100 cm™, which consists of [Fe'(Br).(NMP).] absorption toward lower
wavenumbers, and of [Fe(NMP)s]** absorption at higher wavenumbers.
For better illustration of the [Fe(NMP)s]** contribution to absorbance, the
absorption band of [Fe(NMP)s]** obtained by dissolving Fe(OTf): in
NMP with a peak maximum at 9255 cm™ is also shown (gray line).
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Figure 6.7: Temperature dependence of Kmodcl for the systems FeBr2 and
EBrPA in MeCN (D) and in NMP ( O) as well as for FeBr2 and MBriB in
NMP (0) at ambient pressure and temperatures between 40 and 75 °C.

As expected for such species bearing an inversion center, the
extinction coefficient is only around 5Lmol'cm™, which in turn
complicates the detection of this complex in the presence of, e.g., the
tetrahedral [Fe!'(Br).(NMP).]u+=4 species (e =37 Lmollcm™ at 4820 cm™).
The isosbestic point, however, indicates that the intensity of
[Fe(NMP)s]** increases toward higher pressure at the expense of the
[Fe'(Br)u(NMP).]  species.®® The associated pressure-induced
redistribution of these tetrahedral species was analyzed by
deconvolution of the spectra measured for the CDCls/CDsCN (87.5/12.5)
mixture in the lower-wavenumber range (Figure 6.8B). Gaussian
functions (dashed lines) were fitted to the data measured from 10 to
2000 bar. The positions of the fitted functions are in full agreement with
the speciation analysis shown in Figure 6.8. Pressure favors the
transformation of the neutral [FeBr:L:] complex to [FeLe]** and to
[FeBr4]? retaining the overall balance of charges. The concentration of
the [FeBrsL]- complex turns out to be almost insensitive toward
pressure. The rearrangement in favor of the charged Fe' complexes is
more pronounced in polar solvents such as NMP or acetonitrile, which
are stronger ligands in [FeLs]?".10516¢ The pressure-induced formation of
octahedral [FelLs]?** and tetrahedral [FeBrs]* from [FeBr:L:] is due to the
lower molar volume of the charged species.!®® Furthermore, this
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Figure 6.8: (A) FT-NIR spectra of 50.0 mM FeBrz in NMP at 60 °C and an
optical path length of d=5.81 mm; (B) of 30 mM FeBr2 in CDCls/CDsCN
(87.5/12.5) at ambient temperature and 4 = 4.4 mm. Spectra of both solutions
have been measured at 10, 1000, and 2000 bar. The Gaussian functions
(dashed lines in Figure 6.8B) indicate the redistribution of tetrahedral Fe!
species under high pressure. The arrows illustrate the direction of change

upon applying pressure.

redistribution to doubly charged Fe' complexes lowers the overall molar
volume of Fe!' with respect to [Fe"Br4]~. This situation also results in the
decrease in Kmodel with pressure according to Equation 6.20.1% In the next
chapter, Katrr is also studied under polymerization conditions to arrive
at a detailed understanding of the kinetics of ATRP under high pressure.
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6.3 Iron-Halide-Mediated ATRP up to High Pressure

6.3.2 ATRP of MMA up to High Pressure®

Iron-halide-mediated ATRP of MMA has been investigated in various
solvents at pressures up to 2500 bar, which allows for deducing reaction
volumes, ArV(Katre), and for deducing the effect of pressure on the
dispersity of the polymeric product.

MMA was selected as a suitable monomer for these studies, because
methacrylates, in contrast to acrylates, exhibit only one type of (chain-
end) radicals. According to Equation 6.21 polymerization rate depends
on kp, monomer concentration, [M], and on radical concentration, [Rx],
which may be expressed by Karre multiplied by the actual catalyst and
initiator concentrations (see r.h.s. of Equation 6.21).% kp may vary with
solvent composition: The solvent effect primarily acts on the Arrhenius
pre-exponential factor of kp, which is governed by the extent of internal
rotational mobility of the transition state structure.26328+2% Lijterature
values for kp of MMA bulk polymerization® have been corrected for the
concentration of NMP as the cosolvent and adjusted to the experimental
p and T conditions. The so-obtained kp values are tabulated in Table S4.

__IM e =k K, PR RGXT
Rp - dt kp [Rn] [M] kp KATRP [Fe"'] [M] (621)

Time-dependent [M] (and thus Rp) and [Fe!] are measured via online
high-pressure NIR spectroscopy. [Fe'] was obtained from the difference
of initial Fe! concentration, [Fel'l, and measured actual [Fe!], while
[R:X] was estimated via [R«X]=[RuX]o— [Fel]o + [Fel']= [RuX]o - [Fe].
Molar extinction coefficients are required for the determination of [Fe!]
during ATRP. They were obtained by measuring the absorbance of
initial Fe! concentration, [Fel'lo, on the same monomer-to-solvent
mixture, but without ATRP initiator. The Fe!l absorption results from an
overlap of tetrahedral [Fe'Bru(NMP).]u+o-4+ species (u=2, 3, or 4, cf.
chapter 4.1.1). Nevertheless, Beer-Lambert’s law may be used under
equilibrium conditions to deduce Fe! catalyst concentration from overall
Fe!l absorption. Katrr was evaluated at ca. 20 % monomer conversion,
where [Fell] is still very close to [Fe']o.

8 Reproduced with permission from Schroeder, H.; Buback, M.; Matyjaszewski, K. Macromol.
Chem. Phys. 2014, 215, 44-53, Copyright 2015 Wiley-VCH.
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Figure 6.9: (A) Spectral series for solution polymerization of MMA in
the presence of 16.2 mol% NMP at 60 °C and 2000 bar with MMA : EB1PA :
FeBr2=150:1.50 : 1.00 at an optical path length of d = 4.54 mm. The decrease
in MMA concentration with time was analyzed via the peak absorbance
around 6171 cm™. The underlying Fe!l absorption (gray lines) is obtained by
subtraction of the solvent absorption. Integration of the associated
absorbance slice has been carried out between 6700 cm™ and 6300 cm™
(hatched area). (B) The increase in Fell (=[FeBrs]) concentration was
recorded at 4 = 26.82 mm under otherwise identical reaction conditions.

Figure 6.9A shows NIR spectra of MMA polymerization in
16.2 mol% NMP at 60°C and 2000 bar for initial molar ratios of
MMA : EBrPA : FeBr2=150:1.50:1.00. The decrease in both monomer
and Fe!' concentration may be simultaneously monitored during ATRP.
Monomer concentration is determined around 6171 cm™ (see inset to
Figure 6.9A). Spectra were recorded within 2.8 h up to 40 % monomer
conversion. To simplify the presentation, only six out of a multitude of
spectra recorded within 2.8 h are shown in Figure 6.9A. The underlying
NIR absorption of the Fe! species (gray lines) is obtained by subtraction
of solvent absorption (including n-heptane as pressurization medium)
measured for the same ratio of MMA and NMP at identical p and T
conditions and optical path length. Integration for Fe!' concentration is
carried out on the absorbance slice between 6700 cm™ and 6300 cm™ as
indicated in Figure 6.9A. No strong solvent absorption occurs in this
wavenumber range.

As shown in chapter 4.1, the predominant Fe!' species is [Fe''Brs] .
The additional bromide is provided by halide transfer from Fe!l
([Fe'"Bru(NMP)o]u+-4). Molar extinction coefficients were therefore
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6.3 Iron-Halide-Mediated ATRP up to High Pressure

determined in mixtures of Fe'! with Fe!' (see chapter 4.1.2). Only small
amounts of Fell, i.e. around 5-10% of the Fel concentration are
generated. Thus Fe'l absorption is too weak to be accurately determined
at the optical path length required for measuring monomer
concentration. Figure 6.9B shows the increase in Fe' absorption with
time as monitored in a separate experiment at larger optical path length,
d = 26.82mm. The measurement was stopped at 20 % monomer
conversion. The spectra are shifted such as to yield identical absorbance
at 12 140 cm™. The initial Fe band reflects radical termination during
the time period required for sample preparation and for reaching
polymerization conditions. Between 6 and 20 % monomer conversion,
Fe!l concentration increases only slightly, from 3.77 to 4.10 mm. This
minor increase in persistent radical concentration, [Fe], reflects the
high living character of the polymerization. Only 1 % of the growing
chains undergo termination in this conversion range. Termination thus
essentially occurs during the time interval required for reaching the
targeted pressure. Ca.7 % of total Fe' are consumed in this transition
period. Also the separately measured Fe' concentration vs time traces
were used for Katre determination. It is gratifying to note that the so-
obtained Katrr values are close to the associated Karre data from
analysis of the Fe!' concentration vs time traces monitored at lower
optical path length. The Kamre values deduced from the two
concentration vs time profiles agree within 30 %, which is the estimated
accuracy of Katre.

Figure 6.10 shows a plot of In([M]o/[M]) vs time t for an MMA
polymerization at reaction conditions as in Figure 6.9, for pressures
from 1 to 2400 bar. The time required for reaching the target pressure
was almost the same for all pressures. Except for the initial time period
of the experiment at 1 bar, the data may be accurately fitted by straight
lines. The slope of this line represents the product of kp x [Rr]. As kp is
constant for a given pressure, the straight line behavior indicates that
also [R«] remains more or less unchanged in the conversion range under
investigation. This finding is in agreement with the observed minor
increase in persistent radical concentration (see Figure 6.9B) and
confirms the high living character of the ATRP reaction. Figure 6.10
further illustrates the significant enhancement of polymerization rate
upon applying pressure under otherwise identical conditions.
Pressurization from 1 to 1000 bar increases polymerization rate by about
a factor of two and by almost a factor of four up to 2400 bar.
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Figure 6.10: Ln([M]o/[M]) vs time, ¢, for iron-mediated ATRP of MMA in
the presence of 16.2 mol% NMP for MMA : EBrPA : Fell =150 :1.50:1.00 at
60 °C and pressures between 1 and 2400 bar. Ln([M]o/[M]) and ¢ refer to the
first spectrum recorded after pressurization being taken as the time zero
spectrum. Straight lines were fitted to the data.

The data in Figure 6.10 refer to samples which have been
polymerized up to about 40 % monomer conversion. The experimental
molar masses are in close agreement with the theoretical values
(Table 6.7). The favorable low dispersity, D, for 1bar is in agreement
with the reported ambient-pressure value.’? Since the same catalyst
loading was used, radical concentration is already indicative of relative
Kamre for a given pressure. Absolute values of Katre have been
determined at 20 % monomer conversion. It has been verified that Katrp
remains almost constant up to high degrees of monomer conversion, see
Figure S18 in the Appendix.

Both radical concentration and Katre remain more or less unchanged
upon carrying out ATRPs of MMA in the presence of 16.2 mol% NMP at
pressures from 1 to 2400 bar (see lower part of Figure 6.11). The
beneficial effect of pressure on polymerization rate is thus entirely due
to the impact on kp. The rate enhancement is not counterbalanced by any
unfavorable increase in dispersity (see upper part of Figure 6.11).

Beyond the impact on kp and Karmre, the effect of pressure on
diffusion-controlled kt is of interest. Since radical concentration is almost
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Table 6.7: Experimental and theoretical molar masses, Mnsec and Mn,theo,
respectively, and dispersity, D, of PMMA samples polymerized at different
pressures up to the indicated degree of monomer conversion for
MMA : EBrPA : Fel! =150 :1.50 :1.00 in solution of 16.2 mol% NMP at 60 °C.

conversion/  Mnsec/ M theo /
p / bar o . 4 D
%o gmol gmol
1 34 4200 3640 1.25
600 38 4500 4040 1.24
1000 40 4700 4240 1.23
1500 46 5400 4840 1.21
2000 40 4600 4240 1.28
2400 42 4900 4440 1.26
1.44
1.3
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Figure 6.11: Pressure dependence of dispersity (filled symbols), D,
radical concentration (half-filled symbols), [R], and Karre (open symbols)
for ATRP of MMA/NMP (83.8/16.2 mol%) with MMA : EBrPA : Fell =
150:1.50: 1.00 at 60 °C. Straight lines were fitted to the data. The dashed
line through the D vs p data represents the mean value of D.
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insensitive toward pressure and no favorable effect of pressure on
dispersity is observed, pressure-induced lowering of termination rate
appears to play no major role. The decrease of termination rate toward
higher pressure, however, turns out to be important in the early reaction
period, i.e., during the time interval required for reaching the targeted
polymerization conditions. Figure 6.12 shows relative monomer
concentration plotted vs time for two ATRPs under identical conditions
with only the time interval required for pressurization up to 2000 bar
being significantly different. Upon fast pressurization, i.e., within one
minute, the resulting Fe'' concentration is much lower, 1.5 mmol L vs
3.6 mmol L in case of slow pressurization, i.e., within about three
minutes, and remains at this lower level throughout the entire ATRP. As
a consequence, [R«] (and thus polymerization rate) are significantly
increased by faster pressurization. As well-controlled ATRP requires
Felll deactivator species to be present, the amount of Fe!' can, however,
not be reduced arbitrarily and should be between 0.5 and 1.0 mM Fe'’.
This minimum Fe concentration limits the extent of pressure-induced
rate enhancement.

It appeared rewarding to examine the solvent dependence of Katrr
for iron-catalyzed ATRP of MMA. Katre was investigated within a wide
p and T range at different initial NMP contents, including measurements
in the absence of NMP: either in bulk MMA, with 0.1 M TBA-OTf being
added to ensure the solubility of the catalyst (cf. chapter 4.1.3), or in
MMA/anisole (1:1, v/v) with 1 equiv TBA-Br being added. Illustrated in
Figure 6.13 is the pressure dependence of lg(Kartre) with TBA-Br (gray
symbols), with TBA-OTf (black), and in the presence of 16.2 (orange),
35.4 (blue), 68.7 (red) and 91.8 mol% (green) NMP. The decadic
logarithm (Ig) is more easily associated with decimal numbers, and is
thus used instead of the natural logarithm (In). The reaction volume,
A+V, was deduced from the slope of the straight lines to the Ig(Katrr) vs
p data.

It stands out that Katre at a given pressure varies significantly with
the amount of the polar solvent component, NMP (see Figure 6.13
below). This effect has already been seen for the monomer-free model
systems discussed in chapter 4.1.3. In passing from 91.8 % NMP solution
polymerization to bulk MMA with the TBA-OTF additive, Katrr is
increased by about three orders of magnitude at ambient pressure. The
additional increase with TBA-Br being added is due to the quantitative
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Figure 6.12: Ln([M]o/[M]) vs time, ¢, for iron-mediated ATRP of MMA in
the presence of 16.2 mol% NMP for MMA : EBrPA : Fell : Felll =150 : 1.50 :
1.00:0 at 60 °C and 2000 bar. The two experiments differ in the time
required for reaching 2000 bar. The In([M]o/[M]) vs t data refer to the first
spectrum recorded after pressurization.
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Figure 6.13: 1g(Katrr) vs pressure, p, for iron-mediated ATRP of MMA at
60 °C with 1 equiv TBA-Br (gray symbols), with 0.1 M TBA-OTf (black), and
in the presence of 16.2 (orange), 35.4 (blue), 68.7 (red) and 91.8 mol% (green)

NMP.
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formation of the active catalyst species [Fe''Br3(Solv)]~ and [Fe!'Brs]" (see
chapter 4.1.3). The changes in Katre with solvent composition are
accompanied by changes in A:V. Polymerizations carried out in
91.8 mol% NMP are close to the situation of the model systems in pure
NMP without monomer being present, for which A:V has been found to
be 13 + 3 cm?® mol ™. This positive reaction volume describes the decrease
of Kmodel toward high pressure due to the pressure-induced formation of
octahedral [FeLs]** and tetrahedral [FeBrs]* from [FeBr:L:] due to the
lower molar volume of the charged species.'® A:V of the monomer-free
model system in NMP is close to the value of MMA polymerization in
the presence of 91.8 mol% NMP, A:V =15 + 3 cm?® mol™! (Figure 6.13). The
lowering of Katre with pressure occurs to almost the same extent as the
simultaneous increase in kp (AfV (kp) = =16.7 cm® mol™), which results in
only a minor rate enhancement of ATRP for this solvent composition.

In passing from 91.8 mol% NMP to 16.2 mol% NMP polymerization,
the values for A:V decrease to 1+2cm®mol! (see Table6.8 and
Figure 6.13). This observation suggests that pressure-induced formation
of [Fe(NMP)¢]** becomes less likely in case that only small amounts of
NMP are available. No further change in A:V is observed for
polymerizations in the absence of NMP (entries 1-2 in Table 6.8).

Conversely, absolute Katrr is already significantly reduced with only
small amounts of NMP being added as illustrated in Figure 6.14. This
situation results from changes in Gibbs energy of [Fe'Br3(Solv)]- when
NMP coordinates to Fe to yield [Fe'Brs(NMP)]- instead of
[Fe"Brs(MMA)]-~ (cf. chapter 4.1.3). The Katrr values in Figure 6.14 are
plotted vs the NMP-to-metal ratio, xnwmp/xre for 60 °C and 2000 bar.
The value of xnmp/xreu =206 refers to the monomer-free model system
at xnme=1 using poly(MMA)-Br as the macroinitiator (see further
below). ATRPs with low xnwmp/xreqn (W) have been carried out with
TBA-OTf. The decrease in Katre in Figure 6.14 at low values of
xnwmp /[ xreany = 1.1, 2.8, 5.2, and 14.2 reflects the association of NMP as a
ligand to iron. At xxmp / xrean = 2.8, Katre is already by about one order of
magnitude below the value determined during ATRP of bulk MMA.
The data set may be linearized by a double logarithmic plot (Figure 519
and cf. Figure 4.9).
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Table 6.8: Equilibrium constants, Katre, at 2000 bar and 60 °C, reaction
enthalpies, A:H, and reaction volumes, A:V, for MMA polymerization at
different NMP contents.

entry NMP /

mol%
Qlal
el
16.2
354
68.7
91.8

AN U1 &= W N =

Katrp

At 60 °C / 2 kbar

9.7 x 10°°
1.7 x 107°
2.0x10%
1.1x108
3.6 x 107
1.2 x107°

AH /

kJmol-!

62+7
54+6
58 + 6
60 +6
50+5

AV /

cm®mol!

1+£2
3+ 2
1+£2
8§+2
11+3
15+3

lal With 1 equiv TBA-Br; !l with 0.1 M TBA-OTf; [d the value for AV rests

on a rather limited set of measurements.
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Figure 6.14: lg(Katre) vs xnwmp/xreay (0) for iron-mediated MMA
polymerization at 60 °C and 2000 bar. The value of xnxmp / xre = 206 refers to
the monomer-free model system which is discussed in the next section.
xnme/xreay () have been obtained from MMA
polymerization with 0.1-02M TBA-OTf being present to ensure
homogeneity of the solution.

Values for small
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Figure 6.15: Ig(Katre) vs T~ for Fe-mediated ATRP of MMA at ambient
pressure and NMP contents of between 16.2 and 91.8 mol%. Measurements
without NMP but with 0.1 M TBA-OTf were carried out at 2000 bar.

Shown in Figure 6.15 is the temperature dependence of Katre at
ambient pressure. The resulting reaction enthalphies, A:H, are listed in
Table 6.8. The estimated uncertainty of A:H is primarily attributed to the
rather small experimental temperature range of 50 to 75°C. A few
measurements for the system with TBA-OTf have also been carried out
between 35 and 74 °C, but at 2000 bar. A:H is more or less insensitive
toward NMP concentration. As with the model systems, the large A-H
indicates that ATRP rate is strongly accelerated with temperature.

Comparison of Kmodet and Karre. Summarized in Table 6.9 (cf.
Figure S20) are equilibrium constants and reaction volumes measured
during MMA polymerization and on a model system with a
poly(MMA)-Br initiator (Mn = 8000 g mol™, see chapter 8.3) in binary
mixtures of NMP with either toluene or 2-butanone as a cosolvent. Kmodel
with toluene as the cosolvent to NMP is almost identical to Katre for
MMA polymerization (with the same amount of NMP being present,
entry 1-3). Irrespective of absolute Kmode, both binary model system
adequately reflect the trend of increasing Kmodel in passing from 100 to
18 mol% NMP. ArVmodel and ArVatre are also in close agreement.
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Table 6.9: Equilibrium constants, Kmodel and Katre at 1 bar and 60 °C as
well as reaction volumes, A:V, for iron-catalyzed ATRP model systems
studied in solution containing quite different amounts of NMP.

entry mol% Kmodel Kmodel KaTtrp ArVmodel / ArVATRP /
NMP 2-Bu ol toluenel®! MMA cm®mol?! cm3mol?

1 18 56 x10% 2.1 x10%d 21x108  2+20@ 1+2
2 38 43x10% 14x10% 19x10% - 8+2
3 62 - 73x10°  79x107 - 11+3
4 100/92i41 6.0 x 107  6.0x 107 3.7x10° 13+ 3l 15+3

lal in 2-butanone as the cosolvent, P! in toluene as the cosolvent, [ with
1 equiv. TBA-OT{, 19 100 mol% NMP in case of Kmodel, 91.8 mol% NMP and
9.2 mol% MMA in case of Kartrp, [¢] estimate based on the value with MBriB
as the initiator (chapter 6.3.1), 1l Estimate via ArV with EBrPA.105

Perspective. Even though ArV(Kartre) in iron-halide-mediated ATRP
may be as low as ca. 1 cm®mol™, negative numbers as in Cu catalysis are
not observed. Tetrahedral [FeBr.L.] species also mediate ATRP in the
presence of additives such as phosphines (TTMPP), carbenes, and
multidentate amines (TPMA¥), see chapter 4.2.228 Hence, it does not
come as a surprise that, within further experiments, the pressure
dependence of Katre with these systems turned out to be similar as
compared to the iron halide catalyst operating without these additives
in the same solvent mixture.

In the following chapter, amine-bis(phenolate)iron-mediated ATRP
was examined in an attempt to identify reaction conditions under which
Katre is enhanced with pressure as with Cu-mediated systems. If both
Katre and kp increase upon pressurization, full advantage may be taken
of iron-mediated high-pressure ATRP. With such systems, experiments
up to the maximum pressure of the setup should be particularly
rewarding.
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6.4 Kinetics with Amine-bis(phenolate) Iron
Complexes®

6.4.1 ATRP up to High Pressure

ATRP of styrene (cf. chapter5.1) catalyzed by chloro-substituted
amine-bis(phenolate)iron complexes®8724 (Figure 6.16) was investigated
via online vis/NIR spectroscopy up to 6000 bar. Primary interest was
directed toward the effect of pressure and temperature on Katre and on
the dispersity of the polymeric product.

Cl | "’//N Figure 6.16: Structure of the inves-
)\O/, | tigated amine-bis(phenolate)iron(III)
yFe—-N-Me .
O I e chloride catalyst.
Cl Cl

As the catalyst is more readily handled in the higher Fe' oxidation
state, ATRPs of styrene were started in the reverse fashion (R-ATRP), as
shown in Scheme 6.2, where alkyl halide and the Fe!/L catalyst are
produced in situ via decomposition of an azo initiator, RiN=NR1. The
type of azo initiator was selected according to the targeted reaction
temperature: 2,2'-azo-bis(4-methoxy-2,4-dimethyl valeronitrile) (V-70)
was used for ATRPs between 70 and 90 °C, 2,2'-azo-bis(2,4-dimethyl
valeronitrile) (V-65) at 100 and 110°C, and 2,2"-azo-bis(2-methyl-
propionitrile) (AIBN) at 120 °C. The differences in the temperature
stability of these azo initiators thus provide rapid initiator
decomposition at each polymerization temperature and allows for an
immediate initiation of the chain-growth reaction.

The system wunder investigation consisted of the amine-
bis(phenolate)iron(Ill) chloride complex (Figure 6.16), Cl-Fe"/L, and of
0.6 equiv of the azo initiator, RiN=NRj, in solution of styrene. The
Cl-Fe'/L. concentration was monitored via the associated absorbance
between 27000 and 12000 cm™ (Figure 6.17A). The spectra were

9 Reproduced with permission from Schroeder, H.; Buback, M.; Shaver, M. P. Macromolecules
2015, 48, 6114-6120, Copyright 2015 American Chemical Society.
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Katrp = kact/ kdeact

Kact +M k

Fe''L + R,-Cl <——=— CI-Fe''/L + R, P

w ktl
R}

dead polymer
71/2 N2+

17, R{N=NR,

Scheme 6.2: Reverse ATRP catalyzed by Cl-Fe™/L and Fe'/L complexes.
The starting materials are indicated in red. Polymerization is initiated by the
decomposition of the thermal initiator, RiIN=NRi. The structure of the
primary radicals, Ri*, depends on the type of the thermal initiator and
differs from the monomer-specific radicals, Rx*.

calibrated against the absorbance measured at known Cl-Fe/L content
in the absence of the thermal initiator (dashed-dotted line in
Figure 6.17A). After addition of the thermal initiator, this absorption
almost entirely disappears due to the rapid reduction of Cl-Fe!/L
(fullred line). The initiator efficiency, i.e., the fraction of successful
chain-initiation events, should be around 83 % at 120 °C, since 0.60
equiv of the azo initiator, i.e., 1.2 equiv of R1 are required for the initial
reduction of Cl-Fe/L. The formation of the reduced iron complex,
Fe/L, was evidenced via Mossbauer spectroscopy as shown in
chapter 5.1. During the subsequent polymerization, the Cl-Fe!l/L
concentration increases with time according to the PRE.!*® Nine out of a
multitude of recorded spectra are shown in Figure 6.17A for clarity.

The full Cl-Fe/L absorption band may be recorded via UV/VIS
spectroscopy within the experiments at ambient pressure. The high-
pressure equipment has been designed for FT-NIR spectroscopic studies
and affords detection at wavenumbers up to 15 800 cm™ (cf. chapter 8.2),
i.e., in the shaded area at wavenumbers below the one given by the
dashed vertical line in Figure 6.17A. At 15800 cm™, the Cl-Fe!/L
absorbance amounts to about one third of the intensity in the peak
maximum, which is, however, sufficient to accurately determine
Cl-Fe''/L concentration in the high-pressure experiments, in particular,
as increased optical path lengths were used to compensate for the
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Figure 6.17: (A) Online vis/NIR spectroscopic measurement of an
R-ATRP carried out at 90 °C and 1 bar starting with 14.5 mM Cl-Fe''/L and
8.7 mM V-70 in solution of styrene/anisole (1:1, v/v). Cl-Fe™/L concentration
is measured between 27 000 and 12 000 cm™ at an optical path length of
0.5 mm. The initial spectrum (dashed-dotted line) was recorded in the
absence of the thermal initiator. For better presentation, the intensity of this
spectrum was reduced by a factor of three. (B) Styrene concentration
monitored via the characteristic peak absorbance at around 6137 cm™ at an
optical path length of 5 mm. The spectral series was recorded at 2000 bar
and 120 °C. The dashed line represents the reference absorbance for full
conversion of styrene.
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reduced absorbance. The quantitative analysis for Cl-Fe!'/L is thus
straightforward, as this deactivator complex is the single Fe species
occurring in this wavenumber range.?*!

Monomer concentration was determined from the characteristic
peak absorbance at around 6137 cm™, which is associated with the first
overtone of the C-H stretching modes at an unsaturated carbon atom
(Figure 6.17B). For clarity, only six out of a multitude of recorded spectra
are shown in Figure 6.17B. The dashed line represents the reference
spectrum for full conversion of styrene. A second autoclave!0+166167 with
larger optical path length has been used for online NIR detection of
ATRPs at pressures above 2000 bar. In this experimental setup, styrene
concentration was monitored at around 8980 cm™ via the second
overtone of C-H stretching modes at an unsaturated carbon atom.

The In([M]o/[M]) vs time, t, traces for ATRPs of styrene carried out in
bulk at 120 °C and pressures of 1, 1000, 2000 and 5000 bar are shown in
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Figure 6.18: In([M]o/[M]) vs t for ATRPs of styrene carried out at 120 °C
and 1, 1000, 2000, and 5000 bar. The initial molar ratios of reagents were:
[Sty] : [CI-Fe™/L] : [RiN=NR:1] =1000: 1.00 : 0.60 with the exception of the
reaction at 5000 bar, where only 0.40 equiv RiN=NR1 have been employed.

Figure 6.18. The molar ratios of the reagents were: [Sty] : [Cl-Fe"/L]:
[RiN=NR1] =1000:1.00 : 0.60, with the exception of the reaction at
5000 bar, where 0.40 equiv of RiN=NR: relative to Cl-Fe'/L were
employed. After an initial reaction period, the increase in In([M]o/[M])
vs t exhibits a straight-line behavior, which is indicative of a constant
level of radical concentration.

At ambient pressure, radicals produced from styrene via self-
initiation?” may compensate the loss of growing chains due to
termination reactions, thus yielding linear In([M]o/[M]) vs t traces over
an extended time period (>5h). Within the short duration of the high-
pressure experiments, e.g., of about 40 min at 120 °C and 2000 bar, it
was verified experimentally that the amount of radicals produced by
self-initiation is negligible. Termination reactions and the simultaneous
accumulation of Cl-Fe/L typically result in a slight curvature of
In([M]o/[M]) vs t such as seen for the data at 1000 bar. The observed
linearity of the In([M]o/[M]) vs t plots for 2000 and 5000 bar is thus
assigned to the beneficial lowering of termination rate toward high
pressure.?-101
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6 Kinetics of RDRP up to High Pressure

ATRP is significantly accelerated toward higher pressure as is seen
from the increase in the slope of the In([M]o/[M]) vs t correlations, by
about one order of magnitude, in passing from 1 to 2000 bar (cf.
Figure 6.18). This effect significantly exceeds the expected rate
enhancement associated with the pressure dependence of kp.”” The
additional rate enhancement must be due to the increase in [R»*] with
pressure (cf. Equation 6.21, chapter 6.3.2). [R«*] may be estimated by

rearranging Equation 6.21 to [R;]=-dIn[M]/(k,-dt). The measured

rate data, together with the known kp(p), suggest that, in passing from 1
to 1000 and to 2000 bar, [R«"] increases from 1.4 x 108 to 2.5 x 10-® and
4.8 x 10°® molL, respectively, with these numbers being determined at
33 % monomer conversion. The In([M]o/[M]) vs f trace at 5000 bar was
recorded at a reduced ratio of initiator to Fe concentration to
counterbalance the otherwise enormous pressure-induced rate
enhancement. The adjustment was necessary to maintain a low degree
of monomer conversion during the time interval required for reaching
the targeted pressure and temperature and to provide sufficient time for
online reaction monitoring.

The increase in [R«*] with pressure is assigned to the enhancement of
Katre. The online spectroscopic analysis of both Fe concentration and
monomer conversion allows for analyzing Katre according to
Equation 6.21.% The time-dependent concentrations of Fe! and Ru-Cl
during the R-ATRP may be calculated from the relationship:
[Fe"] = [R.-Cl] = [Fe"]Jo-[Fe™]. The propagation rate coefficient is known
from pulsed-laser polymerization experiments up to 2800 bar.”” The
reported activation volume, AtV(kp) = (-12.1 +1.1) cm®mol™.,”” was used
for estimating kp up to 6000 bar.

Plotted in Figure 6.19 are the so-obtained values of lg(Katre) vs
pressure (red symbols). According to Equation 6.20, the reaction
volume, A:V, was deduced from the slope of the straight line to be
(=17 £ 2) cm®mol}, reflecting an increase in Katre by a factor of 20 upon
increasing pressure from 1 to 6000 bar. Due to the simultaneous increase
in kp, ATRP rates increase by two orders of magnitude within this
extended pressure range. The simultaneous pressure-induced lowering
of the termination rate allows for a high living character of amine—
bis(phenolate)iron-mediated ATRP.

The large negative A:V(Katrr) is assigned to the stronger contraction
of the ligand sphere!® of the Cl-Fe!'/L complex in solution, which may
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Figure 6.19: 1g(Katre) vs pressure, p, for ATRPs of styrene at 120 °C
mediated by either the amine-bis(phenolate)iron(Ill) catalyst (upper part) or
by [FeCls]- (lower part) with TBA-CI (black symbols) or HCI (gray symbols)
being added for catalyst formation. Straight lines were fitted to the data.

be understood in terms of Cl-Fe'/L being a stronger Lewis acid than
Fel'/L. The reaction volume is similar to the numbers reported for Cu-
ligand ATRP systems,!0>1% where high pressure also shifts the ATRP
equilibrium toward the metal species of higher charge, i.e., to Fe! or
Cul, respectively. The only exception to this behavior was the iron
bromide system (see chapter 6.3) complexed by bromide and solvent
molecules: [Fe!'Br.(Solv).]?™), which is due to the pressure-induced
rearrangement of the Fe!! species.

In order to check whether the iron chloride complexes
[Fe"Clu(Solv).]@™ exhibit the same behavior as the bromide complexes,
and to enable a direct comparison of Karre with the amine-
bis(phenolate)iron catalyst, ©“/NMe2[O,NN']FeCl, ATRPs of styrene were
conducted with iron chlorides in the absence of a specific ligand. The
reactions were carried out at 120 °C and pressures between 1 and
2500 bar with the following initial molar ratio of reagents in solution of
DME (33 vol%): [Sty]: [ECIPA] : [FeClz] : [TBA-CI]= 200:1.00:1.00:
1.00, where ECIPA is ethyl a-chlorophenylacetate and TBA-CI is
tetrabutylammonium chloride. TBA-CI provides the additional chloride
for the formation of the catalyst species, [Fe!'lCl3(Solv)]~ and [Fe™Cl4],
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6 Kinetics of RDRP up to High Pressure

which are predominant at ambient pressure.??® Alternatively, HCl was
added as a chloride source. The ATRPs with the iron chloride catalyst
turned out to be also well-controlled, e.g., yielding D=1.17 at 75 %
monomer conversion after 15h at ambient pressure. However, the
activity of the @ANMe2[O,NN']FeCl catalyst is significantly higher with
Katrre being a factor of 5 and 20 above Katrr for [Fe!!Cls]~ with added
TBA-CI and HCI, respectively. Based on relative Katre, TBA-CI seems to
be the more effective chloride source than HCl in organic media.
Irrespective of the added chloride component, Karre for [Fe'Cls]-
decreases toward higher pressure (Figure 6.19) yielding ArV(Katrr) =
(17 +3) and (18 +3) cm®mol™, respectively (Table 6.10). Consequently,
the difference in Katrr between C/CINMe2[(;NN'|FeCl and [FeMCl4]-
enormously increases with pressure.

The experiments at elevated pressure demonstrate that the
CLCNMe2[O,NN'FeCl catalyst does not undergo any competing solvent
coordination or undesirable complex rearrangements. The amine-
bis(phenolate) ligand affords Fe catalysis with enhanced Katre. It was
found that ATRP using this catalyst system may be carried out in bulk
and in anisole solutions without any effect on Katre. The reaction
enthalpy of ATRP with ©CGNM2[ONN'TFeCl is 25+ 5k] mol?!
(Figure 6.20) and thus considerably below the enthalpy of 58 k] mol™!
measured for ATRP of MMA with iron halides.’® The temperature and
pressure dependence of Katre for <C!NMe2[(,NN'[FeCl deduced from the
styrene polymerization experiments is given by Equation 6.22.

1310  0.0888
lg(K =-286-——+———(p/bar-1 6.22
9K aree) Tt (P/bar- (6.22)

The effect of pressure on the dispersity of the polymeric product is
also of interest. For this purpose, another series of ATRP experiments
were carried out using a simultaneous reverse & normal initiation
(SR&NI) principle: In addition to alkyl halide formation by in situ
reduction of Cl-Fe'/L with a thermal initiator, the alkyl halide initiator,
ECIPA, was added to the system. ATRPs were conducted at 120 °C in
solution of anisole (25vol%) with an identical initial molar ratio of
reagents at all investigated pressures: [Sty]:[Cl-Fe/L]:[ECIPA]:
[RiN=NR:1]=300:1.00:1.00:0.13. The SR&NI methodology was used
because the small amount of thermal initiator means that only about
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Table 6.10: Equilibrium constants, Katre, at 1 bar and 120 °C, reaction
enthalpy, A:H, and reaction volumes, A:V, for styrene ATRP mediated by
the indicated catalyst.

entry Fel! catalyst Katrp A:H / AV
at120°C/1bar kJmol?! cm?® mol™
1 CLCLNMe2[ >N N']FeCl 6.8 x 107 25+5 =17 +2
2 [TBA][FeCld] 1.5 %107 - 17 +3
3 [H3O][FeCls] 3.5x108 - 18+3
-6.2 4 =
Q AH = (25 £ 5) kamol™
-6.3 4
~ -6.4 4
2
< -65-
o
-6.6
-6.7 4

0.0I026 0.0I027 0.0I028 0.0I029
THK?
Figure 6.20: Ig(Katre) vs T-! for the ATRP of styrene at 120 °C mediated
by ccNMe2[O,NN'[FeCl. A straight line was fitted to the data with the slope
yielding the reaction enthalpy, A:H = 25 + 5 kJmol.

20 % of Cl-Fe/L is converted to Fe!/L. This provides a high CI-Fe'/L
deactivator concentration throughout the entire ATRP reaction. The
excess of ECIPA as compared to Fe!'/L essentially yields polymer with a
high degree of chain-end functionality. Listed in Table 6.11 are the
experimental and theoretical molar masses, Mnsic and Mhntheo,
respectively, and the dispersity, D, of polystyrene samples produced
between 1 and 6000 bar. The experimental molar masses are in
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Table 6.11: Experimental and theoretical molar masses, Mnsec and
M theo, Tespectively, and dispersity, B, of polystyrene produced at different
pressures and up to the indicated degree of monomer conversion. !l

p/ conv./  Mnsec/ M theo / )
bar % gmol™! gmol! 1l

1 38 9400 9880 1.18
2000 37 9100 9620 1.21
3000 39 9300 10140 1.20
4000 45 10000 11700 1.22
5000 38 8600 9880 1.24
6000 54 11400 14040 1.28

lal Conditions: [Sty] : [Cl-Fel/L] : [ECIPA] : [RiN=NR] =300 : 1.00 : 1.00 :
0.13, styrene: anisole = 3:1 (v/v), 120 °C. Mntmeo = [Sty]o/ ([ECIPAJo +
[RiN=NRi]o x 1.7) x M(Sty) x conversion + M(ECIPA).

reasonable or even excellent agreement with the theoretical values. It is
particularly gratifying to note that, despite the enormous rate
enhancement toward higher pressure, ATRP may still be operated in a
well-controlled fashion at 6000 bar with the dispersity being H=1.28.
Nevertheless dispersity increases from 1.18 to 1.28 in passing from 1 to
6000 bar (Figure 6.21). The associated broadening of the molar-mass
distribution is illustrated in Figure 6.22. This effect is attributed to a
relative lowering of deactivation to propagation rate toward higher
pressure. The situation may be similar to the one with Cu-based ATRP
systems, for which the activation volume, Ea(kdeat), was found to be
close to zero,” whereas propagation rate is strongly enhanced. The
consequences of such relative changes in deactivation to propagation
rate are more vigorous at lower Cl-Fe!'//L content: An ATRP started with
2mM ClI-Fe/L. occurs in a controlled fashion (P <1.3) at ambient
pressure, whereas the dispersity in ATRP at 5000 is significantly affected
by lowering initial Cl-Fe''/L concentration from 22 mM to 8 mM and
2 mM, which yields an increase in dispersity from D =1.24 to 1.50 and to
> 2.5, respectively.
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Figure 6.21: Dispersity as a function of pressure of polystyrene
synthesized via ATRP (see text). The dashed line serves the purpose of
guiding the eye.
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Figure 6.22: SEC-derived molar-mass distributions (MMDs) of
polystyrene produced via ATRP (see text) at 120 °C and pressures from 1 to
6000 bar. The MMDs were scaled to identical area under the curves.
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Applying high pressure turns out to be helpful once
CACNM2[O,NN'FeCl is used at further optimized conditions: To reach
higher degrees of polymerization and thus higher molar masses, the
concentration of growing chains and thus of ATRP initiator needs to be
reduced. Such ATRPs are more feasible under high pressure due to the
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beneficial lowering of termination rate. E.g., a number-average molar
mass Mn=103,000 g mol! (P=14) was obtained after only 1h by
carrying out an R-ATRP of styrene at 120 °C and 5000 bar with 2 mM
AIBN as the single initiator.

After this detailed kinetic study into styrene ATRP mediated by
CLCNMe2[O,NN']FeCl, other monomers should be investigated along the
same lines. The reported reaction volumes for a variety of Cu-ligand
systems were found to be almost independent of the type of
propagating radical and of the associated alkyl halide,!0>1% despite the
differences in absolute Karrp,44102103201,233

6.4.2 OMRP up to High Pressure

With methacrylates, the investigated ©'“\NMe2[O;NN']Fe catalyst operates
simultaneously via ATRP and OMRP equilibria (cf. chapter 5.1).8687.241
The OMRP activation, R -Fe"/L.— R +Fe"/L, should be disfavored
toward higher pressure, since R.-Fe'/L is converted into two species,
R.* and Fel/L. With ATRP, on the other hand, activation is not
associated with a change in the number of reacting species. Moreover,
ATRP activation yields the higher charged iron species, which is mostly
accompanied by a lower molar volume. Applying pressure may thus
affect the relative importance of ATRP and OMRP with a preference for
radical production and control by ATRP.

MMA polymerizations may also be operated exclusively via OMRP
control (cf. chapter 5.1). The associated R.-Fe'//L activator complex was
produced in situ according to the procedure detailed below Figure S11.
OMRP was started by adding monomer to the solution containing about
8.2 mM Ru-Fe/L and 1.8 mM of the Fe'/L complex. Ri-Fe!''/L cannot be
monitored, since the high-pressure equipment was designed for NIR-
spectroscopic detection below 15 800 cm™, whereas the peak maximum
of Ruw-Fe'/L occurs at 23250 cm™ as deduced via ambient-pressure
UV/VIS spectroscopy (chapter 5.1). The concentration and thus NIR
intensity associated with Fel'/L is too low to be monitored accurately.
Therefore, only the initial catalyst concentrations are precisely known.
To allow for an interpretation of the effect of pressure on polymerization
rate, OMRPs at 1 and 4000bar were started with identical
concentrations of R«-Fe/L (8.2 mM) and Fe'/L (1.8 mM). Equilibration
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Figure 6.23: [R+*] vs monomer conversion, conv, in OMRP of MMA
carried out at 70 °C and 1bar (blue symbols) and at 4000 bar (orange
symbols). The dashed line serves the purpose of guiding the eye. Further
details of the polymerization procedure are found in Figure S11.

should primarily affect the reaction partner with the smallest
concentration, i.e., the radicals, R«*. The changes in R.«* with pressure
should be indicative of the changes in the position of the OMRP
equilibrium, similarly as the changes in R.* indicate the changes in Katrr
with pressure as shown before. R.* was determined from measured
In([M]o/[M]) vs time traces and known kp(p). Within first investigations
into OMRP of MMA at 70 °C, no increase in radical concentration
toward higher pressure was observed in passing from 1 to 4000 bar
(Figure 6.23). This observation supports the idea that if both the ATRP
and OMRP mechanism operate simultaneously, high pressure should
favor radical production and control via ATRP.

145






Closing Remarks

ATRP equilibrium constants, Katre, were determined for a variety of
Fe-ligand combinations. Illustrated in Figure 7.1 is an overview of the
Katre values for MMA (squares), styrene (circles) and BA (triangles),
representing three main monomer classes, as well as for ethyl
phenylacetate radicals (diamonds), which are produced from the EBrPA
initiator. Each color refers to the indicated type of Fe catalyst. Katrp
values represented by solid symbols were directly measured, whereas
the open symbols refer to data estimated on the basis of relative bond
strengths of the associated alkyl halides.*?0123 Values represented by
dotted symbols also result from such estimates but refer to systems,
where an interplay with OMRP or CRT needs to be considered.

Figure 7.1 demonstrates that the Katre values for Fe catalysis cover a
broad range. The same is true for Cu catalysis, for which Katrr values
are included in Figure 7.1 as cross marks.3>1%1¢ These numbers are
mostly based on reported values'®!® or were predicted from these
values as described above.352 Fe catalysts may be tuned as effectively
as Cu catalysts for use in different ATRP procedures, e.g., normal,
reverse, ICAR and ARGET ATRP, as well as with a wide range of
monomers. In contrast to Cu, certain Fe catalysts operate without amine
ligands and could thus be more amenable for acidic monomers.

The insights into the interplay between ATRP and OMRP as well as
the methodologies applied in this work should be valuable in studying
further Fe catalysts. It was recently found that the Fe-based catalase
enzyme and a synthetic Fe/mesoheme catalyst may be used for
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Figure 7.1: 1g(Katrr) values at 60 °C for a selection of Fe-ligand systems
and for MMA (squares), styrene (circles), BA (triangles) and for ethyl
phenylacetate radicals (diamonds). Each color refers to the indicated type of
Fe catalyst. Values in solid symbols were measured directly and those for
open symbols estimated as described in the main text. The systems
represented by dotted symbols operate via ATRP together with OMRP or
CRT. Also, Katre values for Cu catalysis are shown as cross marks.

controlled polymerization under bio-relevant conditions.?6628-291 These
catalysts allowed for the RDRP of water-soluble methacrylates,
acrylates, and of N-isopropylacrylamide in aqueous phase under
ambient conditions. It should be noted that Fe/heme systems may occur
in various oxidation states?>?> and that the kinetics in aqueous phase is
particularly complex.2*+?” Nevertheless, these catalysts are projected to
be very active, which seems to be partly due to an ATRP equilibrium
with enhanced Katre. The spectroscopic approaches applied in this work
provide an essential framework for closer experimental inspection of
such bio-relevant systems.
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Experimental

8.1 Chemicals

Metal salts and solids. FeBr2 (ABCR, ultra dry, 99.995 % metals basis),
FeBrs (ABCR, anhydrous, 99 %), FeCl2 (anhydrous, 99.998 % metals
basis, Aldrich), FeCls (anhydrous, 98 %, ABCR), Fe(OTf): (iron(I)
trifluoromethanesulfonate, = ABCR, 98 %),  tetrabutylammonium
trifluoromethanesulfonate  (TBA-OTf, ABCR, 99 %), tetrabutyl-
ammonium  bromide (TBA-Br, Fluka, >99.0%), tris(2,4,6-
trimethoxyphenyl)phosphine (TTMPP, ABCR, >97.0 %),
triphenylphosphine (TPP, ABCR, 99 %), 1,3-bis(2,6-di-i-propylphenyl)-
4,5-dihydroimidazol-2-ylidine =~ (HIDipp, = ABCR, 98 %),  tris(2-
pyridylmethyl)-amine (TPMA, Aldrich, 98 %) and 2,2,6,6-tetramethyl-1-
piperidinyloxyl (TEMPO, Aldrich, 99 %) were used as received.
Tetrabutylammonium chloride (TBA-Cl, Aldrich, >97.0%) was
recrystallized from cold ethanol (Aldrich, p.a.) and dried under vacuum
prior to use. Amine-bis(phenolate)iron complexes were prepared
following literature procedures® 241247298300 and kindly provided by the
Michael Shaver group at the University of Edinburgh. Tris([(4-methoxy-
2,5-dimethyl)-2-pyridyl] methyl)amine (TPMA*) was kindly provided
by Kristin Schroder at the Carnegie Mellon University of Pittsburgh.210
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Initiators. Ethyl a-bromophenylacetate (EBrPA, ABCR, 97 %),
methyl  2-bromo-iso-butyrate  (MBriB, Fluka, 299 %), methyl
2-bromopropionate (MBrP, Fluka, > 97 %), ethyl a-chlorophenylacetate
(ECIPA, Aldrich, 97 %), 1-phenyl-ethylchloride (PECI, ABCR, 98 %),
a-methyl-4-(methylmercapto)-a-morpholinopropiophenone ~ (MMMP,
Aldrich, 98 %) and 2,2'-azobis(4-methoxy-2,4-dimethyl valeronitrile)
(V-70, Wako), 2,2'-azobis(2,4-dimethyl valeronitrile) (V-65, Wako) were
used as received. 2,2'-Azobis(2-methylpropionitrile) (AIBN, Aldrich,
98 %) was recrystallized from cold ethanol (Aldrich, p.a.) and dried
under vacuum prior to wuse. Meso-1,2-bis(1-phenylethyl)diazene
(PEDA)*! was kindly provided by Wibke Meiser at the University of
Gottingen.

Monomers and solvents. 2-butanone (Acros, extra dry, 99.5 %),
anisole (Aldrich, anhydrous, 99.7%), acetonitrile (MeCN, Acros, extra
dry, over molecular sieve, 99.9 %), N,N-dimethylformamide (DMF, extra
dry over molecular sieve, 99.8 %), tetrahydrofuran (THF, Aldrich, for
HPLC, 299.5 %, inhibitor-free), n-heptane (Carl Roth, > 99 %), n-hexane
(Aldrich, p. a.), n-dodecane (Aldrich, anhydrous, =99 %), chloroform-d:
(Deutero GmbH, 99.8 atom% D), DMEF-d» (ABCR, 99.5 atom% D),
acetonitrile-ds (Acros, 99.6 atom% D), and hydrochloric acid (Aldrich,
37 %) were used as received. Toluene (Aldrich, p.a.) was dried over
molecular sieve (3 A). Styrene (Aldrich, >99.0 %), methyl methacrylate
(MMA, Fluka, >99.0 %), butyl acrylate (BA, Aldrich, >99 %), and
N-methylpyrrolidin-2-one (Acros, ultra dry, 99.5 %) were passed
through a column filled with AlOs (Acros, neutral, Brockmann I,
50-200 um). 2-Ethylhexyl methacrylate (EHMA, Aldrich, 98 %) and
n-dodecyl methacrylate (DMA, Fluka, >95 %) were treated with
inhibitor remover (Aldrich).

General considerations. Monomers and solvents were degassed by
several freeze-pump-thaw cycles. The solutions for Mdssbauer, FT-NIR,
and UV/VIS measurements were prepared under an argon atmosphere.
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8.2 Spectroscopic Measurements

High-Pressure Measurements. The cells used for the FT-NIR
measurements (IFS 88, Bruker) consisted of an MFA tube (modified
fluoroalkoxy polymer, Reichelt GmbH&Co) closed on each side by a
CaF2 window. A silicon diode, an indium antimonide (InSb), and a
deuterated triglycine sulfate (DTGS) detector were used to obtain
absorbance spectra for the range 15800 to 1000 cm™. The processing
steps of the high-pressure experiments have been detailed elsewhere.!%*
The spectra were analyzed via the OPUS 6.0 software (Bruker).

Online FT-NIR spectroscopy (IFS66/S and IFS 88, Bruker) was
carried out using a silicon diode (Si D510, Bruker) for detection between
9000 and 15800 cm™, a broad-band mercury cadmium telluride (MCT)
below 10 000 cm™, and a DTGS detector below 1000 cm™.

UV/VIS measurements (Cary 300, Agilent) were carried out in
sealed, thermostated quartz cells (e.g. 117-100-10-40/QS, Hellma).
Measurements of kat and kdeact were started by injecting 0.2 mL of a
solution containing the initiator, e.g., 5 to 6 mM EBrPA, into 1.8 mL of a
solution containing 0.5 to 1.5mM FeBr;, with or without added
tetrabutylammonium bromide, (TBA-Br). Some experiments were
carried out via stopped-flow injection procedures.?”

Samples for Mossbauer spectroscopy were flash-frozen in liquid
nitrogen. The spectra were obtained with a Co source embedded in a
Rh matrix using an alternating constant acceleration Wissel Mdssbauer
spectrometer operated in the transmission mode and equipped with a
closed-cycle helium cryostat (SHI 850, Janis). Isomer shifts are given
relative to iron metal at ambient temperature. Symmetric Lorentzian
doublets have been fitted to the zero-field spectra using the Mfit
program.3%

EPR measurements were performed on a Bruker EPR CW/transient
spectrometer Elexsys-II 500T. The ER 41122SHQE-LC cavity (Bruker)
was equipped with a grid through which the sample was irradiated by a
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XeF laser (LPX 210 iCC, Lambda Physik) at 351 nm with about 60 m] per
pulse. The EPR spectrometer and the laser source were synchronized by
a Quantum Composers 9314 pulse generator (Scientific Instruments).
Temperature control was achieved via an ER 4131VT unit (Bruker) by
purging the sample cavity with nitrogen. Experimental parameters, e.g.,
modulation amplitude and microwave energy, were optimized
beforehand. Prior to the SP-PLP-EPR experiment at fixed magnetic
field, the full EPR spectrum was recorded under pseudo-stationary
conditions using a laser-pulse repetition rate of 20 Hz to identify the
appropriate field position for time-resolved detection. To enhance
signal-to-noise quality, several individual ck(t) traces were measured at
time intervals of up to 10s and averaged. EPR intensity has been
converted into absolute radical concentration by calibration against
TEMPO as detailed elsewhere.?217

SEC Analysis. Molar-mass distributions were determined with an
SEC device consisting of an Agilent 1260 ALS G1329B autosampler, an
Agilent 1260 Infinity ISO pump G1310B, three columns (PSS-SDV,
8 x 300 mm each, particle diameter 5 um, pore sizes of 10° 105 and
10% A, respectively), an Agilent 1260 refractive-index (RI) detector
G1362A, and tetrahydrofuran (THF) at 35 °C as the eluent at a flow rate
of 1mLmin". The setup was calibrated against PMMA and PS
standards of narrow dispersity from Polymer Standard Services (PSS)
with molar masses ranging from 800 to 2 000 000 g mol™.

NMR spectra (Avance DPX 300, Bruker) were recorded at ambient
temperature and frequencies of 121.49 MHz (*'P) and 300.13 MHz ('H).
The spectra were calibrated against 85% phosphoric acid (*'P) and
tetramethylsilane ('H) as external standards and against the residual-
proton signals of the deuterated solvent. A flip angle of 30° and a
relaxation delay of 10 s were applied to measure polymer-containing
samples.

Determination of Katre during MMA Polymerization (Example):
Dry NMP was degassed by repetitive freeze-pump-thaw cycles with a
high-vacuum pump (Edwards, EXC 120). FeBr. was added under an
argon atmosphere. A second stock solution of the initiator EBrPA in
MMA was prepared in the same way. The concentration of reactants in
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the stock solutions and the relative amounts of the two solutions were
chosen such as to obtain a reaction mixture composed of 23.4 mM FeBr:
and 93.8 mM EBrPA in MMA/NMP (97/3 vol%), of 53.1 mM FeBr2 and
79.8 mM EBrPA in MMA/NMP (85/15 vol%), of 62.5 mM FeBr: and
62.5 mM EBrPA in MMA with either 33 vol% or 66 vol% NMP, and of
33.8mM FeBr: and 33.8 mM EBrPA in MMA/NMP (10/90 vol%).
Additional processing steps and the two high-pressure devices, which
differ in optical path length, have been detailed elsewhere.!416
Polymerization was stopped by rapid cooling to ambient temperature
and pressure. The reaction mixture was subsequently passed through a
column filled with neutral Al2Os to remove the iron catalyst. Residual
monomer was evaporated under reduced pressure and the residual
crude polymer analyzed by SEC.

Determination of Kmodel for Monomer-Free Model Systems
(Example): Dry NMP was used for preparing a stock solution of FeBr2
(150 to 300 mM) under an argon atmosphere. Similarly, a second stock
solution of poly(MMA)-Br (7.47 to 15.0 mM) in either NMP, toluene or
2-butanone was prepared. The reaction was started by combining both
solutions such that a solvent ratio between 15 and 100 vol% NMP was
reached.

8.3 Synthesis of Poly(MMA)-Br via ICAR ATRP

A solution of MMA (83 mL), THF (42 mL), EBrPA (1.37 g, 5.64 mmol),
FeBrs (222mg, 75.1 umol) and TBA-Br (48.4mg, 150 umol) was
prepared under an argon atmosphere. The reaction was started by
addition of AIBN (46.3 mg, 282 umol). The initial molar ratio of reagents
was [MMA]o: [EBrPAJo : [FeBrs]o : [TBABr]o: [AIBN]Jo= 138:1.00:0.01 :
0.02: 0.03. The reaction mixture was heated to 65 °C and polymerized
for 20.5 h up to a molar mass of Mn =8050 gmol™ as determined by SEC.
The crude reaction mixture was passed through a column filled with
neutral Al2Os. The solvents were subsequently removed under reduced
pressure and the residual polymer dissolved in toluene. The purified
poly(MMA)-Br macroinitiator was obtained as a white powder after
precipitation in n-hexane.

153



8 Experimental

8.4 High-Pressure Equipment

Figure 8.1 illustrates the scheme of the high-pressure (HP) equipment
for pressures up to 7 kbar.1% Pressurization is performed in a stepwise
fashion via an air-driven pump and two syringe-type pumps. The
pressurizing medium is n-heptane or n-dodecane. The autoclave body
consists of the nickel-based alloy RGT 601 (Figure 8.2), which has also
been used for the construction of HP optical cells operated up to
3 kbar.'” The essential difference between the components for
experiments up to 7 kbar and the 3 kbar equipment is the significantly
higher ratio of outer and inner diameter of the steel parts for 7 kbar. The
equipment may be used in the temperature range 25 to 300 °C. The
autoclave (Figure 8.2) is closed by a central bolt 2 on either side, which
presses a steel ram 3 against the cell body. A sapphire window 4 is
sealed against the ram. The probing light is transferred to the autoclave
and back to the FT instrument by flexible fiber optics together with an
optical adaptor 1. Via two borings, 7 and 8, at right angle to the
cylindrical axis of the autoclave, the internal volume may be charged
with the pressure-transmitting fluid (see above) and a sheathed
thermocouple may be introduced into the internal cell volume.3%

,\,\_[ high-pressure :'_,\/ optical fiber
cell

; ;1 HP pump
V2 max. 0.8 kbar
. 5
g - ]
~ o N
[v]
£ £
n-heptane
syringe pump 1 syringe pump 2

Figure 8.1: Schematic view of the setup for experiments up to 7 kbar
with spectroscopic control.'¢
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m@u

19.7 em
Figure 8.2: Cross section of the 7 kbar optical cell: (1) optical adaptor,

(2) central bolt, (3) steel ram (4) sapphire window, (5) quartz window, (6)
internal cell, (7) and (8) borings, (9) heating jacket, (10) cell body.66

1 2 3 4 Figure 8.3: Schematic

| J \ view of the internal

light trajectory == : ':::::::(:.;;.;::::::L:: - cell: (1) quartz
| / | window, (2) tube

from MFA polymer,
(3) PTFE-coated magnetic stirring bar, (4) sample. The dashed channel
illustrates the light trajectory.166

Internal cell.'®® The reaction mixture is contained in an internal cell
of variable volume (max. 4 mL), which avoids catalytic action of the
stainless steel walls and largely facilitates experimental operation. The
internal cell consists of an MFA tube (modified fluoroalkoxy polymer,
Reichelt GmbH&Co) of max. 82 mm length and 8.5 and 10.5 mm inner
and outer diameter, respectively. The tube is closed on each side with a
tightly fitting quartz window (Figure 8.3). The MFA tube ensures better
gas impermeability than poly(tetrafluoroethylene) (PTFE), in particular
at pressures above 1 kbar. A magnetic stir bar (MS) is positioned inside
such that it rotates outside the optical light path. The stir bar is driven
by a large magnet placed below the high-pressure cell.
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A Additional Figures, Tables, and Schemes

Table S1: Reduction rate and reduction efficiency for the indicated Cu and
Fe complexes with different reducing agents at ambient conditions.

Metal/Ligand Solvent Reducing Agent Reduction Rate

*heterogeneous solution
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Figure S1: Reactions of the indicated Fe and Cu complexes with
different reducing agents were monitored via UV/VIS spectroscopy.
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(A) [Fe"]ret vs time for the reaction of amine-bis(phenolate)iron(Ill) chloride
with ascH: in anisole at 120 °C, and with ascH2 and NADH in styrene.
Moreover, the reduction of Felll in styrene, which occurs in the absence of
any external reducing agent, is due to the reaction with styrene radicals
produced via self-initiation?” at 120 °C. (B) Reaction of an Fe!'/mesohemin
complex, MH 550,%¢ with different amounts of ascorbic acid, ascH: at 25 °C.
Further spectra for the reduction by S:04>- are shown in (C). (D) Reaction of
Cul/TPMA with different amounts of ascHz at 25 °C. Further spectra for the
reduction by 5204 are shown in (E). The illustrated spectra indicate that
reduction rates and efficiencies vary significantly: Less active ATRP
catalysts such as Cu'/bpy (cf. Table S1) are quickly reduced by ascH:,
whereas only a minor fraction of more active catalysts such as Cu'/TPMA is
reduced, since their redox potential is lower and thus closer to the one of
ascH2.35% Similarly, only a minor fraction of the Fe™/mesohemin complex is
reduced. The reduction of amine-bis-(phenolate)iron(Ill) chloride by ascH2
and NADH is very slow. However, Na:5:04, which decomposes readily into
SOz radicals in aqueous phase, is able to quickly reduce Cu/TPMA and
Fell/mesohemin. The latter is oxidized back to Fe!l as soon as R-Br is added.

A d=05mm ‘Bl Int.ofB2x10| (B2 d=5mm
' \ 7 \\ n
o OV 33mM Fe' & [Fe'CIL] .
g Ve n u viutv=4
@ - — O0mMFe .
% Felcl LT ' 33 mM Fe" [Fe'L]
[%2] \
g| [FeclLl —— 66mMFe"
(diluted) \‘ 100 mM Ee"
) P I g2+
\ [Fe'L] |
T T T . = T T — T T
35000 25000 15000 11000 10000 9000 11000 9000 7000 5000
wavenumbers / cm wavenumbers / cm wavenumbers / cm

Figure S2: Spectra of 33 mM FeClz dissolved in NMP with different
levels of FeCls ranging from 0 to 100 mM were recorded between 4700 and
40 000 cm™! via (A) UV/VIS and (B) FT-NIR spectroscopy. Full detection of
[FeCls]- above 25 000 cm™ is possible with diluted solutions as illustrated
in Figure S2A. Due to the halogen transfer from [Fe!'CLiLo] to [Fe'Cl4]-,
[Fe'CliLo] (Figure S2B-2) transforms into [Fe'Le]?* (Figure S2B-1&2). In
agreement with the stoichiometric expectation, the transfer is essentially
complete when more than 2 equiv FeCls are added (Figure S2B).
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Figure S3: Fe Mossbauer spectrum of a frozen NMP solution of

150 mM FeCls and 50 mM FeCl2 measured at 6 K (full black symbols). Three

functions representing Felll species (orange colors, see Table S2) with

[Fe'CLs]- being the major Fel! component and one function representing

[FeLs]? (blue) have been used for fitting the experimental data (cf. Table S2).

Table S2: Mossbauer parameters of Felll species and of [Fe!'Ls]?* deduced
from the spectrum in Figure S3; 0, AEq, and [ refer to isomer shift,
quadrupole splitting, and line width, respectively.

entry fitted species o/ AEq/ r/ area /
mms! mms! mms’! %
1 Felll 0.18 0.63 0.73 27
0.201 3.74 2.06 14
0.201al 10.24 1.88 4
2 [Fel'Le]?* 1.43 2.31 0.72 55

lal not optimized.
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Figure S4: NIR absorbance spectra recorded during an ATRP of styrene
at 100 °C in solution of DMF (33 vol%). The reduction of FeBrs (29.1 mM)
by TTMPP (29.1 mM) results in the formation of the Fe!! complex. The
associated half-band is given by the blue curve. Solvent absorption was
subtracted from the overall spectrum (gray line) via a reference spectrum
measured at identical composition but without Fe. The position of the NIR
absorbance is indicative of a tetrahedrally coordinated Fe' complex.
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Figure S5: Molar-mass distributions of polystyrene (left) and
poly(methyl methacrylate) (right). The polymers were obtained via the
TTMPP-assisted ATRPs described in chapter 4.2.3.
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Figure S6: NIR spectra of [FeBrs]- measured for different amounts of
TTMPP in solution of DMF at 25 °C. The decrease in the [FeBrs]~ absorbance

between 15000 and 11 500 cm™ illustrates the reduction of [FeBrs]- upon
progressively adding TTMPP.

162



Appendix A
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Figure S7: 'H-NMR spectra for solutions of TTMPP, of TTMPP and
FeBrz, and of TTMPP and FeBrs in DMF-ds. The upper spectrum was
recorded in the absence of Fe. The signals between 3.4 and 7 ppm are
associated with TTMPP. The signals below 3 ppm and above 8 ppm are due
to the residual protons in DMF-ds. Only weak signals of TTMPP are
observed for the equimolar solution of Fe!' and TTMPP due to the formation
of the paramagnetic Fell/ TTMPP complex, which is not seen in the NMR
spectrum. The presence of this Fel'/TTMPP complex is, however, reflected in
an increased line width of the TTMPP signals. The signals increase in
intensity when 2 equiv TTMPP relative to FeBr: are present indicating that
only one TTMPP molecule is coordinated to Fe!. FeBrs is reduced in the
presence of 2 equiv TTMPP such that the associated signal for TTMPP-Br*
additionally appears (bottom spectrum).
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Figure S8: EPR spectra recorded during the reaction of [FeBrs][TBA]
with TTMPP in DMF at 100 °C. For each measurement, the samples were
flash-frozen to 140 K. The initial spectrum of [FeBrs][TBA] was recorded
before adding TTMPP. Two further spectra were recorded after 2 and 20 h,
respectively. All spectra were scaled by their maximum, which occurs either
at 1100 or 1560 G. The quantitative analysis of Fell concentration vs time is
performed via NIR as described in chapter 4.2.3. The difference in the
relative intensities at around 1100 and 1560 G may be an effect of the
molecular arrangement in the flash-frozen samples. Also, TTMPP may
potentially interact with Fe at such low temperature thus affecting the
molecular symmetry.

Ilustrated in the insert is the hyperfine structure observed between 3100
and 3600 G, which is underlying the broad absorption of Fe™. This
hyperfine structure and its relative changes suggest the occurrence of a
TTMPP-Br® intermediate. The complex hyperfine structure may result
from the nuclear spins of 3'P (I =/2), 7Br (I = 3/2), and #'Br (I = 3/2).2372%8
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Figure S9: Increase in the absorbance of [Cl-Fe™/L] with time during
ATRP of styrene at 100 °C in anisole (25 vol%) with the following initial
molar ratio of reagents: Sty : PECl : Fe!//L : Cl-Fe'/L. =100 :1.00 : 0.17 : 0.04.
The optical path length was 0.5 mm. ATRP was carried out up to 50 %
monomer conversion.
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Figure S10: R«-Fe/L is formed via the reaction of 10 mM Fel//L with
MMA-type radicals in MMA polymerization initiated by V-70 (10 mM) at
70 °C. No such species is observed in styrene polymerization with 10 mM
Fel/L and 38 mM PEDA at 110 °C. After 60 min, which is close to the half
life of PEDA at 110 °C, no marked change in VIS absorbance occurred.
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Figure S11: (A) In([M]o/[M]) vs time for the reverse ATRP of styrene at
70, 90, and 120 °C started with 14.5 mM Cl-Fe!'/L and 5.8 mM of the thermal
initiator. (B) In([M]o/[M]) vs time for the R.-Fell/L-induced OMRP of MMA
at 50, 70, and 90 °C. R«-Fe'/L. was prepared by reaction of Fel/L (50 mM,
i.e, 25 mM of the Fe dimer shown in chapter 5.1) and V-70 (250 mM) in
solution of MMA/anisole (1:3, v/v) at 70-80 °C. The formation of Rs-Fell/L
was monitored via online VIS spectroscopy. Ri.-Fel'/L is formed quickly due
to the excess of the thermal initiator. After 1h, V-70 is depleted (< ppm
level). The solution now contains Rx-Fell/L. as well as a minor amount of the
Fell/L precursor and also traces of dead polymer, which was produced
during the process. The reaction mixture was diluted to yield 10 mM
solutions of total Fe at a composition of MMA/anisole =2:1 (v/v). The
solution was split into three parts for the polymerizations at 50, 70, and
90 °C to yield identical amounts of Rs«-Fel'/L and Fe'/L in all cases. OMRPs
were initiated by the decomposition of R«-Fe!'/L. with no further source of
radicals being present.
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Table S3: Mossbauer parameters from Figure 5.4; 6, AEq, and [ refer to
isomer shift, quadrupole splitting, and line width, respectively. The spectra

were measured at 80 K.

Entry Spectrum Solvent  Fitted 6/ AEa/ I/ Rel.
in Fig. 4 species —>» mms' «—  Conc./
1 A - Fe!l/L 1.09 199 0.29 80
Fell 116 231 035 20
B Sty Cl-Fe'V/L 049 1.12 0.77 100
C Sty Fell/L 1.08 196 027 76
Cl-Fe"/L 043 0.84 0.33 20
Fel 1.08 286 0.27 4
4 D MMA / Rs«Fe/L 045 1.69 0.28 80
Anisole Cl-Fe'/L 046 091 0.38 20
5 E MMA / Rs-Fe/L 046 1.69 0.30 82
Anisole Fell/L 119 229 042 18
6 F MMA / R«Fe/L 046 175 0.29 35
Anisole Cl-Fe/L 051 0.82 0.60 65
lal correlated to Fell/L.
o Il
-0 [eul Figure S12: NIR measurement
after reaction of 3.4 mM Cu'Br/TPMA
3 with radicals generated by pulsed-
§ laser application on a solution of
g BA/MeCN with MMMP as the
g initiator. The absorption is attributed
NG to H-Cu/TPMA and/or R-Cu'/TPMA
complex, which is stable at -40 °C but
A readily decomposes upon heating to
800 1000 ambient temperature.

wavelength / nm
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Figure S13: SP-PLP-EPR data for BA in solution of 2-butanone (15
vol%) with 1 mM FeBr2/TBA-Br at —60 °C (A) and NIR absorbance taken at
10 mM Fe!! measured at 25 °C (B). Identical time-resolved EPR intensity of
SPRs (A) and identical NIR absorption of Fe (B) are observed after
applying up to 600 pulses. The number of applied pulses corresponds to at
least 2.5%10-3 molL" of SPRs being produced, which is well above the Fe!
concentration in this experiment (1 mM). The NIR absorption of the Fe!' at
4700 cm™ is obtained by subtraction of the solvent absorption (dashed line)
via reference spectra for the same solvent composition in the absence of Fe.
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I' + M—1 5 SPR, (S1)

SPR +M—% SPR_, (S2)
SPR +SPR —" ,p _ (S3)
SPR, +Fe'" —"fe—%P; +%Pn +Fe'" (S4)

Scheme S1: Reaction scheme for PREDICI® modeling of SP-PLP-EPR
data for BA with backbiting being absent. The value of kp =980 Lmol-s!
was taken from literature,?? I* was adjusted to experimental [SPR]o in
Figure 5.12 with kp! being assumed to be 10kp. ks is calculated according to
the composite model'™™ with os=0.65, «1=0.16, i.=30, and
ke1= (1.0 £ 0.3) x 108 Lmol-s%. kife = 2.3x10* Lmol-'s™! has been introduced as
determined in this work.
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Figure S14: Katre vs monomer conversion measured for ATRP at 75 °C
with 17.7 mM FeBrz, 17.7 mM TBA-Br, and 13.6 mM MBriB in solution of
BA:2-butanone (1:1 v/v). The line represents the mean value of
Karre =1.2x10°.
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Figure S15: Predicted In([M]o/[M]) vs time traces (A, B, C) and SPR
concentration vs time traces (B, D, F) for BA ATRP at 22 °C between 1 and
2000 bar in solution of 50 vol% MeCN.3* The initial molar ratios of reactants
were BA:Cul:Cu: MBrP=50.0:0.04:0.04:1.00 (A, B), 200:0.16:0.04:1.00
(C, D), 1000 :1.00: 0:1.00 (E, F).
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Figure S16: Plot of F([Y]) vs time for the reaction of 10.0 mM FeBr: with
33.3 mM EBrPA in NMP at 60 °C and 1000 bar.
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Figure S17: kp values of MMA at 47.4 °C and ambient pressure as a
function of NMP mole fraction, xnmpe, relative to kp of MMA bulk
polymerization. Filled symbols indicate measured literature data,?°
whereas the open symbols are from interpolation or extrapolation.
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Table S4: Estimated kp (in L mol- s?) for MMA in mixtures with NMP
(cf. Figure S17) as a function of both temperature, T, (at 1 bar) and pressure,
p, (at 60 °C), respectively. Estimates between 50 and 75 °C are based on
Ea(kp) = 22.2 k] mol-1.98305 AVi(kp) = (-16.7 £ 1.1) cm3 mol-! ¥l is assumed to be
independent of NMP concentration and was used to estimate pressure-
dependent kp values.

mol% NMP
T (p=1bar)

/°C 0 3.3 16.2 35.4 68.7 91.8
50 ‘ 618 631 681 763 930 1067
55 701 715 772 866 1055 1210
60 ‘ 793 808 873 978 1192 1367
65 892 910 982 1101 1342 1539
70 ‘ 1001 1021 1102 1235 1505 1727
75 1119 1142 1232 1381 1683 1931

P (T=60°C)
/ bar 0 3.3 16.2 35.4 68.7 91.8
1 ’ 793 808 873 978 1192 1367

600 1138 1160 1252 1404 1711 1962
1000 ’ 1448 1477 1594 1787 2178 2498
1250 1684 1717 1854 2078 2532 2905
1500 ’ 1958 1997 2156 2416 2944 3378
2000 2647 2700 2915 3267 3981 4567
2400 ‘ 3370 3436 3710 4158 5068 5813
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Figure S18: Katre vs. monomer conversion for ATRP of MMA in
35.4 mol% NMP with MMA : EBrPA : Fe'=100:1.00:1.00 at 60 °C and
2000 bar. The dashed straight line indicates that Katre remains almost
constant up to ca. 64 % monomer conversion.
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Figure S19: In(Katre) vs. In(xnmp/xrean) (@) for iron-mediated MMA
polymerization at 60 °C and 2 000 bar. Except for the logarithmic scale, the
presentation is equivalent to Figure 6.14. Some data (&) have been obtained
from MMA polymerization with 0.2 m TBA-OTf being added in order to

ensure homogeneity of the solution.
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Model 18 % NMP

=

O Polym. 16 % NMP
= Model 100 % NMP
m]
T
0

Polym. 92 % NMP

-10 T T T T T
500 1000 1500 2000 2500

p / bar

Figure 520: Pressure dependence of Kmodel in pure NMP (k) and in a
mixture of NMP-2-butanone (18.5/81.5 mol%) (®@). The associated Katre
values are given as open symbols. Straight lines were fitted to the data. The
pressure dependence of Kmodel in pure NMP has been estimated based on
AV with EBrPA as the initiator. Chain-length dependent k& values??
required for the analysis of Kmode were corrected for actual solvent
viscosity?200203209 ynder high pressure.!?”# It has been assumed that binary
NMP-toluene mixtures exhibit the same variation of solvent viscosity as
reported for NMP-ethyl benzene mixtures.?® The pressure dependence of
2-butanone viscosity is adopted from the known variation of acetone
viscosity with pressure.?7*
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B SP—-PLP-EPR Measurement of Fe-CRT

kife via EPR Spectroscopy of SPRs. The decay in radical concentration
vs time via Fe-CRT may be expressed by Equation S5. kM is the rate
coefficient for termination of radicals, R*, via the organometallic
R-Fe' intermediate.

d[R’]
dt

= Koy -[FE"T- [RI+ k™ - [R-Fe"]-[R]+ 2 k' - [R'T? (S5)

The concentration of the R-Fe'lintermediate becomes pseudo-
stationary in case of fast Fe-CRT as shown by Equation S6, which is
essentially equivalent to Equation 5.7 in chapter 5.2.2. The term for
termination rate may be neglected toward lower radical concentration
due to termination rate being second order in [R°].

d[R(;—It:e'”] ~0=kg, ~[Fe”] [R']- klOM [R- Fe“'] R] (S6a)
= dEthQ.] +2-Ky -[Fe"]-[R] (S6b)

In case of RT-OMRP being operative (EquationS7), the OMRP
Kag  [R-Fe"]
ke [Fe"][R']
contrast to the first-order Equations S5-6, is second order in [R*].

equilibrium  Kgyee =

yields Equation S8 which, in

- EiF:.] =Ko - [FE"]-[R']— kg, - [R-Fe"]+ k" - [R-Fe""]-[R"] (87)
_d[R.]_ oM | . .1R*12
S =k Koue [F']-[R'] (58)
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kée via EPR Spectroscopy of MCRs. The backbiting reaction gives
rise to two different kinds of radical species in BA polymerization, i.e.,
SPRs and MCRs. The MCR concentration increases toward higher
temperature and reaches a sufficiently high level to be measured
directly via EPR spectroscopy.!>

To confirm the kf¢ values for BA polymerizations which were
determined via SP-PLP-EPR measurement of SPR concentration, ke
may additionally be estimated via the analysis of the associated [MCR]
vs time traces. Shown in Figure S21 are the [MCR] vs time traces for SP-
PLP-EPR of BA at 50°C with 1 to 10mM Fel. Also shown in
Figure S21A is the [SPR] vs time trace for the reaction with 10 mM Fe'..
The termination of SPRs with and without metal catalysis (not shown) is
much faster for SPRs than for MCRs as may be seen from the rapid
decrease of SPR concentration beyond EPR detection.

1.0
A MCR traces with Fe" B [MCRJ/[MCR],
| - ;g mm —— 100 mM [Fe')]
— om I
5.0 mM = 5.0 mM [FeH]
——10.0mM X 24— 25mMI[Fe]
. o I
— 054 SPR trace: =3 —— 1.0mM [Fe]
£ ——10.0mM Fe" =
I o
[£3 , o
Wy s 1
iyt S
0.0
T T T T T T 0 T T T
000 001 002 003 004 005 0.06 0.00 0.01 0.02 0.03
time/s time/s

Figure S21: [R]/[R]o (A) and In([R]o/[R]) (B) vs time for MCRs and SPRs
during SP-PLP-EPR of BA at 50 °C in solution of 15 vol% 2-butanone
measured at different levels of Fell. Signal-to-noise ratio is lower for MCR
than for SPR traces. Straight lines were fitted to the In([MCR]o/[MCR]) vs
time data.

Kinetic considerations. After the initial rapid termination of SPRs,
reaction rates equilibrate to yield a (nearly) constant ratio, C, of MCRs
and SPRs (Eq.S9a). This occurs irrespective of the simultaneous
decrease in both radical concentrations beyond EPR detection due to
concurrent termination reactions. (Eq. S9b) applies as a consequence of
eq. Sé6a.
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[MCR]
[SPR] ¢ o
dIn[MCR] _ dIn[SPR] +InC (S9b)

dt dt

Due to the low SPR concentration at such equilibrium conditions,
the rates of radical-radical termination for SPRs and MCRs, i.e., R(k&*),
R(ket), and R(kt)!5* are well below the rate of Fe-CRT, backbiting, and
branching (given by R(k¢), R(keb), and R(ky!), respectively) (Eq. S10).

R(k:*), R(k:"), R(k™) << R(ki®), Riky, ) R(K;) (510)

As a consequence, the ratio of MCRs to SPRs, C, in the absence of
Fe!, may be derived by combining Eq.S9a and Eq.Slla to yield
Eq. Sllc.

Ky -[SPR]=k, - [M]-[MCR] (Sl1a)

Ky -[SPR]=k, - [M]-[SPR]-C (S11b)
kbb

= m (S11¢)

Radical-radical termination in the absence of Fe-CRT is a second-
order reaction. However, in the presence of Fel, the [MCR] vs time
traces may obviously be represented by a first-order plot (Figure S21B),
since termination proceeds mainly via Fe-CRT of those SPRs which are
generated by propagation of MCRs. The associated rate laws are derived
in Eq.S512-13. They apply when Eq.S10 holds. As mentioned in
chapter 5.2.2, Fe-CRT of MCRs has not been observed and is therefore
not included in the rate laws.
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dIMCR] _ ., -[SPR]-k! -[M]-[MCR]

dt (S12a)
—k,, -[MCR] é ~ k! -[M]-[MCR]

_ dIn[MCR] 1

dt = kp [M] =Ky, E (512b)
d [ETR] _ _ktFe [Fell] [SPR] _kbb . [SPR]+ k; [M] [SPR] .C (Sl3a)
_dIn[SPR] _ _dIn[MCR] _InC =kFe - [Fe"] + ky, — k!-[M]-C (S13b)

dt dt

As can be seen from Eq. S12b and Eq. S13b, the ratio of MCRs and
SPRs, C, needs to be known to determine kf¢ from the slopes of the
straight lines fitted to the 1t-order plots in Figure S21B. The ratio C may,
however, not be measured directly via EPR, since SPR concentration
quickly falls below the detection limit. It is helpful to combine Eq. S12b
and Eq. S13b to Eq. S14a.

kf®-[Fe'"]=k! -[M]-(C +1)—ky, - [1+ éj (S14a)

As C increases with k¢ x [Fell], Eq. S14a simplifies to Eq. S14b-c in
case of fast Fe-CRT, i.e., for the large kf¢ values as found for BA
polymerization and for sufficiently high Fe!' concentration (e.g.: [Fe']
>2.5 mM).

ki®-[Fe"T=k; - [M]-C —ky, (S14b)

_ ktFe -[Fe"l+ K

i (Sl4c)
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In the same way, division by C turns Eq. S14a into the pseudo first-
order equations Eq. S15b-c for —d In([MCR])/dt with m being the slope of
the first-order plot.

. 1 1 1 1 1
ktF . [Fe“] . E = k; . [M] (14‘ E\J - kbb [E +Fj ~ k; [M] - kbb E (Sl5a)
kFe - [Fe"]- - ~ - AINIMCR] of. Eq.S12b  (S15b)
C dt
~ | Fe 1 1 _ I
m=~k;"-[Fe ]-E—kapp [Fe’] (S15c¢)

Equation Eq. S15c tells that C=ki¢/kapp, which may be used to
rearrange eq. Eq. S14c to Eq. 516 and thus to determine k¢ via the
straight line fit to —d In([MCR])/d¢t. The required values of kv (390 s™! at
50 °C) and kpt (25 Lmols™ at 50 °C) for BA polymerization are reported
in the literature.!™ The validity of these equations and the suggested
evaluation procedure of SP-PLP-EPR experiments has been tested and
verified by PREDICI simulations.

Fe [k; M I j_l
K" =Ky - ” —[Fe] (S16)

app
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Estimate of kife. The slopes, m = kapp x [Fe!l], of the straight lines fitted
to the In([MCR]o/[MCR]) vs time data in Figure S21B may be used for
estimating k¢ according to Eq. 516, see Table S5.

Table S5:  kfe  determined between 30 and 50°C via the
In([MCR]o/[MCR]) vs time data for different levels of [Fe!].

T/°C [Fel]/ mM m/s?! kapp / Lmol-'s?  kife / Lmols™!

50 1.0 51+3 5.1 x 104 (2.1+£0.2) x 10°
50 2.5 704 2.8 x 104 (1.4+£0.2) x 10°
50 5.0 88 +5 1.8 x 104 (1.2+£0.2) x 10°
50 10.0 108 £5 1.1 x 10* (1.1£0.2) x 10°
40 10.0 68 +4 6.8 x 103 (94+1.9)=10*
30 10.0 52+3 5.2 x 103 (8.2+1.7) x10*

ke at 50 °C determined for the highest Fell concentration is very
close to the value measured via time-resolved SP-PLP-EPR of SPRs, i.e.
kife =1.0x10° Lmol's™. The evaluation of k¢ rests on the validity of
Equation 510, which holds for sufficiently fast backbiting (e.g. above
20 °C) and fast Fe-CRT. The kife value for the lowest Fe' concentration,
1 mM, exceeds the expectation by a factor of two, since Eq. 510, Sl4c,
and thus S16 do not exactly apply at such a low level of [Fe'l].

It appears favorable to determine ki via analysis of In([SPR]o/[SPR])
vs time traces, since this measurement is, under sensibly chosen
conditions, independent of precisely knowing further rate coefficients. It
is gratifying to note that the excellent agreement of k¢ determined via
the two approaches, i.e., via time-resolved SPR and MCR
concentrations, respectively, demonstrates the quality of the keb and kpt
values, which go into the analysis via MCR concentration.
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C  Software for Modeling Procedures

Details of the SCAN Program.

The python®%37-based software, which has been used for modeling in
conjunction with the well-established PREDICI® program, will be
introduced in the following section. SCAN and ANALYSIS were developed
by Johannes Buback 3%

A predefined PREDICI® model is read into the SCAN tool (Figure 522).
SCAN allows for variation of rate coefficients, initial concentration of
reagents and of recipes. As illustrated in Figure S22, parameter variation
was prepared such as shown in Table 6.4 (chapter 6.2), i.e., there are six
parameter dimensions being varied, including five rate coefficients each
at five to seven levels, and one dimension for the combined variation of
the overall initial concentrations. Moreover, recipes may be included
and treated as parameter values. After each parameter study, the entire
data set, including molar-mass distribution, may be stored on the hard-
drive such that even a large amount of simulated data is readily
available any time. The calculation mode for PREDICI® simulations may
be selected in SCAN prior to starting the sequence of scans (Figure S23).
The number of simultaneous PREDICI® processes may be defined in the
SCAN system settings (Figure S24).

WINDOWS MESSAGES are used to load the PREDICI® model into SCAN
and to start the integration process. The parameters are sent to PREDICI®
such that an individual model including the targeted parameters is
generated each time. SCAN obtains the simulated data by parsing the
model and library log files generated by PREDICI®. This automated
process is repetitively carried out until all simulations have been
completed successfully. Optionally, a daemon may be started running
under a different user to perform the calculations in the background.
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load the <:°’“"“‘”5' > _
PREDICI® model || ===~
Dmersion 2 kp(er)
Dimension 3: kbx
Dimension 4: kdeact2
Dimension 5: kdeact2
Dimension 6: Cu(ll): Cul(l): IBr
‘to modify: values to use:
select reCiPeS if cuty cut) e
. @ 134 0 344
desired E—— 201 o 2
Lof 275 684

performed Calaulations: o

total Calaulations: 15750

start
calculations &
save data
afterwards

Figure §22: SCAN main window to prepare parameter variations for
PREDICI® model files.

@ Distribution Mode

) Moment Mode
GPC Data
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normalization:
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| ]
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Figure S23: SCAN window to adjust the calculation mode in PREDICI®

simulations.
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| Scan Parameters | ModelSettings | System Settings

Figure S24: SCAN system settings where the number of simultaneous
PREDICI® processes may be defined. A daemon may be started to perform
the calculations in the background.

Details of the ANALYSIS Program. The SCAN file with all performed
calculations may, traces, be loaded into ANALYSIS for data evaluation. A
three-dimensional (Figure S25), two-dimensional (Figure S30) or a GPC
plot (Figure S31) may be chosen for data representation. Shown in
Figure 526 is the data selection for the three-dimensional plot to assign
one parameter dimension to each ordinate (here: for,c Vs kdeactt and vs
Katret at x =30% monomer conversion). The x and z coordinates are
defined in the "functions" window shown in Figure S27 which also
allows mathematical operations to be applied (here: branching fraction
forc) associated with reaction rates or reactivity ratios. Shown in
Figure 528 are the labeling options. The plotted data may be exported to
other programs or text files (Figure S29) or saved in numerous file
formats.
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5] Predici Batch Analysi V-
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Figure S25: Three-dimensional plot in ANALYSIS.
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Figure S26: Data selection for three-dimensional plots in ANALYSIS.
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7 prcic A

File [Windows | Export Data

Functions Model functons
Name Function Role Variable =
1 Time Time 1 Time 57 KATRP !
2culh culd 2 MNo. 58 KaTRP2 ‘
3 log(MIOYM)  log(M{OYM) 3 Stepsize 59 kel
4 my0(RBr) myO(RBr)/(my0(RtertBr)+ my0(RBr)+1Br) 4 Cul) 60 kdeact
5 fbra v . s cufl 61 kdeact2
——
- 6 conv 100°(1-M/M[O) 6 M 62 kp
7 Br 63 ki
8 1 64 kpltert)
9 v 65 kbb
10z 66 ki
1T 67 zer0 Il
! Save functions ) ( Load functions )

DataSelection

Figure S27: Functions including mathematical operations for plotting in

ANALYSIS.
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Figure S28: Figure options for plotting in ANALYSIS.
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7] Predici Batch Anaies

pape—
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Figure 529: Data export and plot-saving options in ANALYSIS.
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Figure S30: Two-dimensional plots Analysis, here: In([M]o/[M]) (— y0)
vs time (—x). In principle, several y-functions may be plotted
simultaneously.

186



Appendix C

2] Predici Batch A
File Windows Export Data Plot Type  About

KATRP=9.1e-08, kbb=0, kp(tert)=20
KATRP=9.1e-08, kbb=300, kp(tert)=20
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KATRP=9.1e-08, kbb=3000, kp(tert)=20

Figure S31: GPC plots in Analysis. Figure options such as color
selection are also shown.
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D Abbreviations

A absorbance

A’ pre-exponential factor

acac acetylacetone

AIBN 2,2'-azobis(2-methylpropionitrile)

a relative variation of the viscosity with pressure

ATRA atom-transfer radical addition

ATRP atom-transfer radical polymerization

BA butyl acrylate

BDE bond-dissociation energy

c concentration

ol Y-intercept of the linearized function F[Y] for the non-
equimolar case

c” Y-intercept of the linearized function F[Y] for the
equimolar case

CCT catalytic chain transfer

CRP controlled radical polymerization

CRT catalytic radical termination

Ccv cyclic voltammetry

d optical pathway

DCM dichloromethane

AGH standard free energy of activation

AH reaction enthalpy

AVt activation volume

AV reaction volume

DMF dimethylformamide

Dp degree of polymerization

Ea activation energy

EBrPA ethyl a-bromophenylacetate

EPR electron paramagnetic resonance

€ molar decadic extinction coefficient
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equiv
ESI

et al.
n(Tp)
10
EXAFS

FT
GC

HPLC

kact

ks
Katrpr
kdeact
k4

ki

Kmodel
ke

kpl
Kpoly
ke
kt,com
kt,dis

o

LMCT

m/z
MA

equivalent

electrospray ionization

et alii

solvent viscosity at the given temperature and pressure
solvent viscosity at the reference pressure po
extended X-ray absorption fine structure
initiator efficiency

Fourier transform

gas chromatography

Planck constant

high-performance liquid chromatography
chain length

rate coefficient for the activation

Boltzmann constant

ATRP equilibrium constant

rate coefficient for the deactivation

rate coefficient of the initiator decay

rate coefficient of the monomer addition to the initiator
radical

ATRP equilibrium constant in case of model systems
propagation rate coefficient

rate coefficient of the first propagation step

ATRP equilibrium constant from polymerization kinetics
rate coefficient for the termination

rate coefficient of the termination by combination

rate coefficient of the termination by disproportionation

rate coefficient for the termination of two monomer
radicals

ligand to metal charge transfer
monomer molecule
mass-to-charge ratio

methyl acrylate
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MBriB methyl 2-bromoisobutyrate

MBrP methyl 2-bromopropionate

MCR mid-chain radical

MCT mercury cadmium telluride

MesTREN tris(2-dimethylaminoethyl)amine

MeCN acetonitrile

MFA modified fluoralkoxy

MMA methyl methacrylate

Mn number-average molar mass

Mw weight-average molar mass

MS mass spectrometry

nBu n-butyl

NIR near-infrared

NMP N-methyl-2-pyrrolidone

NMR nuclear magnetic resonance

OMRP organometallic-mediated radical polymerization
OSET outer sphere electron transfer

p pressure

po reference pressure

PBA poly(butyl acrylate)

PDI dispersity

PE polyethylene

PEBr 1-Phenylethyl bromide

Ph phenyl

PID proportional-integral-derivative controller
PLP pulse-laser-induced polymerization

PMA poly(methyl acrylate)

PMDETA N,N,N',N",N"-pentame-thyldiethylenetriamine
PMMA poly(methyl methacrylate)

Prm polymer generated by combination

Pn= unsaturated polymer generated by disproportionation
Pt saturated polymer generated by disproportionation
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PRE persistent radical effect

PS polystyrene

PSS Polymer Standard Services

pPvC poly(vinyl chloride)

R ideal gas constant

RAFT reversible addition-fragmentation chain-transfer
RI refractive index

R»* radical consisting of 7 monomer units

Rp polymerization rate

S entropy

SEC size-exclusion chromatography

SRMP stable-radical-mediated polymerization
SR&NI simultaneous reverse and normal initiation
sp single pulse

SPR secondary propagating radical

T temperature

TBABr tetra(n-butyl)Jammonium bromide

TBAOT( tetra(n-butyl)ammonium triflate

TEMPO 2,2,6,6-Tetramethylpiperidin-1-oxidanyl
THF tetrahydrofuran

TPMA tris(2-pyridylmethyl)amine

TPMA* tris([(4-methoxy-2,5-dimethyl)-2-pyridyl] methyl)amine
uv ultraviolet

VIS visible

\%4 volume

vol% volume percent

wt% weight percent
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