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1 Abstract

In this work, kinetic and mechanistic aspects of the radical polymerization from
the surface of fumed silica particles were examined. The surface-initiated
polymerization technique was complemented by reversible addition-
fragmentation chain transfer (RAFT) polymerization in order to synthesize
silica-polymer composites and ABA type copolymers containing hydrogen
bonds for mechanical analysis.

An approach for the determination of propagation rate coefficients, k,, of
surface-initiated radical polymerizations is presented. The main feature of this
approach is the application of a silica-immobilized photoinitiator in pulsed-
laser polymerization-size-exclusion chromatography (PLP-SEC). The deter-
mined k, values for styrene and n-butyl acrylate (nBA) are noticeably higher
compared with the International Union of Pure and Applied Chemistry (IUPAC)
benchmark data for polymerizations in solution.

The surface-initiated radical polymerization of styrene triggered by thermal
decomposition of the silica-anchored azo initiator was examined for both the
conventional and the RAFT approach. The conventional radical surface-
initiated polymerization of styrene yielded grafted polystyrene whose molar
masses were independent of total monomer conversion. The loading of grafted
polymer on the silica surface increased steadily during the course of
polymerization and reached a maximum value of 48 %. This specific sample of
maximum polymer loading further exhibited several eye-catching sites in
scanning electron microscopy (SEM), where the anchored polystyrene seemed
to be visible as filaments of 1 um length at the site of cracks in the surface.

The addition of RAFT agent to the interstitial solution induces living
behavior for both the initiator-derived chains on the surface and the RAFT-
derived chains in solution. As a result, the molar masses increased linearly
towards higher conversion and polymers with narrow molar-mass distributions
(MMDs) were obtained. The MMDs of the anchored polystyrene were slightly
broader than the MMDs of the free polystyrene and additionally displayed a
high-molar-mass shoulder. This shoulder was identified in PREDICI® (Polyreac-
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tion Distributions by Countable System Integration) simulations, which further
indicate a reduced addition rate coefficient of the main equilibrium between
free and grafted species.

The surface-initiated RAFT polymerization was used to synthesize silica-
filled styrene-nBA copolymers in a one-step procedure. The resulting
composites were tailored with respect to the molar mass of the copolymer, its
monomeric composition, the silica content and the loading of anchored
copolymer on the corresponding silica particles. The latter was achieved by the
addition of pure, initiator-modified and RAFT agent-modified silica particles,
respectively, to the polymerization system. This approach allowed for tuning
the amount of surface-grafted copolymer on the silica surface that was formed
in situ during polymerization. Tensile testing was used to evaluate the
mechanical properties of the composite materials. The silica content and the
surface modification of the silica particles display crucial composite properties
that largely affected the tensile performance.

Copolymers, in which hydrogen bonds were introduced in a controlled
manner, were synthesized to systematically study a recently detected secondary
relaxation mode at temperatures below the glass transition. This was achieved
by RAFT polymerization of the two monomers tert-butyl acrylate (tBA) and
acrylic acid (AA) to yield ABA type copolymers, in which the inner B-block
consists of pure poly(fBA). The two outer A-blocks, on the other hand, contain
a mixture of BA and AA and can thus form hydrogen bonds. Dynamic
mechanical analysis (DMA) revealed the occurrence of this secondary relaxa-
tion mode termed “chemical confinement” (cc). The glass transition tempera-
ture was thoroughly examined as well as a high-temperature relaxation that is
absent in pure poly(fBA). This relaxation at high temperatures was further
accompanied by a distinctive flow behavior of the copolymers in the rubbery
region.

The impact of the AA content and the AA location in the polymer chain on
the tensile properties was probed for copolymers of methyl acrylate (MA) and
AA. The AA content largely affected the tensile properties of the copolymers.
The insertion of AA into the outer chain parts of poly(MA), which resembles
the ABA type arrangement of the tBA-AA copolymers, yielded a copolymer
with enhanced tensile modulus and tensile strength compared with random
MA-AA copolymers.



2 Introduction

I was trying to make something really hard, but then I thought I should make
something really soft instead, that could be molded into different shapes. That was
how I came up with the first plastic. I called it Bakelite.

(Leo Hendrik Baekeland)

The invention of the first man-made synthetic plastic named “Bakelite” by L. H.
Baekeland in 1907 marks the advent of commercial polymer materials."
However, the pioneering works by Staudinger et al. in the 1920’s truly formed
the basis for modern macromolecular science.’” Since then, persistent research
has been conducted on this field to arrive at tailored materials for a wide range
of applications. Nowadays, synthetic polymers are used in domains such as
packaging, sports and outdoor equipment, paints, sealants, electronics,
automobiles, as well as in the aircraft and space industry.” In Germany, the
amount of produced plastics exceeded 12 milliontons in 2010 with a
corresponding annual turnover of 51.3 billion €.*) The continuing growth of
polymer applications facilitates economic growth and prosperity, and today’s
life can hardly be imagined without the use of commercial plastic materials.
Polymers can be synthesized by for example polycondensation and catalytic,
ionic, or radical polymerization. Especially radical polymerization is extensively
used in industry due to its robustness and versatility towards monomers and
reaction conditions.”) The addition of mediating reagents to a radical-
polymerization system further enables control over molar mass and
macromolecular architecture similar to living ionic polymerizations. Among
such techniques, particularly RAFT polymerization has attracted increasing
attention since its invention in 1998,' because all above-mentioned strengths of
radical polymerization are retained. The ability to tailor the macromolecular
architecture is of tremendous importance to meet the increasing requirements
of plastic materials for special applications. This is because the macroscopic
material properties of a polymer are governed by its molecular structure
(Figure 2-1). The polymer structure, in turn, is determined by the multitude of
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individual reactions that occur in radical polymerization."® For this reason, a
detailed understanding is required that bridges polymerization kinetics,
macromolecular architecture, and the material properties of the resulting
polymer.

Macromolecular Architecture
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Figure 2-1. Overview of different structural attributes that contribute to polymer properties.
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A field that has opened up remarkable opportunities for application of
polymers is the one of surface-initiated radical polymerizations. In this
approach, macroradicals grow from a solid support and thus form covalently
anchored polymer layers. The variety of accessible solid substrates is extremely
large and can be tailored not only with respect to its chemical composition but
also in terms of its shape, which—in combination with the large number of
surface-attachable polymers—results in an almost infinite variability of
achievable materials. So far, polymers have been successfully grafted onto a
multitude of substrates including silica particles,”"" carbon black," silver,'™
gold,"*" silica wafers,"”*”! carbon nanotubes™*! and nanorods,”* cellulose,***"
as well as polymers itself.””*) In particular, the modification of inorganic
particles with organic polymer layers has aroused increasing interest in recent
years due to the tunable and unique properties of the resulting hybrid
materials. Current applications of such materials include adhesives, coatings,
biomaterials, and microelectronics.”*? The kinetics of surface-initiated radical

I
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polymerizations is, however, not easily accessible and investigations are thus
scarce, despite the fact that the polymerization kinetics governs the properties
of the final polymer film to a large extent. Riithe et al. showed that the overall
propagation rate on the surface is similar to polymerization in solution.””
However, state-of-the-art techniques, as for instance PLP-SEC, have not yet
been applied to surface-initiated radical polymerizations. Hence individual rate
coefficients, such as the propagation rate coefficient, are still lacking for this
promising type of radical polymerization.

Another important aspect for radical polymerizations from surfaces is the
interplay of the molar masses of fixed and free polymer, which in most cases
form simultaneously during surface-initiated polymerizations.”**) The MMDs
for both types of polymer display an essential attribute, as they do not only
allow insight into the kinetics during polymerization, but also affect important
parameters of the polymer film such as its thickness. However, exact control
and interpretation of the MMDs often remain an obstacle.” This circumstance
could be tackled by PREDICI” simulations,”” which have proven to be a powerful
tool for probing the impact of kinetic coefficients on the molar-mass control of
radical polymerizations.”

Recently, the surface topography of poly(MA)-modified silica particles,
determined by means of SEM, exhibited substantial effects caused by variations
of the molar mass and loading of the anchored polymer.***! The surface of the
silica-polymer composites displayed a more structured and smooth character
upon polymer grafting compared with pure silica particles. However, the
sample amount was limited and thus allowed only a rough interpretation of the
obtained SE (scanning electron) micrographs.

Grafting polymer from a surface not only allows for producing tailored
polymer films, but it may also permit the in-situ synthesis of polymers filled
with inorganic particles. This approach may benefit from the modification of
the filler particles with polymer chains during polymerization, which assures
compatibility between the inorganic particles and the matrix polymer. This
issue is highly relevant to achieve the desired properties of composite materials,
as for example silica—polymer nanocomposites.” This class of composites is
subject of extensive research, as the resulting silica-filled polymers often
display enhanced mechanical properties and thermal stability compared with
their unfilled analogues. Particularly, tensile testing displays one of the best
suited methods for characterizing nanocomposite materials, yielding important
parameters such as the Young’s modulus, tensile strength, and elongation at
break.“ However, in spite of the large extent of research work on this domain,
the interpretation of the determined material properties remains complex. So
far, no universal pattern exists that describes the influence of the structural
features on the macroscopic properties of silica—polymer nanocomposites.
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The establishment of structure—property relationships also remains a
challenge for conventional synthetic polymers. Among other things, this can be
attributed to the large amount of parameters that affect, for instance, the
mechanical properties of a plastic specimen in tensile analysis.*” In addition to
that, the structure of the polymer, such as its composition, topology, and molar
mass, not only has to be accurately known, but it also needs to be controlled in
order to obtain results that can be systematically assigned to a certain
molecular feature. Such a control over macromolecular architecture can be
achieved by application of RAFT polymerization, which enables the synthesis
of narrowly dispersed macromolecules of defined molar mass and with complex
molecular structure, such as block copolymers and star polymers.”” By tailoring
the polymer architecture, it is even possible to synthesize polymers that mimic
certain structural features, such as the presence of pure polyethene segments in
copolymers of ethene and methacrylic acid (MAA) with a non-random
distribution of the two monomers.”” In these copolymers, a novel relaxation
mode below their glass transition temperature was detected by DMA, which
represents a powerful technique for the determination of relaxation modes.[*"*
This novel relaxation mode was suggested to originate from a chemical
confinement (cc) of the ethene segments in between MAA segments. However,
the composition of these copolymers could not be entirely determined.
Moreover, it is uncertain if the proposed concept of chemical confinement can
be generally applied to polymers. By combination of RAFT polymerization and
mechanical spectroscopy, changes in the relaxation spectra produced by certain
structural features may be systematically assessed. Such relaxation processes
display an essential attribute, as they control the macroscopic mechanical
behavior.*Y) Hence, the detailed analysis of these relaxation processes and
their origin on a molecular scale are of high interest for producing advanced
plastic materials. Additionally, these relaxations also feature substantial impact
on the tensile properties of polymers, which has been shown for polyvinyl
chloride."” Therefore, a complementary application of the two mechanical
testing techniques DMA and tensile analysis should prove advantageous.

One primary objective of this work is the investigation of kinetic and
mechanistic aspects of surface-initiated (RAFT) polymerizations by application
of PLP, SEC, thermogravimetric analysis (TGA) and PREDICI" simulations.
Another main objective is the usage of RAFT and surface-initiated
polymerization to synthesize silica-filled polymers as well as copolymers, in
which hydrogen bonds are introduced in a controlled fashion. Since the
introduction of filler particles and hydrogen bonds, respectively, may largely
affect the mechanical properties of polymers, these materials are to be
subjected to DMA and tensile testing in order to obtain structure—property
relationships.



3 Theoretical Background

The aim of this chapter is to provide the reader with a selection of theoretical
background information, which forms the basis of the research that is
performed in this thesis. It starts by briefly describing the ideal reaction scheme
for radical polymerization, before the characterization and determination of
MMDs is examined. The PLP-SEC technique, which is the method of choice for
determining the propagation rate coefficient, k,, in radical polymerization, is
then presented. Surface-initiated polymerizations, which display an interesting
system from both a kinetic and a synthetic point of view, are also highlighted
here. Subsequently, the RAFT process, which constitutes a powerful type of
controlled radical polymerization, is covered in detail. Finally, the mechanical
testing of polymers via tensile experiments and DMA as well as relaxations in
polymers are outlined.

3.1 Ideal Polymerization Kinetics

Ideal polymerization kinetics is grounded on four assumptions:*

= All reactions are irreversible.

* Monomeric species are exclusively consumed in propagation steps.

» All macroradicals show the same reactivity, regardless of their chain length.

* Termination proceeds only by disproportionation or by bimolecular radical
combination.

Based on these assumptions a kinetic scheme of conventional radical polymeri-
zation can be characterized by three fundamental reaction steps: the formation
of radicals in the initiation reaction, chain growth of these radicals by
propagation, and termination of radical chains.®”
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3.1.1 Initiation

The formation of radicals can take place by for example thermal, chemical or
photochemical excitation of an initiator or by direct excitation of the
monomer:"*

[—* yoR".

The rate of radical formation for thermally excited polymerizations is given by
a first-order kinetic law:

dcy
—=2-k;-f-c,, 3-1
dr o fro (3-1)

where ¢y and c; are the radical and initiator concentration, respectively, k; is
the initiator decomposition rate coefficient and f denotes the initiator
efficiency, that is the fraction of initiator-derived radicals that actually start
chain growth.

In case of photochemical initiation induced by short ultraviolet (UV) laser
pulses (with a typical pulse width of 20 ns for the lasers used in this work)
applied to the reaction mixture containing monomer and initiator (PLP), the
laser pulse instantaneously creates a significant amount of primary radicals.
The formation of radicals is fast in comparison to a subsequent termination or
propagation step. The primary radical concentration, cg , which is generated by
a single laser pulse, is given by:

c{izz-qﬁ-% , (3-2)

where @ is the primary quantum yield, n,, denotes the number of absorbed
photons andV is the irradiated volume."”

3.1.2 Propagation
In the propagation step the radicals grow by adding monomer molecules:
RI+M—2 R0

The rate of propagation, that is the change in monomer concentration, c,, is
propag g M
given by the following rate law:""
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de
d_ltw =k, cyCp - (3-3)
The propagation rate coefficient k, is assumed to be independent of radical
chain length as well as monomer conversion under ideal conditions.

3.1.3 Termination

The termination reaction takes place either by disproportionation, in which a S-
hydrogen atom is transferred from one radical to another, or by combination,

which is mostly a simple head-to-head coupling of two radicals:*"

R; +R;—"“>P +P, ,

R +R—= 5P, .

The termination rate coefficient, k,,is the sum of the individual rate
coefficients for disproportionation, k4, and combination, k... The termination
reaction, in which the actual “dead” polymer is formed, is preceded by the
translational diffusion of the two radicals and the segmental diffusion to make
contact between their radical sites. Both preliminary steps are implemented in
the termination rate coefficient. The overall rate of termination is of second
order with respect to the radical concentration cy :**

dex

=—2-k -ch . 3-4
dr Cr (3-4)

3.1.4 Integrated Rate Laws

In case of stationary radical polymerization, the rates of radical formation via
initiator decomposition (Equation 3-1) and of radical loss by termination
(Equation 3-4) are equal:""

2-ky-fep=2-k cy . (3-5)

The expression for the overall rate of polymerization, Rp, in an ideal stationary
radical polymerization is obtained by combination of equations 3-3 and 3-5:**

dCM— . kp . . -C -
K= me gV T (3-6)
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3.2 Molar-Mass Distributions

All synthetic polymers exhibit a molar-mass distribution (MMD) caused by the
inherent statistics contained in the reactions steps during their synthesis. The
determination of these mass distributions is essential, as they allow insight into
the reaction kinetics during polymerization and further affect the macroscopic
properties of a polymer material.

3.2.1 Characterization

Important parameters of MMDs include the average molar masses. The
number-average molar mass, M_, considers the numeric abundance of each
chain length i in the polymer:

n?

M, =3 M = (3-7)

where M; is the molar mass of a macromolecule with chain length i. x; and N,
denote the amount fraction and number of molecules with chain length i
respectively. The weight average molar mass, M, accounts for the weight
fractions w; of all macromolecules:

w2

B WA
M, =Y wM, ==2—0. (3-8)

i=1 ZOO: N,'Mi
i=1

The ratio of these average molar masses yields the polydispersity index, PDI,
which is a measure of the broadness of MMDs:

M
PDI= "% >1 . (3-9)
M

n

The lowest possible PDI values under ideal conditions in conventional radical
polymerization are 2.0 for termination via disproportionation and 1.5 for
termination via combination, respectively.”!

In case of (pseudo-)living polymerizations, for example reversible-
deactivation radical polymerization,” popularly known as living/controlled

10
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radical polymerization,” the chain length distribution reflects a Poisson
distribution and the PDI can then be expressed as a function of the number-
average degree of polymerization P, :

PDI =1+ — . (3-10)
P

n

The PDI hence approaches values close to unity under ideal molar-mass control
and is in that case well below the minimum of 1.5 for conventional radical
polymerizations. As a conclusion, the dispersity of a polymer can serve as a
quality criterion for the molar-mass control of a controlled radical
polymerization.

3.2.2 Determination via Size-Exclusion Chromatography

SEC constitutes the most widely applied method for the fast determination of
MMDs.“Y In this method, dilute solutions of polymers are passed through
columns with highly porous filler materials (e.g. swollen crosslinked polymer)
at constant flow rate. The macromolecules are separated by their hydrodynamic
volume, V,, which correlates with their molar mass M through the intrinsic
viscosity [n]:

Vi=1[n]-M. (3-11)

In an SEC experiment, the hydrodynamic volume of a macromolecule is
inversely proportional to its elution time and elution volume, V., which is the
volume of mobile phase passed through between the injection point and the
peak maximum. This arises from the fact that smaller polymer coils are able to
penetrate a larger number of pores and are thus eluted later.

After their separation the polymer chains are detected by, for example,
changes in refractive index (RI) or UV absorption. The retention times are,
however, strongly depending on the experimental setup (polymer type, solvent,
temperature, column filler), which is why a calibration procedure is required
for obtaining molar masses. The distributions obtained from SEC are mass
MMDs on a logarithmic scale."”

In case calibration standards are not available for a certain type of polymer
its MMD may be estimated via the principle of universal calibration."”” At a
given elution volume, two polymers 1 and 2 are assumed to have the same
hydrodynamic volume:"”

[’7]1 M, = [’7]2 M, . (3'12)

11
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A commonly used expression for the correlation between intrinsic viscosity and
molar mass is given by the Mark-Houwink (MH) equation:'***"

[n]=K- -M*, (3-13)

where K and a are the so-called MH parameters. These parameters are known
for a large number of polymers and may be used for universal calibration. From
the above two equations the following relation can be derived:

1 K, 1+
logM, = log— + 4
1+a, K, 1+a,

logM, , (3-14)

with the indices 1 and 2 reflecting the polymer used for calibration and the
polymer of interest, respectively. If all MH parameters are known the molar
mass of the analyzed polymer can be easily determined from SEC data. If this is
not the case, the calibration can be circumvented by application of molar mass-
sensitive detectors such as viscometer'*” or light scattering!® type detectors.

3.3 The PLP-SEC Technique

PLP in conjunction with subsequent analysis of the formed polymer via SEC
has established itself as the method of choice for determining individual k,
values in radical polymerization.'*’

In a typical PLP-SEC experiment, a mixture of monomer and photoinitiator
is illuminated at pre-selected temperature by short laser pulses (approximately
20 ns long) separated by a time of t,, which is determined by the laser
frequency. Each laser pulse almost instantly produces photoinitiator-derived
radicals that start chain growth by adding monomer molecules. Although
termination occurs at any time during the experiment, the high population of
radicals at each laser pulse induces preferential chain stopping points for the
propagating macroradicals. Therefore a considerable fraction of these macro-
radicals is terminated instantly at #,, when the next laser pulse creates a new
population of short radicals. These dead chains exhibit a chain length L,
which is related to the dark time period ¢, in between two laser pulses via the
following equation:

L=k, cy-t, . (3-15)

As not all radicals are terminated by the first laser flash but may grow until
subsequent pulses, a well-structured MMD with peaks at multiples of L, is
obtained (Figure 3-1). The chain length L,, which is generally determined via
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the point of inflection on the low molar-mass side,**! directly yields the
propagation rate coefficient via equation 3-15.

The existence of further inflection points at integer multiples of L, is part of
the PLP-SEC self-consistency check, which assures that the first inflection
point does indeed reflect the fraction of polymer terminated after t,.”? Further
consistency criteria are that k, values are independent of initiator concentra-
tion, laser pulse energy, as well as laser pulse frequency.””

WIogM

log M

Figure 3-1. MMD (SEC trace) with indicated points of inflection from PLP of butyl methacrylate
in bulk at 25°C and 20 Hz initiated by 2,2-dimethoxy-2-phenylacetophenone (DMPA)
(1.00 mmol-L ™).

3.4 RAFT Polymerization

Although conventional radical polymerization is one of the most widely used
processes for the commercial production of high-molar-mass polymers, it is
somewhat limited in terms of control over certain characteristics of the
polymer such as molar mass, composition, and topology.'**!

The advent of controlled radical polymerization techniques since the
mid-1990s has allowed for significant progress in this field as it enabled the
design of tailored macromolecules in a relatively simple and straightforward
manner. The techniques that are attracting greatest attention are nitroxide-
mediated polymerization (NMP),"”’ atom transfer radical polymerization
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(ATRP),”7 and RAFT polymerization."”””" Especially the RAFT process,
which was invented in 1998 by the Commonwealth Science & Industrial
Research Organization (CSIRO), has proven to be a very suitable technique for
synthesizing polymers with complex architectures.”*! RAFT polymerization is
not only extremely versatile towards monomers and reaction conditions,***
but it also permits the predefinition of the macromolecular structure by
applying specific RAFT agents that act as scaffolds for the desired polymer
architecture. With this approach, various types of tailored polymer materials
can be obtained with relative ease, like for example block copolymers, star and
comb polymers."” The detailed analysis of these polymers further allows for
understanding the correlation of their mechanical properties and
macromolecular architecture.™

3.4.1 Kinetics

The RAFT mechanism is induced when a radical polymerization is carried out
in the presence of thiocarbonylthio compounds (RAFT agents, generic formula
in Figure 3-2) which react by reversible addition-fragmentation chain transfer.
Apart from the active dithio moiety, RAFT agents generally feature the Z- and
R-group, often termed activating and leaving group, respectively.*"

SYS\
z X
A
activating group

Figure 3-2. General chemical structure of RAFT agents.

The addition of RAFT agent to the reaction mixture of a conventional radical
polymerization induces two addition-fragmentation equilibria that are super-
imposed on a conventional radical polymerization mechanism (Scheme 3-1).

At the beginning of polymerization, the radicals originally formed by the
initiator react with the RAFT agent via the pre-equilibrium by adding to the
carbon-sulfur double bond forming a radical intermediate. The Z-group of the
RAFT agent is chemically designed in such a way that it activates the carbon-
sulfur double bond for radical attack and further stabilizes the radical
intermediate. At this stage, the intermediate can either react back to the educts
or proceed to release the R-group. As the pre-equilibrium is passed through
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quickly under ideal conditions, chain growth initiated by the R-group (with the
reinitiation rate coefficient k, ;) starts almost simultaneously for all chains,
whose number is defined by the concentration of RAFT agent in the system. To
achieve such conditions, the R-group should be designed as that its radical is
stable relative to the monomeric radicals, allowing for fast fragmentation, while

at the same time providing fast reinitiation, i.e. addition to monomer species.

Pre-equilibrium

S S. k S _S. k S S
Ph Y R = POUY R < P LR
Z kB,l Z kad,2 7
Reinitiation
. kprein . .
R i Pl —_— Pn
M M
Main Equilibrium
S S. S.._S. S S
I G G L e
Z kB Z Kag Z

Scheme 3-1. Basic reaction steps in RAFT polymerization: pre-equilibrium, reinitiation and
main equilibrium.

After all initial RAFT agent is consumed the polymerization is governed by
the main equilibrium, which consists of the rapid exchange of active
propagating radicals and dormant polymeric thiocarbonylthio compounds. This
mechanism provides equal probability for all chains to grow and thus yields
polymer with a narrow MMD. The molar mass increases linearly with
increasing total monomer conversion, X,,, and can be expressed by the
following relation that assumes reactivity of all RAFT agent molecules and
neglects the formation of initiator-derived radicals:"*”

CM'MM'XM

heo
ME = + Mgy - (3-16)

CRraFT

Hence the theoretical number-average molar mass, Mflh“’, can be controlled via
the monomer concentration, monomer conversion, as well as the RAFT agent
concentration, cpupr, in the reaction mixture. M,, and My, denote the molar
mass of monomer and RAFT agent, respectively. At the end of polymerization,
the majority of chains retain the thiocarbonylthio end-group and can therefore
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be wused for further (co)polymerization or other subsequent chemical
reactions.!*®**")

The kinetic coefficients used to describe the rate of addition and
fragmentation of the pre- and main equilibrium are k,q,, k3, k.q,, ks, and kq,
ky, respectively.””™ The main equilibrium is usually described by the
equilibrium constant Keq,[%] which is a measure for the stability of the
intermediate radical:

kad

K, =-—4
q kf,

(3-17)

3.4.2 Rate Retardation

In case the RAFT polymerization proceeds ideally, that is the chain-transfer
process is fast and the RAFT intermediate is short-lived, the rate of
polymerization should be similar to the one found for conventional radical
polymerization because the radical concentration is not changed. However,
some polymerization systems display a significant deceleration in polymeri-
zation rate (rate retardation), especially when dithiobenzoates are used as RAFT
agents.” This phenomenon may be explained by two fundamentally different
mechanisms:"

Slow fragmentation model

The gist of this model, which is mainly supported by ab initio quantum
chemical calculations,”™™ is a very small fragmentation rate of the
intermediate radical in the main equilibrium compared with the rate of the
addition reaction, yielding a high K, . The intermediate radical, whose stability
is believed to be caused by delocalization of the unpaired electron on the
phenyl ring that acts as Z-group in dithiobenzoates, may hence survive over a
considerable period of time. Consequently, the propagating radical
concentration and thus the rate of polymerization in the system would be
effectively reduced."”* The proposed low k; values are, however, in conflict
with experimental Electron Paramagnetic Resonance (EPR) data, since the slow
fragmentation model predicts high intermediate radical concentrations that
were not detected in such experiments."™'"*" Moreover, fast decay of
intermediate radicals has been observed via EPR after initiation by a single
laser pulse.["*!

Intermediate radical termination (IRT) model

The intermediate radical may undergo irreversible termination either by cross-
termination with a propagating radical or by self-termination with a radical of
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its own species. These side reactions would inherently lead to a reduction of
radical concentration and thus also of polymerization rate. Although the
possibility of such reactions has in principle been demonstrated in model
experiments,'”'® the proposed termination products have not yet been
isolated from dithiobenzoate-mediated polymerizations. This discrepancy may
be explained by a very small concentration of IRT products that are needed to
cause rate retardation and by assuming termination of merely oligomeric
intermediate radicals,"”"" which would in both cases hinder the detection of
such species via SEC.

3.5 Surface-Initiated Polymerizations

Radical polymerization from surfaces enables the in-situ synthesis of anchored
polymer films. In pursuing this approach, often termed “grafting-from”
approach, one can either immobilize a conventional radical initiator or a
mediating agent (e.g. RAFT agent) to arrive at surface-anchored polymer
(Figure 3-3). Alternatively, polymers may also be linked to the surface via
functional end-groups, which is referred to as the “grafting-to” approach."”
This approach, however, suffers from significant drawbacks as the accessible
grafting densities are limited because of steric repulsions between polymer
chains."""

The application of anchored initiators for producing surface-tethered
polymer has been used with great success as it enables the formation of
considerable amounts of grafted polymer chains.’**"*"*l By polymerizing in a
conventional fashion, however, important properties of the fixed polymer such
as chain length and topology are difficult to adjust, which can be partially
overcome by adding a free RAFT agent to the solution®**'*™ or by
simultaneously anchoring the initiator together with the RAFT agent.” In this
case the surface-grafted chains exhibit living behavior.***’!

To produce surface-confined polymer in a fully controlled manner via the
“grafting-from” technique, the method of choice is to immobilize the mediating
agent itself.""” This can in principle be performed with any controlled radical
polymerization technique. However, RAFT polymerization from solid surfaces
has proven to be extremely robust, versatile, and tolerant towards monomers,
reaction conditions, and solid substrates.?”'®*! In addition to that, RAFT
polymerization from solid surfaces allows two different approaches, as RAFT
agents can be anchored either via their Z-group or R-group. Both the Z-group
and the R-group approach have their own individual benefits and drawbacks
depending on the experimental objective.

In case of the Z-group approach,™" the RAFT agent is irreversibly
anchored to the solid substrate via its stabilizing group (Figure 3-3) and thus

]
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prevents chain—chain coupling of grafted growing macroradicals similar to Z-
group supported RAFT star polymerizations."” In addition, this technique
allows the easy separation of living grafted chains from nonliving chains
occuring in solution, while at the same time it enables the regeneration of the
anchored RAFT agent. However, the grafting density of the polymer is
generally somewhat limited in case of the Z-group approach, as the reactive
RAFT moieties are located close to the surface during the polymerization.

The inverse “R-group approach”,**"*'*] where the RAFT agent is linked to
the surface via its reinitiating group (Figure 3-3), does not suffer from this
limitation, since the reactive centers grow away from the surface during chain
growth and sterical hindrances are hence minimized. However, side reactions
of the immobilized macroradicals such as chain transfer and termination
become more probable. Hence a small fraction of tethered chains may not
contain the RAFT end-group.

Recently an alternative technique to anchor RAFT agents via usage of macro-
RAFT agents has been introduced, which may combine the strengths of the Z-
and R-group approach."™ In this approach, a monomer with trimethoxysilyl
side groups was polymerized first via RAFT polymerization to obtain
macromonomers with RAFT end-groups. These macromonomers were
subsequently coupled to silica particles through reaction with the trimethoxy-
silyl side groups, therefore neither the Z-group nor the R-group was directly
fixed to the surface.

z
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Figure 3-3. Different “grafting-from“ methods for the synthesis of surface-anchored polymer:
a) immobilized radical initiator, b) Z-group supported RAFT agent, c¢) R-group supported RAFT
agent.

18



Theoretical Background

3.6 Mechanical Testing of Polymers

Mechanical testing of polymers is essential for designing high-performance
plastic materials for selected applications. The following subchapters outline
two commonly applied techniques that were used in this work, which are
tensile testing and DMA.

3.6.1 Tensile Testing

The widespread tensile test is probably one of the most convenient techniques
to analyze the mechanical strength of a polymer."*" It may deliver several
relevant properties concerning the quality of a polymer as a material such as
rigidity, brittleness, ductility, and elastic behavior.!*"

In a tensile test a rectangular or dumbbell-shaped specimen is drawn with
constant speed. The sample hence experiences an elongation ¢, which is the
deformation AL relative to the original length L, of the specimen:

L AL (3-18)

Together with the strain the tensile stress o is recorded, which is the force F
acting on the cross section area A, of the sample:

o=t (3-19)

A plot of measured tensile stress against tensile strain yields the stress—strain
curve, from which specific values of interest can be extracted and which
collectively describes the mechanical response of a polymer specimen towards
tension (Figure 3-4). The area under the stress—strain plot represents the total
energy that is required for breaking the sample and is hence a measure for the
toughness of the material, denoted 7 in the thesis in hand:

€B

r= ja de | (3-20)

0

where ¢ is the elongation at break.
All stress—strain curves exhibit an elastic regime at very small deformations,
in which the tensile stress is directly proportional to the lengthwise strain:

oc=E-¢. (3-21)
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The proportionality constant E is the tensile modulus, also often termed
Young’s modulus. In this part of the tensile test the polymer is said to obey
Hooke’s law and the tensile modulus can be determined via regression of the
data points at small strain (usually between 0.05 % and 0.25 % strain). Beyond
small deformations the appearance of the stress—strain curve strongly depends
on the type of polymer and the testing conditions (temperature, elongation
speed etc.).l"!

Many thermoplastic polymers, which are elongated below their glass
transition temperature, exhibit a break point, defined by e; and the stress at
break, oy, that occurs in the linear regime of the stress—strain curve. These
materials are classified as brittle and are characterized by a high tensile
modulus and a low elongation at break."*"

Other thermoplastics may display a ductile behaviour and undergo high
deformations before the break point, such as the polymer sample in Figure 3-4.
In this case the elongation behavior can further be characterized by a yield
point with the coordinates yield stress, oy, and strain at yield, ¢, . This point is
defined as the first point where the slope of the stress—strain curve becomes
zero,'"? that is an increase of strain is observed without an increase in stress.”*!)
Beyond this point, the specimen undergoes permanent deformations which
result in a reorientation of its chains on a large scale. The yield point hence
reflects the limit of irreversible deformations.!"
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Figure 3-4. Stress—strain curve of poly(styrenesos-block-nBAys,) with indicated yield and break

points and the corresponding stresses and strains. Elongation speed: 25 mm-min~" for strains
before 0.25 % and 100 mm-min "' afterwards.
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3.6.2 Dynamic Mechanical Analysis

DMA provides access to the viscoelastic parameters of a sample and is
therefore applied to materials which exhibit both elastic and viscous
behavior'[44,141,143,144]

For purely elastic materials the deformation caused by an external force is
fully reversible and independent of time. In this case the deformed specimen
recovers its initial shape immediately upon removal of the stress and the
energy originally applied to the sample is fully recovered. Such materials are
said to behave Hookean and hence the strain is directly proportional to the
stress similar to the linear part of the stress—strain curve described in the
previous subchapter.*!

Completely viscous materials do not deform but flow under an external
stress:

o=n-¢é, (3-22)

with 7 being the viscosity and ¢ the rate of strain. Therefore the response of
such an ideal liquid is by definition time-dependent.*! Consequently the
applied energy is completely transformed into heat via friction, which makes
the recovery of the original structure impossible."*"

Polymers represent a typical class of viscoelastic materials as they feature
elastic as well as viscous characteristics, which is why DMA displays a very
well suited mechanical characterization method for macromolecular systems. In
DMA an oscillating stress (or strain) with frequency w is applied to the sample
and its resulting strain (or stress) is measured as a function of temperature or
applied frequency. In this work, measurements were performed with
application of stresses and thus the theoretical description will concentrate on
this approach, although the difference is merely conceptual."! The stress can
mathematically be described as follows:

o’ (t) = o, -expli(wt +5)] , (3-23)

where o(t) is the stress at a given time ¢, o, denotes the maximum amplitude
of the stress, and ¢ is the phase angle between stress and strain, also called loss
angle. The strain can be similarly defined:

' (t) = ¢, - expliot) (3-24)

with e(t) constituting the oscillating strain and ¢, the maximum amplitude of
strain. The resulting strain of elastic bodies will be completely in phase with the
stress (instant recovery) and § will be 0°, whereas for viscous materials the two
signals will be out of phase and § will then be 90°. Viscoelastic materials will
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exhibit a behavior in between these two extremes (0° < <90°) as depicted in
Figure 3-5.

From the ratio of oscillating stress to strain a complex modulus may be
defined:™

E'=7=E(0)+iE"(), (3-25)

&

where E" is the elastic modulus and E' and E" are referred to as the storage
and the loss modulus, respectively. The latter represents the amount of energy
which is dissipated into heat per cycle within the sample, whereas the storage
modulus displays the amount of energy that is stored by the sample during one
cycle. The ratio of these two moduli gives the mechanical damping parameter,
tan &

tand = M . (3-26)

E'(w)

This parameter directly yields the ratio of viscous to elastic behavior and
mirrors the damping capacity of the sample."* It is particularly useful for
determining molecular relaxations, which usually occur as a maximum in
tan 8/ The measurement of tan § as a function of temperature yields the
tan d-curve.
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Figure 3-5. Schematic visualization of the applied stress ¢ and the resulting strain ¢ in DMA
with the corresponding loss angle 6.
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3.7 Polymer Relaxations

For amorphous polymers, various relaxations can be detected in tan d-curves,
which correspond to different molecular motions and are labelled with letters
of the Greek alphabet in the order of decreasing temperature."*

At the primary o-relaxation, commonly known as the glass transition at
temperature T, the polymer is transformed from a hard and glassy state into a
soft and rubbery material upon increasing temperature. This glass relaxation is
caused by an increase of the overall chain mobility and its temperature is
dependent on characteristics such as molar mass, side groups, cross-links,
degree of crystallinity, and adjuvants of the polymer. However, the influence of
for example the molar mass as well as the composition of the polymer on the
glass transition temperature is still under discussion.**"

Below the glass transition temperature, a secondary fB-relaxation is often
detected, which may arise from side-group movements of the monomer units,
though its mechanism is not fully clarified.*" This p-process is often of less
intense and broader with respect to the temperature range compared with the
glass transition.

a) b)

FigFrfj' 3-6. Crankshaft motions of polyethene segments according to Schatzki (a) and Boyer
(b) 148

At even lower temperatures, a y-relaxation may be observed that is referred
to crankshaft motions of main chain segments or side-group motions.!***
According to proposals of Schatzki™™ and Boyer,”™ the crankshaft-like
motions can be described by assuming polyethene chain segments of seven and
five carbon—carbon bonds, respectively, which are arranged at constant angles
(Figure 3-6). The actual motion is given by the rotation of the inner five and
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three bonds, respectively, around the two outmost bonds that are collinear. In
acrylate and methacrylate polymers the y-mechanism has been observed since
the 1950’s, in which case it is attributed to the independent motion of the alkyl
side groups."*’ For these polymers, the temperature of this relaxation is largely
depending on the nature of the corresponding alkyl group involved in the
molecular motion.
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PART 1:

SURFACE-INITIATED POLYMERIZATIONS
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4 Surface-Initiated PLP-SEC

In this chapter the determination of &k, values for surface-initiated
polymerizations of nBA and styrene via the state-of-the-art PLP-SEC method is
presented along with reference experiments, in which DMPA and 2,2"-azo-bis-
(iso-butyronitrile) (AIBN) were applied as initiators in solution (Scheme 4-1)."*

nBA styrene DMPA AIBN

X X 0] -
l NCXN\NXCN
o” o =z | | X
§ i/ Cl) (I)

Scheme 4-1. Chemical structures of nBa, styrene, DMPA and AIBN.

Since its invention in the 1980’s,1 the PLP-SEC technique has been applied
to various polymerization systems including polymerizations of numerous
monomers in bulk,”** " copolymerizations,**"** polymerizations at varying
temperatures and pressures,'* polymerizations in different solvents"* such as
water,"! supercritical CO,,"™) and ionic liquids,”*"" as well as in
heterogeneous media.'’*"””! Surprisingly, a field which has not yet been in the
focus of the PLP-SEC method is the one of surface-initiated polymerizations,
which has generally received increasing attention in recent years due to the
ability to produce tailored surfaces and materials with remarkable
properties.***"74!

This work demonstrates the first assignment of k, values for radical
polymerizations from a solid support via the PLP-SEC setup. Earlier works by
Riihe et al.” have shown that the propagation mechanism of grafted radicals is
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similar to the chain growth mechanism in solution, whereas the termination
reaction is more likely to feature discrepancies between free and fixed
macroradicals. However, while their work covered the overall reaction rate for
the graft polymerization, the thesis in hand is dedicated to the determination of
individual k, values for the surface-initiated radical polymerization of nBA and
styrene. With this approach, even small differences in k, are expected to be
detectable. As the IUPAC benchmark k, values for nBA and styrene differ
largely in size, the use of these two monomers further allows for the
comparison of diverse propagation rates that might have different impacts on
radical chain growth from a solid support.

In the first part of this chapter the immobilized initiator and the proposed
mechanism for surface-initiated PLP-SEC experiments are introduced.
Afterwards the MMDs of the obtained polymers and the extracted k, values
are presented and deviations from IUPAC benchmark values are discussed.

4.1 The Silica-Immobilized Initiator

The experimental setup used for obtaining propagation rate coefficients of
surface-initiated polymerizations is rather similar to conventional PLP-SEC
setups. The main difference is eventually the use of an immobilized UV-initiator
that is suspended in the monomer solution for subsequent PLP from the solid

substrate.
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Figure 4-1. Silica-immobilized 4,4"-azobis(4-cyano-N-(3"-triethoxysilylpropyl)-valeric amide)

(Si-ACTA).

The employed initiator 4,4-azobis(4-cyano-N-(3"-triethoxysilylpropyl)-
valeric amide) (ACTA)™ (Figure 4-1) can be anchored to any surface containing
hydroxyl groups, in which course nearly all of the initiator is bound to the
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surface given that free hydroxyl groups are still present. Therefore the grafting
density of the initiator can be easily tuned in that case by simply using a
defined amount of free initiator and silica particles. Since ACTA is linked to the
surface via two anchor groups, radicals are exclusively produced at the surface
and therefore no interference from reactions in the solution phase is present as
long as transfer reactions have not triggered the polymerization there as well.
This great enhancement of surface-initiated polymerizations via the use of
bipedal initiators compared to single-attached initiators has just recently been
introduced.”"” One possible deficiency, which is particularly crucial for PLP-
SEC experiments, is the fact that the production of radicals from photo-
excitation of azo alkanes, as for example AIBN and the anchored ACTA, is non-
instantaneous on the PLP timescale and can hence lead to a distortion of the
polymer’s MMD,"” especially for monomers with a high k, value like nBA.
This issue will be highlighted later in this chapter.

For the PLP-SEC experiments in this work silica nanoparticles were used as
the solid support because of their chemical resistance, mechanical stability,
relatively low costs, and high specific surface area. Although substantial
scattering and reflection of the UV light used for initiation (351 nm) probably
occurs due to agglomeration of the suspended silica particles, the overall
absorbance should be low enough to enable the laser pulses to penetrate the
reaction mixture."”” Because of the significant differences in propagation and
termination rates of the two monomers nBA and styrene, different laser pulse
repetition rates were applied for PLP, namely 100 Hz for nBA and 5 Hz for
styrene.

4.2 Mechanism

Like the experimental setup, the proposed mechanism for PLP-SEC from solid
surfaces, as shown in Figure 4-2, is also strongly related to conventional PLP-
SEC measurements. Laser pulses are applied to trigger the decomposition of the
grafted initiator ACTA, forming surface-tethered radicals, which can
subsequently grow by adding monomer molecules that surround the silica
particles. The next laser pulse creates a new population of anchored radicals,
which should cause most of the growing chains to terminate and hence produce
grafted polymer of well-defined chain lengths.

A fact that might hinder the formation of macromolecules with well-defined
chain lengths—which is a prerequisite for obtaining k, values—is the exclusive
production of anchored radicals. As mentioned above, the benefit of this
situation is that polymerization should only take place on the surface and hence
no possibly disturbing termination between grafted and free chains can occur.
However, this might simultaneously be a drawback as the forced termination
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events at each laser pulse also rely, to some extent, on the mobility of newly
formed radicals. Since all radicals that emerge from Si-ACTA are anchored and
thus restricted in their movement, the rate of termination of growing radicals
may be decreased. This, in turn, would result in a substantial fraction of
growing radicals that propagate beyond the laser pulse, in which case the PLP
structures in the MMDs of the polymers are distorted. However, in the event of
MMDs with well-defined PLP structures, the mechanism should proceed as
described above.

- >

3-0-'0-'0-3

Figure 4-2. The proposed surface-initiated PLP-SEC process. The last two reaction steps are
significantly shorter than the dark time period £,

4.3 Results and Discussion

At first, reference experiments of nBA in solution initiated by DMPA and AIBN,
respectively, are presented. Afterwards, the results of the surface-initiated PLP
of nBA and styrene are covered.

4.3.1 Conventional PLP-SEC of nBA

As stated in chapter 4.1 azo initiators may hamper the success of PLP-SEC
experiments due to their non-instantaneous decay on the PLP timescale."” In
order to check the suitability of ACTA for PLP-SEC, reference experiments
were performed in which nBA was polymerized via PLP initiated by DMPA—a
well-suited PLP initiator—and AIBN as a model initiator for the immobilized
ACTA. Free ACTA was not directly used in solution as it yields polymer with
highly reactive silyl end-groups, which are prone to undergo crosslinking
reactions!”” and thus distortion of the SEC signals would most probably occur.
By comparing the MMDs of the poly(nBA) produced by initiation of DMPA and
AIBN, respectively, the suitability of ACTA for PLP-SEC can thus be indirectly
assessed.
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Figure 4-3. MMD (SEC trace) of poly(nBA) with indicated points of inflection from PLP of nBA
in bulk (7.17 mol-L™") at 5 °C and 100 Hz initiated by DMPA (1.98 mmol-L ).
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Figure 4-4. MMD (SEC trace) of poly(nBA) with indicated points of inflection from PLP of nBA
in bulk (7.17 mol-L ") at 5 °C and 100 Hz initiated by AIBN (2.25 mmol-L™").
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As expected, PLP-SEC of nBA, initiated by DMPA at 5 °C, yields poly(nBA)
with two very distinct inflection points that obey the consistency criterion
(Figure 4-3). In comparison, initiation by AIBN produces poly(nBA) with a
slightly broader MMD displaying more high-molar-mass material (Figure 4-4).
However, the MMD also features two well-located points of inflection. The
extracted propagation rate coefficients are in good agreement with the IUPAC
benchmark data (Table 4-1). Interestingly, the k, values obtained from PLP via
initiation with AIBN are even closer to the literature values than the ones
derived from the PLP experiments initiated by DMPA. Hence AIBN appears to
be well-suited for the determination of k, values for nBA under the given
reaction conditions. This confirms earlier investigations'” and indicates that
the silica-immobilized ACTA may also be capable of producing polymers with
MMDs that display PLP structures despite its azo-type nature.

4.3.2 Surface-Initiated PLP-SEC of nBA

The PLP-SEC experiments of nBA initiated by Si—ACTA were carried out at
temperatures of 25°C (Figure 4-5) and 5°C (Figure 4-6). In both cases,
substantial amounts of poly(nBA) in solution (dotted line) were present in spite
of the low monomer conversion, which however coincides with earlier findings
and is probably in all cases caused by transfer reactions from surface-tethered
radicals to monomer molecules.”"” In addition to that, the SEC signals of the
poly(nBA) in solution exhibit a low-molar-mass shoulder which seems to be
more apparent at lower temperatures, but whose origin is unclear.

Compared with the grafted poly(nBA), the main fraction of the poly(nBA) in
solution is at higher molar masses at both temperatures and features no PLP
structure, which is expected because of the absence of photoinitiator radicals in
solution. The MMD of the immobilized poly(nBA), polymerized at 25 °C, also
appears broad and indistinct with only one inflection point, which prevents the
determination of the propagation rate coefficient.

However, acrylates in general are hard to study via PLP-SEC!"® as side
reactions such as intramolecular chain transfer (“backbiting”) often destroy the
PLP structure, especially at elevated temperatures, because of the existence of
two propagating radical species, namely secondary propagating radicals (SPRs)
and mid-chain radicals (MCRs).”*" The MCRs that originate from the
backbiting reactions exhibit a much slower propagation rate and lead to a
broadening of the MMD, which can eventually result in the loss of the PLP
structure. nBA has been intensively studied with regard to this difficulty and it
was concluded that well-structured MMDs cannot be obtained at temperatures
above 30 °C when using repetition rates of up to 100 Hz."**! For this reason, the
failure to determine k, values for the surface-initiated polymerization of nBA

178]
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at 25 °C may be due to the high concentration of MCRs that disrupt the PLP
process and the resulting MMD.

WIogM

5

log M

Figure 4-5. MMDs (SEC traces) of poly(nBA) from PLP of nBA in bulk (6.98 mol-L™") formed in
solution (dotted line) and on the surface (full line with indicated point of inflection) at 25 °C and
100 Hz initiated by silica-immobilized ACTA (20 mmol-L™", 0.17 molecules-nm ).

In that case, a reduction of the reaction temperature from 25 °C to 5 °C should
enhance the characteristic PLP features of the MMD of the silica-anchored
poly(nBA) and enable the estimation of k, from the SPR species only, as shown
in Figure 4-6. In that case the MMD exhibits two inflection points with the
second located at twice the molar mass of the first one. From the first inflection
point the propagation rate coefficient can be estimated to be
k, =11695 L-mol "s™' (Table 4-1), which is about 22 % higher than the IUPAC
benchmark value of k,= 9616 L-mol "s "% Therefore, the amount of
backbiting reactions and hence the concentration of anchored MCRs seems to
be low enough at 5 °C to enable the determination of k,, which is in line with
earlier findings.!"”
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Figure 4-6. MMDs (SEC traces) of poly(nBA) from PLP of nBA in bulk (7.17 mol-L™") formed in
solution (dotted line) and on the surface (full line with indicated points of inflection) at 5 °C and
100 Hz initiated by silica-immobilized ACTA (20 mmol-L™", 0.17 molecules-nm ).

4.3.3 Surface-Initiated PLP-SEC of Styrene

In comparison with nBA, PLP of styrene, initiated by silica-tethered ACTA,
produces polystyrene with MMDs that feature up to four visible inflection
points (Figure 4-7). Additionally, no polymer in solution is formed in case of
styrene, as transfer reactions are not pronounced in this system. The exclusive
formation of radicals on the surface proves hence to be very advantageous.
Furthermore the absence of significant amounts of side reactions in this system
improves the quality of the determined MMDs also for temperatures close to
room temperature (RT).

The extracted propagation rate coefficients from this and other experiments,
listed in Table 4-1, deviate to higher values by approximately 23 % compared
with the IUPAC benchmark values of k, =86 Lmol s and
k, =90 L-mol s™" at 25 °C and 26 °C, respectively.”!
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Figure 4-7. MMD (SEC trace) of polystyrene with indicated points of inflection from PLP of
styrene in bulk (8.65 mol-L™") formed on the surface at 26 °C and 5 Hz initiated by silica-
immobilized ACTA (8.8 mmol-L ™", 0.068 molecules-nm ).

Table 4-1. Values of propagation rate coefficients, kp, from the positions of the first points of
inflection for nBA and styrene (Sty) at ambient pressure for polymerizations in bulk solution
and from fumed silica.

-1

monomer initiator T t ol k, IUPAC k,
['C] [Hz] [mmolL] [L-mol *s™']

nBA DMPA 5 100 1.98 10213

nBA AIBN 5 100 2.25 9280 061615
nBA AIBN 5 100 2.25 9447

nBA Si-ACTA 5 100 20.0 11695

Sty Si-ACTA 25 5 8.80 95 86167
Sty Si-ACTA 25 5 8.80 109

Sty Si-ACTA 26 5 8.80 114 o
Sty Si—-ACTA 26 5 8.80 115 20
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4.4 Conclusion

First of all, the application of an initiator that is covalently bound to a solid
substrate in PLP-SEC enables the determination of propagation rate
coefficients for surface-initiated polymerizations. This result is already
remarkable because of the above-mentioned possible restrictions which could
arise from the exclusive formation of radicals on the surface. Apparently, the
induced termination events that occur at each laser pulse seem to be
sufficiently fast for creating polymer with defined chain lengths, which is
clearly visible in the obtained MMDs. In case of nBA, surface-initiated PLP-SEC
at 25 °C did not produce MMDs with multiple points of inflection due to the
higher concentration of MCRs at this temperature. However, by reducing the
temperature from 25°C to 5°C, a well-structured MMD was obtained that
enabled the determination of k, .

One effect which may enable the feasibility of the presented approach of
PLP-SEC from surfaces is the relapsing of growing tethered macroradicals
towards the surface. Since the grafting density of the initiator is low, the
anchored chains probably do not form a brush-like but rather a coil-like
orientation.!””®) Hence their active center is closer to the initiator-derived
radicals and the termination reaction may then be sufficiently fast. Another
aspect is the possibility of termination between two radicals that are located on
different silica particles. In this case the grafted macroradicals do not solely rely
on initiator molecules that are bound to the same particle but are able to
terminate with any nearby initiator-derived radical.

The obtained k, values for nBA and styrene determined via this approach
deviate to higher values compared with the IUPAC benchmark values.
Surprisingly, the determined differences seem to show the same tendency for
both monomers, although their k, values and chain lengths in the experiment
differ by orders of magnitude. Therefore, the effect appears to be general for
chains propagating from a solid surface. Two possible effects that may cause
these deviations are discussed in the following.

Although the usage of an anchored initiator yields polymers that show
MMDs with typical PLP structures and termination thus seems to occur with
sufficient pace, the above-mentioned restriction in the mobility of immobilized
chains could artificially extend the chain-growth period that should be set by
the dark time in between two laser pulses. This may be caused by a competition
between the propagation of fixed radicals and the chain-end encounter process
that precedes the termination reaction. As a result the chain lengths are higher,
as the radicals have more time to grow, and apparently higher k, values are
obtained. However, this possible circumstance does not seem to be very
pronounced, since this would otherwise prevent the determination of k, values
which obey the consistency criterion of multiple inflection points in the MMD.
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Additionally, the influence of such an effect would be very different for nBA
and styrene as the latter propagates much more slowly, hence the obtained k,
values for styrene should then be closer to the IUPAC values, which is not the
case.

Another reason may be the decreased shielding of the active propagating
centre by the anchored macroradical chain. Such a drop in shielding could be
caused by the hindrance in motion due to the surface-anchorage. Although the
chains’ conformation is probably rather coil-like as described above, the
attached chain-end cannot move close to the active radical site and thus
probably not shield it as much as macroradicals in solution. This explanation
may be related to the chain length dependence of k, observed by Olaj
et al,"*"®! where such an effect is mentioned as a possible reason for higher
propagation rate coefficients determined at higher laser frequencies and hence
for shorter chains. Such oligomeric chains may also not be able to effectively
shield the propagating site similar to grafted chains. Indeed the obtained k,
values at high laser frequencies and the presented k, values for surface-
initiated polymerizations lie in the same range, which supports this hypothesis.
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5 Surface-Initiated Polymerization of
Styrene

This chapter is dedicated to the thermally surface-initiated radical polymeri-
zation of styrene in bulk. In all experiments polystyrene was grafted from silica
nanoparticles via the employment of immobilized ACTA (Figure 4-1 on
page 28). In contrast to chapter 4, where the formation of radicals was achieved
with laser pulses (photoinitiation), the polymerizations presented here are
triggered by thermal decomposition of the anchored initiator at 60 °C.

The application of anchored initiators constitutes a popular grafting-from
method for the production of polymer films that are covalently bound to a solid
substrate.*****!5%] The formation of anchored polymer chains is in most
cases accompanied by the generation of free polymer, which is inevitable when
single-anchored initiators are used.’***'*"*! However, also when double-
anchored initiators are used for polymerization, the production of free polymer
is hard to circumvent.”"” In that case, the free polymer chains arise from
transfer reactions of grafted radicals to monomer species such as solvent or
monomer. By adding a chain transfer agent (e.g. RAFT agent) to the interstitial
solution phase, it is also possible to induce a controlled radical polymerization
both on the surface and in solution.®

The interplay of the polymerization on the surface and in solution is in many
cases quite complex and the two types of polymers sometimes exhibit
significant differences with respect to basic characteristics as for example the
chain length,”**'* even though in many cases the free polymer’s molar mass is
claimed to reflect the molar mass of the anchored polymer without
determination of the latter.”*”") Therefore, a thorough examination of the
surface-initiated polymerization of styrene, which displays a well-known model
monomer, via both the conventional and controlled radical approach, appears
to be worthwhile in order to obtain a better comprehension of polymerizations
from solid supports. Additionally, investigations into the propagation kinetics
of styrene from fumed silica via PLP-SEC, presented in subchapter 4.3.3, have
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displayed significant differences compared with the propagation behavior in
solution, which makes the system even more interesting.

The first part of this chapter highlights the conventional radical surface-
initiated polymerization of styrene, whereas the second part outlines the
consequences that arise from addition of RAFT agent to the polymerization.
Both approaches are analyzed with respect to evolution of molar mass via SEC,
with respect to polymer loading on the solid substrate via TGA, as well as with
respect to surface topography via SEM. After SEC analysis and removal of the
polymer produced in solution, the silica-polymer hybrids were analyzed by
TGA and SEM and the grafted polymer was cleaved for subsequent SEC
analysis. The surface-initiated RAFT polymerization is also investigated
theoretically via a kinetic model developed in the program package PREDICI”
with special emphasis on differences between the MMDs of the polymer formed
in solution and on the surface.

5.1 Surface-Initiated Conventional Radical
Polymerization

This very simple approach is carried out by suspending the silica modified with
ACTA in styrene and exposing this suspension to elevated temperatures (60 °C)
under vigorous stirring. The latter is especially important as the silica should be
well-distributed in the reaction mixture, which is already quite viscous even
before polymerization, to create the best possible homogeneity of the
suspension.

5.1.1 Evolution of Molar Mass

The M, and PDI values of the polystyrene produced at different total monomer
conversions X,, are depicted in Figure 5-1 and listed in Table 5-1. Besides the
grafted chains there is apparently a concomitant formation of polymer in
solution, most probably caused by transfer reactions of anchored radicals,”"”
with a molar mass ranging from about 300000 g-mol™" to 340000 g-mol". The
silica-anchored polystyrene has lower molar masses ranging from
165000 g'mol™' to 210000 g-mol™', which is rather surprising as the fixed
polymer usually exhibits higher masses compared with the free polymer.** !
This circumstance may be attributed to a very low radical concentration in
solution since transfer reactions of surface-bound radicals to molecules in
solution are probably not very pronounced in the case of styrene. As a result,
the rate of termination could be dramatically decreased in solution and higher
molar masses are hence obtained. Moreover, the PDI values differ for the two
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polymers. The polymer in solution exhibits typical PDI values slightly below
2.0, whereas the fixed chains display higher PDI values ranging from 2.30 to
2.75. In both cases, no dependency of molar mass on monomer conversion is
found as expected of a conventional radical polymerization.

3.0 5
5 >0 O ©
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Figure 5-1. Evolution of number-average molar mass M, and PDI with total monomer
conversion Xy for the surface-initiated polymerization of styrene (8.36 mmol-L™") initiated by
silica-anchored ACTA (5.6 mmol-L™", 0.069 molecules-nm ) at 60 °C.

Table 5-1. Total monomer conversions Xy, number-average molar masses M,, and PDI values
of free and anchored polystyrene and calculated fractions of anchored polystyrene ™™ for

polystyrene

the four silica—polymer composites obtained from surface-initiated polymerization of styrene
(8.36 mmol-L ") initiated by anchored ACTA (5.6 mmol-L ™", 0.069 molecules-nm*) at 60 °C.

Sample XM Mlslolution stlurface PDIsolution PDIsurface f;;lll;fstC;ene
(%] [gmol ] [gmol ]

5-1 9.0 310360 165810 1.95 2.41 0.22
5-2 19.2 304350 210350 1.95 2.34 0.30
5-3 19.7 335530 197640 1.85 2.38 0.31
5-4 43.7 315570 170850 1.95 2.74 0.48
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5.1.2 Polymer Loading

The loading of grafted polystyrene on the silica particles can be determined via
TGA after removal of the polymer formed in solution. The weight loss of the
silica—polymer composites upon heating to 600 °C due to thermal decomposi-
tion of the organic polymer layer is proportional to the amount of grafted
polystyrene. The TGA curves of the four hybrid materials, shown in Figure 5-2,
illustrate the increase in relative weight loss of the polystyrene-functionalized
silica particles towards higher total monomer conversion. The fraction of
anchored polystyrene in the composites, f;(‘)’]ryf:fyerene, can be estimated by using

the weight loss between 300 °C and 600 °C as a measure for f;;ryf:fyerene . Although
this approach neglects other sources of weight loss in this temperature range,
the error of the obtained values should be small, as the weight loss is nearly
completely caused by degradation of the polymer film.

The resulting polymer contents are listed in Table 5-1 together with the
corresponding total monomer conversions. The fraction of silica-immobilized
polymer increases steadily towards higher Xy values and reaches a maximum

of 44 % for sample 5-4 at 43.7 % total monomer conversion.
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Figure 5-2. TGA curves from 300 °C to 600 °C of silica—polystyrene hybrids with different
monomer conversions obtained from surface-initiated polymerization of styrene (8.36 mmol-L™")
initiated by silica-anchored ACTA (5.58 mmol-L™', 0.069 molecules:nm™) at 60 °C. Polymer
fractions are listed in Table 5-1.
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5.1.3 Surface Topography

The surface topography of the silica—polystyrene hybrid materials was probed
via SEM. Earlier investigations had shown that distinct differences were visible
depending on the content of polymer in the composites and the molar mass of
the grafted chains.**!

The surface of the silica particles modified with ACTA (Figure 5-3) acts as
reference for determining changes in the surface structure that are caused by
the polymer layer. As expected, the surface of pure Si—ACTA appears rather
porous and disordered which coincides with previous experimental findings.""

F 100 nm

Figure 5-3. SE micrograph of Si-ACTA.

In contrast to that, the obtained SEM images of the polymer-functionalized
silica samples (Figure 5-4 to Figure 5-7) reveal a more structured surface, which
appears coarse-grained with decreased grain size at higher polymer loading
(Figure 5-7). The polystyrene film may thus induce a separation of silica
particles which is particularly effective at higher polymer contents, resulting in
a more ordered composite surface. This effect is also in alignment with
previously investigated poly(MA) films on the surface of fumed silica.””

The silica-polystyrene hybrid 5-4 obtained after 43.7 % conversion with a
polymer content of 44 % exhibits several eye-catching areas that are most
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probably linked to the grafted polystyrene chains. Figure 5-8 shows a SE
micrograph taken at lower magnification (10000-fold), in which some cracks in
the material surface seem to be agglutinated by an additional substance. Two of
these regimes are clearly visible at higher magnification (20000-fold) in
Figure 5-9 and Figure 5-10. The surface cracks appear to be glued by filaments
that very probably arise from the polystyrene layer. Although single
macromolecules are not visible in SEM images, these filaments of
approximately 1pm in length could have been formed by an ensemble of
anchored polymer chains that cover the surface of the silica particles and are
more clearly visible at the site of such cracks in the composite material.

Figure 5-4. SE micrograph of silica-polystyrene hybrid 5-1.
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— 10 nm

Figure 5-5. SE micrograph of silica-polystyrene hybrid 5-2.

H 160 nm

Figure 5-6. SE micrograph of silica-polystyrene hybrid 5-3.
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1 1pm

Figure 5-8. Overview SE micrograph of silica—polystyrene hybrid 5-4. Some cracks in the
surface appear to be agglutinated.
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Figure 5-10. Magnified SE micrograph of glued crack in silica-polystyrene hybrid 5-4.

47



Chapter 5

5.2 Surface-Initiated RAFT Polymerization

For the surface-initiated RAFT polymerization of styrene, the RAFT agent
cumyl dithiobenzoate (CDB, Scheme 10-1 on page 118) was dissolved in styrene
before suspending the ACTA-functionalized silica. The presence of RAFT agent
in the interstitial solution phase largely affects the polymerization mechanism.
First of all, it should induce a living character and hence narrower MMDs as
well as an increase of chain length towards higher monomer conversion for
both the grafted and the free polystyrene. Secondly, the ratio of free and fixed
polymer should be substantially higher compared with the conventional radical
approach as the R-group of the RAFT agent almost instantly starts chain
growth in solution. This way, the polymer chains that originate from the
initiator and those from the R-group are both strictly separated. The initiator-
derived chains are fixed to the silica particles, whereas the R-group-initiated
chains are dissolved in the interstitial solution phase. This is of course a
drawback for molar-mass control of the grafted polystyrene as it emerges only
from the continuous initiation process of the fixed initiator and thus its MMDs
are expected to be broadened compared with the RAFT-derived polystyrene in
solution.

solution equilibrium

Figure 5-11. RAFT main equilibria that are expected to occur during surface-initiated
polymerization with additional RAFT agent in solution.
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After the original RAFT agent is consumed, the active dithio moiety is
expected to be exchanged between growing chains in solution, on the surface,
as well as between the two regions. This proposed mechanism yields three
RAFT main equilibria (Figure 5-11) that control the formation of free and
immobilized polystyrene.

5.2.1 Evolution of Molar Mass

As depicted in Figure 5-12, the surface-initiated polymerization of styrene with
additional free RAFT agent proceeds in a controlled fashion for both the
polymer in solution and on the surface. Hence, the RAFT agent is transferred to
the surface via the proposed equilibrium reactions (Figure 5-11). The molar
masses of both types of polystyrene are in good agreement with the theoretical
molar mass and deviate to smaller values beyond monomer conversions of
about 20 %. The PDI values as well as the molar masses of the grafted polymer
are slightly higher compared with the R-group-derived polymer (Table 5-2), but
nonetheless indicate a controlled radical polymerization.
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Figure 5-12. Evolution of experimental and theoretical number-average molar masses M, and
PDIs with total monomer conversion Xy for the surface-initiated RAFT polymerization of

styrene (8.36 mmol-L™") initiated by anchored ACTA (3.9 mmol-L™', 0.061 moleculesnm™) at
60 °C and mediated by CDB in solution (9.5 mmol-L™").
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Table 5-2. Total monomer conversions Xy, number-average molar masses M,, and PDI values
of free and anchored polystyrene and calculated fractions of anchored polystyrene p:‘;nn for

the six silica—polymer composites obtained from surface-initiated RAFT polymerization of
styrene (8.36 mmol-L") initiated by anchored ACTA (3.9 mmol-L™, 0.061 molecules-nm ) at
60 °C and mediated by CDB in solution (9.5 mmol-L™").

Sample XM M :lolution M :lurface PDI solution PDI surface f ;{;ryf:tc;ene
(%]  [gmol] [gmol ]

5-5 9.9 6329 9389 1.31 1.45 0.017
5-6 10.6 9052 10516 1.19 1.35 0.036
5-7 11.4 8788 10800 1.16 1.54 0.039
5-8 20.1 15122 16409 1.20 1.45 0.072
5-9 21.2 15427 16460 1.20 1.43 0.048
5-10 25.4 17835 19847 1.22 1.54 0.087

The MMDs of the polystyrene in solution (Figure 5-13) exhibit distinct UV
absorption at 330 nm, which indicates the existence of the UV-active RAFT end-
groups. In contrast, the MMDs of the polystyrene cleaved from the surface
(Figure 5-14) can only be completely detected via the change in refractive index.
The corresponding UV signals are rather weak, as shown exemplarily in
Figure 5-15. Therefore, the initiator-derived chains do not—at the stage of SEC
analysis—contain significant amounts of dithio end-groups despite their
unambiguous controlled synthesis. This observation may seem surprising at
first glance. However, as will be shown by the TGA in the next subchapter, the
amount of living chains on the silica is fairly low and hence the UV signal may
not be intensive enough to be detectable. This hypothesis is confirmed by
photographs taken of sample 5-10 before and after removal of the polymer in
solution. Figure 5-16 clearly shows the disappearance of the typical pink color
induced by the dithio end-groups after washing with tetrahydrofurane (THF).
Another factor which may hamper the UV detection of the cleaved polymer is
the treatment of the silica-polystyrene hybrids with hydrofluoric acid for
isolating the anchored chains, as it might induce side reactions that involve the
dithio moieties.

In addition to the weak UV signals, the surface-grafted polystyrene chains
also exhibit high-molar mass shoulders that are responsible for the increased
molar masses and PDI values compared with the polymer formed in solution.
The origin of this high-molar-mass shoulder will be discussed later in this
chapter within the PReDICI” simulations.
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Figure 5-13. Evolution of MMD (RI and corrected UV signals at 330 nm) for polystyrene formed
in solution during surface-initiated RAFT polymerization of styrene (8.36 mmol-L") initiated by
anchored ACTA (3.9 mmol-L ™, 0.061 molecules-nm ) at 60 °C and mediated by CDB in solution
(9.5 mmol-L ™).
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Figure 5-14. Evolution of MMD (RI signals) for polystyrene formed on the surface during
surface-initiated RAFT polymerization of styrene (8.36 mmol-L™") initiated by anchored ACTA
(3.9 mmol-L™", 0.061 molecules-nm ) at 60 °C and mediated by CDB in solution (9.5 mmol-L ™).
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Figure 5-15. MMDs (RI and corrected UV signal at 330 nm) of polystyrene formed on the
surface from sample 5-7.

Figure 5-16. Photograph of the silica—polystyrene hybrid 5-10 before (a) and after (b) removal
of the free polystyrene via washing with THF.

5.2.2 Polymer Loading

The TGA of the washed silica—polystyrene hybrids, depicted in Figure 5-17,
indicates an increase of the grafted polymer fraction similar to the conventional
radical approach described above. The most prominent difference is the smaller
weight loss observed between 300 °C and 600 °C. On the one hand, this can be
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attributed to the fact that the molar masses obtained from the RAFT graft
polymerization are about one tenth as high as the ones from the conventional
radical approach due to the controlled character of the polymerization. On the
other hand, the addition of RAFT agent to the interstitial solution phase further
induces a very pronounced pathway for the anchored radicals to leave the
surface, which is the addition to the RAFT agent to initiate polymerization in
solution. Therefore, the polymer concentration in solution is considerably
higher than on the surface, which is quantitatively shown by the PREDICI®
simulations presented in subchapter 5.2.4.

Samples 5-8 and 5-9 with monomer conversions of 20.1 % and 21.2 %,
respectively, display contrary weight losses, which may be due to uncertainties
of the gravimetrically determined monomer conversions or the TGA itself. The
latter inaccuracy may be caused by the small polymer content as the signal
indeed features significant noise. The other weight losses, however, increase
towards higher X, values (Table 5-2) and reach a maximum approximate
fraction of anchored polystyrene in sample 5-10 of 8.7 % at 25.4 % total
monomer conversion.
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Figure 5-17. TGA curves from 300 °C to 600 °C of silica—polystyrene hybrids with different
monomer conversions obtained from surface-initiated RAFT polymerization of styrene
(8.36 mmol-L™") initiated by silica-anchored ACTA (3.9 mmol-L™", 0.061 molecules-nm?) at 60 °C
and mediated by CDB in solution (9.5 mmol-L™"). Polymer fractions are listed in Table 5-2.
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5.2.3 Surface Topography

As the amount of immobilized polymer is comparably low in the silica-
polystyrene hybrids obtained from surface-initiated RAFT polymerization, the
surface topography is assumed to be similar to the one of silica that is only
functionalized with initiator (Figure 5-3) according to previous findings.”

As can be seen from SEM images of the composites obtained at lowest and
highest total monomer conversion (Figure 5-18 and Figure 5-19), respectively,
the differences to the ACTA-modified silica are rather small. It should be
pointed out that the SE micrograph of 5-10 is not as sharp as of 5-5, hence the
first one is difficult to compare. However, in spite of the low polymer loadings
the surfaces appear slightly more structured and smoothed, although the
differences are not as substantial as for the samples produced via the
conventional radical approach where higher polystyrene fractions in the
composites are achieved (subchapter 5.1.3).

Sl

— 100 nm

Figure 5-18. SE micrograph of silica-polystyrene hybrid 5-5, Xy = 9.9 %..
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F 100 nm

Figure 5-19. SE micrograph of silica-polystyrene hybrid 5-10, Xy = 25.4 %.

5.2.4 Simulations

As the surface-initiated RAFT polymerization allows for the separated analysis
of the polymer formed in solution and on the surface, differences between
initiator- and R-group-derived chains with respect to their chain length
distributions are well-accessible. References for such investigations are scarce™’
and in many cases, where surface-initiated polymerizations are controlled by
RAFT agent in solution, the anchored polymer chains are merely assumed to
exhibit similar MMDs as the polymer chains in solution.”"*!! However, the
experiments presented in this thesis clearly reveal distinctions between the two
types of polymer. Thus a more detailed examination seems to be worthwhile to
detect possible reasons for the observed differences and to gain further insights
into RAFT graft polymerizations, which is the aim of the simulations presented
here.

Models

The simulations were performed using the program package PREDICI". Since the
surface-initiated CDB-mediated polymerization of styrene features rate
retardation, two models were applied that account for the different possible
origins of this phenomenon, which are the slow fragmentation and the IRT
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model. The two models differ with respect to the fragmentation rate coefficient,
ks, and the additional implementation of termination reactions between the
RAFT intermediate species and other radicals in the system in case of the IRT
model. The rate coefficients used for the models are listed in Table 5-3 and the
complete input data including all chemical reactions can be found in
appendix A on page 143. Furthermore, the following assumptions were used for
the models:

The rate coefficients for propagation, kp, termination, k,, and cross-
termination, k., are assumed to be independent on radical chain length as
well as monomer conversion.

As the initiator-specific rate coefficients (k,, k;) are unknown, k,values for
AIBN were used instead and side reactions of initiator-derived radicals as
well as the initiation period via reaction with monomer were neglected for
simplifying the kinetic scheme.

Unless otherwise noted, one set of the RAFT equilibrium rate coefficients, k,
and k;, was used without distinction between pre- and main equilibrium as
well as the different equilibria that involve the surface radical species.

In general, the termination rate coefficients were set equal for termination
between radicals in solution (k,; ), between radicals in solution and on the
surface (k.o ), and between two anchored radicals (k, o ).

In case of the IRT model, k., Was assumed to be equal to 0.5-k,according
to literature.!""”

Table 5-3. General parameters used in the PREDICI” simulations for the surface-initiated RAFT
polymerization of styrene.
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parameter value
koo [s7'] 5.4-10°°
k,[L-mol "s™'] 341
Ky rein [L-mol s 341
k, [L-mol "s™"] 1.08:10°°
k., [L-mol "s7] 5-10°
ke [s™'] (slow fragmentation model) 3.107°
k [s™'] (IRT model) 1-10*
¢S [mol-L 7] 3.9-107
e [mol- L] 9.5-10"
¢ omer [mol-L '] 8.36




Surface-Initiated Polymerization of Styrene

General Characteristics

The main feature of the developed models is the strict separation of initiator-
and RAFT-derived polymer chains similar to the above-described surface-
initiated polymerization of styrene. The anchored polystyrene originates only
from radicals that are generated by the fixed initiator, whereas all polymer
chains in solution arise from reinitiation of the R-group radical cleaved from
the RAFT agent after attack of fixed radicals, as depicted in Scheme 5-1.
Although this model is developed in order to simulate MMDs for the surface-
initiated RAFT polymerization of styrene, it can be applied to any RAFT
polymerization that is initiated by a thermal initiator for studying the initiator-
derived and R-group-derived chains separately. However, it should also be
noted that this model assumes a homogeneous system and thus neglects
heterogeneously dispersed reagents, as for instance the silica-anchored
initiator.

initiation of chains on surface:

, .
I — Pn,surface

S S. k S._._S. k S S
X Y R _adl_ Py Y R P2 Py \f + R
z Kg,1 z Kad 2 z

R kp,rein

I:)n,solution

Scheme 5-1. The origins of the polymer on the surface and in solution by which the two types
of polymers are separated in the PREDICI” simulations.

As a result of the detachment of fixed and free polymer, the concentration
profiles of both species differ greatly, as shown exemplarily for the IRT model
in Figure 5-20. The amount of grafted chains increases with time because of the
continuous initiator decay, while the number of free chains increases instantly
at the beginning due to the fast initiation of the R-group and then slowly
decreases because of intermediate radical termination. For the slow fragmen-
tation model the concentration of the free RAFT polymer reaches a constant
concentration beyond stationary reaction conditions. In addition, the
concentration of polystyrene in solution is about four times higher than the
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concentration of polystyrene on the surface after 77400 s reaction time, which is
in alignment with the experimental TGA data presented above.

Comparison of grafted and free polymer

In the following, the MMDs of the grafted and free polystyrene after 77400 s of
polymerization at 60 °C are simulated using both models and compared with the
experimental MMDs. Subsequently, the influence of selected parameters is
examined for achieving the highest possible agreement between theoretical and
experimental MMDs.

The simulated MMDs for the living and dead polymer (produced by termina-
tion via combination with the rate coefficient k,) in solution and on the surface
(Figure 5-21 and Figure 5-22) already deliver the source for the high-molar-mass
shoulder of the grafted polystyrene. The amount of dead polymer on the
surface that is formed by termination of a fixed and a free macroradical—
yielding a dead single-anchored polymer chain—is higher than the amount of
free dead polymer relative to the corresponding living polymer. Hence the dead
fraction is well-visible in case of the anchored polymer, but can hardly be
detected for the polystyrene in solution. The amount of termination product
formed by reaction of two grafted radicals is too low to be measured according
to simulation because of the low radical concentration on the surface.

2 solution
1.0x10 — eurface
8.0x10° 1

2 6.0x10°
o
=
©  4.0x10°-
2.0x10° 4
0.0 d T d T d T d
0 20000 40000 60000 80000

t/s

Figure 5-20. Concentration profiles of the living polystyrene on the surface and in solution
simulated in PREDICI” with the IRT model for the surface-initiated RAFT polymerizaton of
styrene. General reaction parameters are given in Table 5-3.
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Figure 5-21. MMDs of living and dead polymer in solution simulated in PREDICI® with the IRT

model for the surface-initiated RAFT polymerization of styrene. General reaction parameters
are given in Table 5-3.
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dead (free+fixed radicals)
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Figure 5-22. MMDs of living and dead polymer on the surface simulated in PREDICI® with the

IRT model for the surface-initiated RAFT polymerization of styrene. General reaction
parameters are given in Table 5-3.
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In order to directly compare the MMDs of free and anchored polymer, the
simulated MMDs of living and dead polymer are added together for both types
of polystyrene and then normalized. The experimental MMDs are taken from
Sample 5-6 polymerized after 77600 s (Figure 5-23), which show that both
distributions nearly have identical molar masses at the peak maximum and that
the MMD of the anchored polymer is broadened and exhibits the high-molar-
mass shoulder which arises from dead material.

—— surface
solution

WIogM

r . T . -
3.0 3.5 4.0 4.5 5.0
log M

Figure 5-23. Experimental MMDs (RI signal) of free and grafted polymer obtained after 77600 s
of surface-initiated RAFT polymerization of styrene (8.36 mmol-L™") initiated by anchored
ACTA (3.9 mmol-L™") at 60 °C and mediated by CDB in solution (9.5 mmol-L™").

The simulated MMDs obtained from both models using standard parameters,
shown in Figure 5-24 and Figure 5-25, yield quite different results. In case of the
IRT model the grafted polystyrene displays a much broader MMD that is
shifted to lower molar masses compared to the polymer in solution. The slow
fragmentation model, in turn, delivers fewer differences between the two types
of polystyrene as the MMD of the anchored polystyrene is only slightly shifted
to smaller masses, although it is also broadened due to initiator decay. Both
models feature a high-molar-mass shoulder and agree in the broadened
distribution of the grafted polymer. However, distinct differences to the
experimental MMDs are visible. The MMDs of the anchored and free
polystyrene do not overlap at intermediate masses and the low-molar-mass
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shoulder of the free polystyrene is missing. In addition to that, the high-molar-
mass shoulder of the anchored polystyrene, assigned to the termination product
of a free and a grafted macroradical, is less pronounced in the simulated MMDs,
especially for the MMDs obtained by application of the slow fragmentation
model.

WIogM

I
3.0 3.5 4.0 4.5 5.0
log M

Figure 5-24. MMDs of anchored and free polymer simulated in PREDICI® with the IRT model for
the surface-initiated RAFT polymerization of styrene. General reaction parameters are given in
Table 5-3.

Therefore, selected rate coefficients, whose value may be different compared
with standard conditions, were varied in order to shed light on possible
deviations present in the surface-initiated polymerization system.

The termination rate coefficient between anchored radicals, k.o, was
altered, as earlier experiments revealed significant differences in the termina-
tion process on solid surfaces.*”) However, neither of the two models display a
noticeable influence to changes of this parameter (Table 5-4).

Other rate coefficients that may very well be different from standard values
are the addition rate coefficients of the RAFT equilibria, specifically the ones
describing the rate of addition in the pre-equilibrium on the surface, k4., as
well as the main equilibria that involve grafted species, ko, and k.40, . These
rate coefficients may display variations from standard values as in all cases
fixed species are involved, which are hindered in motion and hence the
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effective addition rate coefficients may be decreased. Furthermore, these
reactions also contain the diffusion of reagents from the interstitial solution
phase to the surface, which may also cause a smaller overall reaction rate.

WIogM

: r T . T
3.0 3.5 4.0 4.5 5.0
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Figure 5-25. MMDs of anchored and free polymer simulated in PREDICI® with the slow
fragmentation model for the surface-initiated RAFT polymerization of styrene. General reaction
parameters are given in Table 5-3.

As depicted in Table 5-4, changes in the addition rate coefficient of the pre-
equilibrium does not significantly affect the resulting MMDs. However,
variation of the addition rate coefficients of the main equilibria leads to a
change in the simulated MMDs. In case of the IRT model, only the rate
coefficient for addition between grafted and free reactants displays significant
impact on the MMDs, especially on the MMD of the fixed polystyrene. By
decreasing k., by a factor of 10, the MMD significantly broadens and shifts
towards higher molar masses, whereas the MMD for the free polymer stays
nearly constant (Figure 5-26). This effect seems to arise from the fact that the
grafted chains do not participate in the main equilibria to full extent since the
transfer of RAFT moieties to the surface is diminished. This, on the other hand,
causes a corruption of control for the polymerization on the surface.
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Table 5-4. Influence of selected rate coefficients on the MMDs simulated in PREDICI® for both
applied models for the surface-initiated RAFT polymerization of styrene.

rate IRT slow fragmentation
coefficient ~ model model
K. pre none none
koo none none
k.q.00 none small
kad,OL blg blg
S
8
2
T T v T v T Y
3.0 3.5 4.0 4.5 5.0
log M

Figure 5-26. MMDs of anchored and free polymer simulated in PREDICI® with the IRT model for
the surface-initiated RAFT polymerization of styrene with k., =0.1-k,. General reaction
parameters are given in Table 5-3.

Alterations of k,;o, and k., for the slow fragmentation model both affect
the resulting MMDs, although the effect is only minor for the first rate
coefficient. In case the main equilibrium is completely turned off on the surface
(kuq00 = 0), the MMD of the anchored polystyrene is slightly shifted to higher
molar masses without broadening (Figure 5-27). However, although the trend is
right, the effect appears to be too small as both MMDs still do not overlap even
though k,,, is zero. A reduction of k., by factors of 0.75 and 0.5, illustrated
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in Figure 5-28 and Figure 5-29, results in more noticeable effects on the MMDs.
In this case the MMD of the immobilized polymer is gradually shifted to higher
molar masses with decreasing k., value without lack of control. A bisection
of the addition rate coefficient delivers MMDs for free and grafted polystyrene
that resemble the experimental MMDs fairly well in the proximity of the peak
maxima. This phenomenon emerges from the partial withdrawal of anchored
radicals from the RAFT equilibria and thus also from rate retardation caused by
slow fragmentation in this model. Therefore, the grafted macroradicals have
effectively more time to propagate, which results in higher chain lengths.

WIogM
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Figure 5-27. MMDs of anchored and free polymer simulated in PREDICI® with the slow
fragmentation model for the surface-initiated RAFT polymerization of styrene with ko, = 0.
General reaction parameters are given in Table 5-3.
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Figure 5-28. MMDs of anchored and free polymer simulated in PREDICI® with the slow

fragmentation model for the surface-initiated RAFT polymerization of styrene with
k.qoL = 0.75- k,4 . General reaction parameters are given in Table 5-3.
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Figure 5-29. MMDs of anchored and free polymer simulated in PREDICI® with the slow
fragmentation model for the surface-initiated RAFT polymerization of styrene with
k.go. = 0.5 k,q . General reaction parameters are given in Table 5-3.

65



Chapter 5

Although the tuning of the rate coefficient k., in case of the slow
fragmentation model results in a better overlap of the MMDs of the polystyrene
in solution and on the surface, distinct differences to the experimental MMDs
still remain visible. The low-molar-mass shoulder of the free polystyrene as
well as the high-molar-mass shoulder of the grafted polystyrene is considerably
less pronounced in the simulated MMDs. This may arise from the complex
interplay of the rate coefficients, which were only separately altered for the
simulations presented here. The number of uncertain parameters used for the
simulations further only allows for the relative comparison of the MMDs and
thus no conclusion can be drawn whether the slow fragmentation or the IRT
model displays a more realistic model for the rate retardation observed in
dithiobenzoate-mediated polymerizations. Finally, besides the achieved overlap
of the MMDs, there are several other parameters that could be fitted such as the
concentration of dead polymer, the number-average molar masses, and the PDI
values.

5.3 Conclusion

The application of silica-anchored ACTA allows for the synthesis of grafted
polymer via both conventional and controlled radical polymerization. The
conventional radical approach yielded silica—polystyrene hybrids with a large
fraction of grafted polymer, which increased towards higher total monomer
conversion according to TGA, and simultaneous formation of free polystyrene
probably caused by transfer reactions of anchored radicals to monomer
molecules in solution. The free polymer surprisingly exhibited higher molar
masses possibly due to a very low radical concentration in the interstitial
solution phase. Both types of polystyrene displayed no molar-mass dependence
on monomer conversion, which is expected in case of conventional radical
polymerization. SEM images revealed changes in the surface topography
compared to the ACTA-modified silica that create a more structured and
coarse-grained surface with smaller grain sizes at higher polymer loadings.
Furthermore, the silica—polymer hybrid with highest polymer loading exhibited
several eye-catching spots, where parts of the polystyrene film appear to be
visible at the site of cracks in the silica surface, which were observed as
filaments that seem to glue the cracks together.

The additional usage of a free RAFT agent in solution induces a living
character in the surface-initiated polymerization. The initiator-derived chains
on the surface as well as the RAFT-derived chains in solution are polymerized
in a controlled fashion with very good agreement between experimental and
theoretical number-average molar masses particularly at small monomer
conversions. Hence, the RAFT agent is successfully transferred to the surface
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and enables control over the molar mass of both types of polystyrenes. The
anchored polystyrene exhibited slightly higher molar masses and PDI values
compared with the free polystyrene. The increased PDI values were caused by a
distinct high-molar-mass shoulder and broadened MMDs of the grafted
polymer due to the continuous initiation process on the surface. SEC analysis
further demonstrated a very low concentration of UV-active RAFT moieties in
the cleaved polystyrene, which was confirmed by photographs taken before and
after removal of the free polystyrene. This phenomenon could be due to the low
polymer amount on the surface or side reactions that took place during the
cleavage reaction with hydrofluoric acid. The achieved polymer loadings on the
silica surface were quite low but not unexpected, as the chain lengths of the
grafted polystyrene are approximately by a factor of 10 lower compared to the
conventional radical approach. This circumstance also resulted in smaller—but
still noticeable—differences of the surface topography compared to the original
Si-ACTA.

The PREDICI® simulations performed with the slow fragmentation and the IRT
model enabled the identification of the high-molar-mass shoulder, which can be
attributed to the termination product of a free and an anchored macroradical.
Both models did not satisfactorily match the experimental MMDs of the free
and anchored polystyrene using standard rate coefficients. Selected rate
coefficients were altered in order to adapt the theoretical to the experimental
MMDs. Especially the decrease of the addition rate coefficient for the main
equilibrium between surface and solution species, k,,, , allowed for improving
the accordance between simulated and real MMDs via the slow fragmentation
model. This could be understood in terms of a lowered addition rate caused by
the hindrance in motion of tethered species and by the diffusion process of free
species to the surface that is required to precede the addition reaction. The
RAFT main equilibrium between two grafted species with the addition rate
coefficient k,yo, does not seem to have any impact on the degree of control of
the polymerization on the surface according to the simulations. However,
noticeable differences between the simulated and experimental MMDs still
remain, which may be reduced by altering additional input parameters or by
applying a more complex model that accounts for the heterogeneous character
of the system.
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PART 2:

MECHANICAL PROPERTIES OF
POLYMER MATERIALS
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6 Tensile Properties of Silica-Filled
Styrene-nBA Copolymers

This chapter highlights the tensile properties of poly(styrene-co-nBA) filled
with fumed silica particles. Copolymers doped with different amounts and
types of fumed silicas were synthesized in situ by RAFT copolymerization of
styrene and nBA with AIBN (see Scheme 4-1 on page 27) at 60 °C in the
presence of the respective silica particles. Tensile testing is used in this work as
the mechanical characterization method since it represents the most widely
applied technique for measuring the mechanical properties of nano-
composites.*”

Inorganic particles, as for example silica particles, are commonly used as
fillers for polymers in order to improve their mechanical properties.! "'l
Especially nanosized particles are a promising type of fillers because of their
ability to enhance a polymer’s mechanical behavior already at very low volume
contents of 1-5 %.1*) However, because of their high surface area, nanoparticles
are prone to undergo agglomeration, which is even more favored in a
hydrophobic environment due to their hydrophilic character.”™ Such an
agglomeration causes a heterogeneous dispersion of the particles in the
polymer and further a worsening of the mechanical properties for most
applications. Therefore, modification of the nanoparticle surface is neccessary
to improve its compatibility with the polymer matrix."®"*" For example,
nanoparticle-reinforced poly(ethene-2,6-naphthalate) exhibits higher tensile
strengths and elongations at break for silica particles modified with stearic acid
compared with unmodified silica particles.”””” Hong et. al showed that
maximum tensile strength and tensile modulus of reinforced poly(methyl
methacrylate) were obtained by adding poly(methyl methacrylate)-modified
silica nanoparticles compared with unmodified and silane-functionalized silica
particles."®!

Random copolymers of styrene and nBA represent an interesting class of
polymers as they exhibit a broadened T, range compared with their
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homopolymers."™ This, in turn, results in good damping capabilities over a

wide temperature range, which is desirable for most vibration-damping
applications. As shown recently," the damping level of poly(styrene-co-nBA)
increased upon addition of carbon black. The filling of these copolymers hence
seems to be a promising way to arrive at hybrid materials with enhanced
damping capabilities for specialized applications.

The surface-initiated RAFT polymerization technique, described in detail in
chapter 5.2, enables the synthesis of polymer-modified silica particles that are
embedded in the free matrix polymer formed in solution. Therefore, this
technique was applied to produce silica—polymer hybrid materials for tensile
analysis. Additionally, composites filled with two other types of silica particles,
pure silica and RAFT-functionalized silica, were produced to study not only the
affects of the silica content but also the affects caused by the type of silica on
the tensile behavior of the resulting composites. Finally, reference copolymers
with similar molar masses and monomer compositions, but without any filler,
were produced to compare the mechanical properties of the composites with
pure poly(styrene-co-nBA).

In the first part of this chapter, the synthesis approach and the produced
polymer materials are displayed. Thereafter, the results from the tensile
experiments are presented and discussed in detail.

6.1 Synthesis

The poly(styrene-co-nBA)-hybrids were synthesized by addition of different
types of fumed silica particles to a RAFT polymerization containing the two
monomers styrene and nBA at equivalent amounts, toluene, RAFT agent, and
AIBN (Figure 6-1) at 60 °C. The three types of applied silicas were pure silica
particles, ACTA-functionalized silica particles with a loading of 0.15 molecules
per nm” (Chapter 4.1), and silica that was modified with the RAFT agent propyl-
((trimethoxysilyl)ethylphenylmethyl)trithiocarbonate (PTPT) (Scheme 6-1) with
a loading of 0.39 molecules per nm’. PTPT is tethered to the silica surface via its
R-group, which enables a denser grafting of polymer chains on the surface
compared to the Z-group anchorage (Chapter 3.5) in order to create a maximum
copolymer loading on the silica particles. The pure silica particles were
subjected to the same immobilization procedure as the functionalized silica
particles (subchapter 10.2) except for the addition of the anchoring reagent.
This assures identical particle conditions, as for example density and
agglomeration state, for all three silica types.

The silica particles are incorporated into the copolymer during the
polymerization. However, only in case of ACTA- and PTPT-modified silica
there should be simultaneous formation of grafted polymer that is supposed to
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enhance the compatibility of the silica nanoparticles with the polymer matrix,
which consists of the free copolymer produced in solution (Figure 6-1). For
ACTA-functionalized silica, CDB (Scheme 10-1 on page 118) was used as RAFT
agent in solution, as this system had proven to exhibit a proper molar-mass
control (Chapter 5.2.1). In case of Si-PTPT, hexyl(phenylethyl)trithiocarbonate
(HPT) (Scheme 6-1) was applied as free RAFT agent to induce molar-mass
control because of its similarity to the anchored PTPT regarding the active
RAFT moiety.

grafted copolymer

a)

@ styrene, nBA (1:1)
toluene, CDB, AIBN

>
b) ACTA
>

ACTA

ACTA

@ styrene, nBA (1:1) @
CDB, AIBN

ACTA toluene,
ACTA ACTA

Figure 6-1. Synthesis approaches for poly(styrene-co-nBA) filled with different types of silica
particles (not to scale): a) pure silica, b) ACTA-functionalized silica and c) silica functionalized

with the RAFT agent PTPT. In case of pure silica, no grafted copolymer should be formed on
the surface.
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Scheme 6-1. RAFT agents PTPT and HPT.
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Table 6-1. Types of silica and silica weight fractions wg,, ~in the styrene-nBA copolymers and
molar styrene fraction Fsi, and number-average molar masses M, of the copolymers formed in
solution from the RAFT copolymerization of styrene and nBA initiated by AIBN at 60 °C.

sample silica type = wg,  Fy, peton
[%] [grmol ]

6-1 none 0 0.61 33583
6-2a Si-ACTA 1.5 0.59 14436
6-3a Si-ACTA 2.6 0.59 29194
6-4a Si-ACTA 5.2 0.59 28111
6-2b none 0 059 14951
6-3b none 0 059 29025
6-4b none 0 0.59 26884
6-5 pure SiO; 2.6 0.59 27274
6-6 Si-PTPT 2.0 0.58 42671

The monomeric compositions of the free matrix copolymers formed in
solution were determined via Nuclear Magnetic Resonance (NMR) spectroscopy
by comparing the signal between 6.1 ppm and 8.1 ppm, which belongs to the
five aromatic protons of styrene, with the signal between 3.2 ppm and 4.3 ppm,
which is caused by the two methylene protons adjacent to the ester group of
nBA. The resulting molar fractions of styrene, F;, , and number-average molar
masses of the free polymers are listed in Table 6-1 together with the silica
contents of the composites. The silica weight fraction could be adjusted by the
amount of silica particles that was added to each polymerization. The molar
fractions of styrene are in all cases close to 0.6, which is in very good
agreement with literature values."™ The obtained M, values of the polymers in
solution range from about 14000 g-mol™" to 43000 g-mol™" due to variations in
the monomer and RAFT agent concentrations as well as monomer conversions.

The unfilled copolymer 6-1 was synthesized without the presence of silica
particles to produce a reference sample. The copolymer-silica composites 6-2a
to 6-4a were obtained by copolymerization with ACTA-modified silica
particles. In contrast to copolymer 6-1, the unfilled copolymers 6-2b to 6-4b
were directly obtained from samples 6-2a to 6-4a by washing the latter with
toluene for two days in a Soxhlet apparatus. The obtained pure copolymers 6-
2b to 6-4b were subsequently analyzed via NMR and SEC to check whether
changes in the MMDs or monomeric compositions occurred. The results
(Table 6-1) suggest no changes in molar masses and molar styrene fractions.
The MMDs of the pure copolymers did not change in shape and the slight
changes in the molar masses are within the uncertainty of the SEC experiment.
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Therefore, the washing process neither altered compositions nor MMDs of the
copolymers according to NMR and SEC. The complete removal of the silica
particles was confirmed by elemental analysis, by which no silicon was
detected. Copolymer composites 6-5 and 6-6 represent the copolymer filled
with pure and PTPT-modified silica particles, respectively.

6.2 Results and Discussion

The presentation of the results from the tensile tests is divided into two parts.
In the first part, the focus is on the influence of the silica content on the tensile
behavior of the composites. The second part is dedicated to the impact of the
type of filler on the tensile properties by comparing styrene-nBA copolymers
filled with differently modified silica particles. The determined tensile
properties of all samples are listed in Table 6-2 and Table 6-3. It should be noted
that the sample standard deviations for the determined tensile properties
display large differences. Some tensile properties exhibit very small sample
standard deviations, whereas in some cases the deviation even exceeds the
obtained tensile property value, which can be attributed to a strong variance of
the corresponding tensile tests. For this reason, the measured stress—strain
curves of all specimens of a given copolymer sample are depicted in the
following.

Table 6-2. Young’s moduli E, elongations and stresses at break g and op, and the corresponding
sample standard deviations of pure and silica-filled copolymers of styrene and nBA.

sample E AE g Aeg Op Aoy
[MPa] [MPa] (%] [%] [MPa] [MPa]

6-1 588 102 325.1 48.7 5.58 0.90
6-2a 308 2 488.2 21.6 1.52 0.04
6-3a 624 80 263.9 36.1 3.64 0.86
6-4a 596 2 213.0 46.4 3.77 0.05
6-2b 541 29 3.2 2.6 7.87 0.97
6-3b 695 91 4.7 1.2 13.2 2.8
6-4b 558 33 8.4 3.3 10.6 2.6
6-5 644 33 48.3 91.3 9.67 2.19
6-6 560 113 345.2 63.3 5.01 1.55
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Table 6-3. Strains and stresses at yield point ¢y and oy, toughnesses 7, and the corresponding
sample standard deviations of pure and silica-filled copolymers of styrene and nBA.

sample &y Aey Oy Aoy T At
(] [%] [MPa] [MPa] [MJm~] [MJm]

6-1 4.2 0.1 14.2 1.9 21 3
6-2a 4.8 0.7 4.53 0.14 12 1
6-3a 4.2 0.0 12.2 1.9 17 2
6-4a 4.3 0.0 12.2 1.6 14 2
6-2b - - - - 0.20 0.21
6-3b - - - - 0.49 0.16
6-4b - - - - 0.77 0.28
6-5 4.3 0.1 13.0 0.40 3.6 6.4
6-6 4.7 0.8 10.7 1.9 25 7

6.2.1 Impact of Silica Content

The seven samples 6-1 to 6-4b are examined for studying the influence of the
filler content on the tensile performance of the silica-copolymer hybrids. The
three composites (6-2a to 6-4a) allow for comparing silica-filled copolymers
with different silica fractions, whereas the extracted pure copolymers 6-2b to 6-
4b enable the comparison between the filled und unfilled material of exactly the
same styrene—nBA copolymer. This procedure allows for the direct comparison
of the same polymer with and without filler to eliminate other sources of
impact on the tensile behavior such as the MMD of the copolymers. The pure
poly(styrene-co-nBA) 6-1 acts as additional reference in form of the unfilled
copolymer. Its stress—strain curves (Figure 6-2) display a very pronounced
plastic region beyond the yield point, in which the apparent stresses decrease
first and increase again at higher elongations up to the break point.

Samples 6-2a to 6-4a display significant differences in their tensile behavior
compared with the pure copolymer 6-1. The stress—strain curves of the
styrene-nBA copolymer with the lowest silica content of 1.5 wt.-%, 6-2a (blue
curves in Figure 6-3), feature lower overall stresses but at the same time higher
elongations at break. In turn, the composites 6-3a and 6-4a with higher silica
filler amounts of 2.6 % and 5.2 % (blue curves in Figure 6-4 and Figure 6-5)
display smaller elongations at break compared with copolymer 6-1, but
increased overall stresses compared with sample 6-2a. However, the copolymer
of sample 6-2a has a significantly smaller number-average molar mass than the
copolymers of 6-1, 6-3a and 6-4a (Table 6-1). Therefore, the smaller chain

76



Tensile Properties of Silica-Filled Styrene-nBA Copolymers

length of 6-2a may also largely affect its tensile performance, which hampers
the comparison with composites 6-1, 6-3a and 6-4a. This is also suggested by
the determined tensile properties for sample 6-2a (Table 6-2 and Table 6-3),
which do not seem to fit into the remaining values. Specifically the Young’s
modulus, stress and strain at yield point, and the toughness are considerably
smaller compared with the values obtained from the other composites. It should
be pointed out, though, that in many cases a maximum elongation at break is
observed in silica-polymer nanocomposites at lower filler amounts,“” hence
the silica content of 1.5 wt.-% for sample 6-2a may nonetheless be responsible
for the larger ¢; value compared with the pure copolymer 6-1. However, for
the reasons mentioned above, the study of correlations between the silica
content and the tensile properties will be limited to samples 6-1, 6-3a and 6-4a,
whose copolymers have similar molar masses.
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Figure 6-2. Stress—strain curves of four specimens of pure styrene-nBA copolymer 6-1.
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Figure 6-3. Stress—strain curves of two specimens of composite 6-2a filled with Si-ACTA and of
three specimens of the extracted pure copolymer 6-2b. See Table 6-2 and Table 6-3 for tensile

properties.
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Figure 6-4. Stress—strain curves of five specimens of composite 6-3a filled with Si-ACTA and of
six specimens of the extracted pure copolymer 6-3b. See Table 6-2 and Table 6-3 for tensile

properties.
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Figure 6-5. Stress—strain curves of two specimens of composite 6-4a filled with Si-ACTA and of
three specimens of the extracted pure copolymer 6-4b. See Table 6-2 and Table 6-3 for tensile
properties.

As can be seen in Figure 6-6, the elongation at break and the toughness of the
silica—copolymer hybrids both decrease with increasing silica content.
Especially the diminished ¢, values at higher silica contents are in line with
literature findings."”” Interestingly, the Young’s moduli of the styrene-nBA
copolymers 6-3a and 6-4a are not significantly affected by the silica filler
(Table 6-2), although pure silica features an elastic modulus of about 70 GPa and
thus usually leads to an increase of E when used as a filler."®*¥ However,
constant Young’s moduli have also been observed by Kim et al. for silica-filled
poly(ethene-2,6-naphthalate) upon the addition of silica particles that were
coated with multilayers of stearic acid.™ Other tensile properties that are
smaller compared with the pure copolymer 6-1—but do not correlate with the
silica content—are the stresses at yield and break point (Table 6-2 and
Table 6-3).

The obtained stress—strain curves of the pure copolymers 6-2b to 6-4b
(orange lines in Figure 6-3 to Figure 6-5), which were extracted from the
composites 6-2a to 6-4a, provide quite remarkable results. After removal of the
silica filler, all three copolymers exhibit a pronounced brittle behavior,
indicated by the considerable reduction of elongations at break. As a
consequence, the toughnesses are diminished as well and the corresponding
stresses at break are much higher, since the majority of samples break close to
the linear regime and thus display no yield point (Table 6-2 and Table 6-3).
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These results are noteworthy, as they are contradictory to the results obtained
from tensile testing of samples 6-1 and 6-2a to 6-4a that indicate rather a
reduction than an increase of ¢, oy, and 7 induced by the silica filler. Even
though the reference copolymer 6-1 has a molar mass that is higher compared
with copolymers 6-2b to 6-4b, the difference appears to be too small to create a
more ductile behavior due to increased entanglements. The same assumption
probably holds for the influence of the initiator-derived chains grafted on the
silica particles, which are removed along with the silica in the washing
procedure. The amount of this material is rather small, as shown in subchapters
5.2.2 and 5.2.4, and hence its absence probably does not affect the tensile
properties to such extent.
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Figure 6-6. Elongations at break and toughnesses obtained from stress—strain analysis of silica—
copolymer hybrids 6-1, 6-3a, and 6-4a filled with different silica contents.

Although the origins of these changes in tensile behavior are unclear at this
stage, it should be stressed that these results were obtained from measurements
of numerous specimens from each material, while at the same time assuring
identical copolymer compositions and molar masses, determined by NMR and
SEC, respectively. Therefore, the detected change from ductile behavior of the
filled styrene-nBA copolymers 6-2a to 6-4a to brittle behavior of the unfilled
copolymers 6-2b to 6-4b does not seem to be a matter of coincidence. One
feasible explanation may be a change of the copolymer structure induced by the
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washing process, which is performed with toluene as the solvent at elevated
temperatures. Cross-linking reactions, for instance, may alter the copolymer
largely enough to cause the drastic changes in the tensile properties. Although
NMR and SEC analysis did not indicate any change in the copolymer structure,
the extent of such changes may be too small in order to be detected. In contrast
to the ¢, oy, and 7 values, the tensile moduli E of copolymers 6-2b to 6-4b, as
for samples 6-1 and 6-2a to 6-4a, do not feature significant differences
(Table 6-2).

6.2.2 Impact of Silica Type

The influence of the silica filler type on the tensile properties is probed by the
comparison of three different composites with similar silica contents that were
synthesized in the presence of pure silica (sample 6-5), ACTA-functionalized
silica (sample 6-3a) and PTPT-modified silica (sample 6-6), respectively.
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Figure 6-7. Stress—strain curves of five specimens of composite 6-5 filled with pure silica
(curves largely overlap). See Table 6-2 and Table 6-3 for tensile properties.

The stress-strain diagrams for the styrene-nBA copolymer filled with non-
functionalized silica particles 6-5 (Figure 6-7) show that all but one specimen
break in proximity to the yield point. In contrast to that, the copolymer 6-6
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filled with PTPT-modified silica exhibits significantly higher elongations at
break (Figure 6-8). For both samples, neither the Young’s modulus nor the yield
point data display any significant deviations from sample 6-3a (Table 6-2 and
Table 6-3). However, distinct differences for the break points as well as the
toughnesses of the three composites can be detected. For composite 6-5 with
pure silica filler the break points are given by high stresses and low strains,
whereas in case of modified silica particles the composites exhibit noticeably
higher strains and lower stresses at break (Figure 6-9). Furthermore, the
toughnesses are significantly higher for the functionalized silica fillers with a
maximum value for the RAFT-modified silica particles (Figure 6-10).
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Figure 6-8. Stress—strain curves of three specimens from composite 6-6 filled with silica type Si-
PTPT. See Table 6-2 and Table 6-3 for tensile properties.
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Figure 6-9. Stresses and elongations at break obtained from stress—strain analysis of silica—
copolymer hybrids 6-3a, 6-5, and 6-6 filled with different types of silica.
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Figure 6-10. Toughnesses obtained from stress—strain analysis of silica—copolymer hybrids
6-3a, 6-5, and 6-6 filled with different types of silica.
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A crucial property of the silica-copolymer composites is the interaction
between the filler and the matrix copolymer. This interaction is largely
governed by the amount of grafted copolymer chains on the surface of the silica
particles, as these chains enable the compatibility between the silica filler and
the matrix copolymer. The copolymer loadings on the particles were
determined for all three types of silica by TGA after removal of the free matrix
copolymer (Figure 6-11).
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Figure 6-11. TGA curves from 300 °C to 600 °C of pure silica particles and of silica particles
functionalized with ACTA and PTPT, respectively, after RAFT copolymerization of styrene and
nBA and removal of the free matrix copolymer.

Surprisingly, the TGA curve of pure silica indicates the presence of about
23 % copolymer on the surface despite the absence of a grafted reagent on the
particle surface. The origin of this finding is not certain at this stage, but could
possibly be ascribed to a physical adsorption of the free copolymer chains on
the silica surface due to the high polarity of the nBA units. The entrapment of
free copolymer chains in between the silica particles appears rather unlikely, as
the particles were repeatedly washed. Therefore, copolymer that is attached to
the surface by an interaction between the OH-groups on the silica surface and
the copolymer chains displays the most likely assumption. The ACTA-modified
particles contained approximately 29 % grafted copolymer after polymerization,
whereas in the case of PTPT-functionalized silica particles a copolymer loading
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on the silica surface of about 83 % was achieved. This high value for the
polymer loading is probably caused by the higher grafting density of RAFT
agent compared with the loading of ACTA on the silica surface and further by
the simultaneous start of chain growth for the anchored radicals according to
the RAFT mechanism. Consequently, the copolymer composite filled with
PTPT-modified silica particles also features the highest interaction between the
copolymer matrix and its filler that further results in the highest average
elongation at break and average toughness compared with the other two
composites, as depicted in Figure 6-9 and Figure 6-10. Both ¢, and 7 increase in
the order of pure, ACTA-modified and PTPT-modified silica particles used as
fillers, which is in alignment with the fraction of surface-grafted copolymer and
thus also with the interaction between the filler and the matrix copolymer.
Interestingly, ¢, and 7 differ largely for pure and ACTA-modified silica despite
the rather small differences of the copolymer loadings on the silica surface
according to TGA. This finding could be attributed to the different type of
interaction to the surface, which consists of covalent bonds in case of ACTA-
modified silica and—presented as the most feasible suggestion here—of
intermolecular interactions in case of pure silica.

6.3 Conclusion

In this chapter, a routine has been presented that allows for synthesizing silica-
filled styrene—nBA copolymers in situ by RAFT polymerization in the presence
of fumed silica particles. The silica particles were modified with anchored
initiator and RAFT agent, respectively, to enable a grafting of copolymer on the
surface during polymerization that results in a higher interaction between the
free copolymer matrix and its filler.

The addition of 1.5 wt.-% of ACTA-functionalized silica particles lead to an
increase of the elongation at break compared with the neat copolymer without
filler, whereas larger amounts of silica (2.6 wt.-% and 5.2 wt.-%) resulted in a
decrease of both the elongation at break and the toughness of the copolymer
hybrid materials compared with the pure reference copolymer.

Selected copolymer composites were washed with toluene to separate the
pure copolymer from the silica filler. This approach should enable the direct
comparison of identical copolymers with and without silica filler, affirmed by
NMR, SEC, and elemental analysis, to eliminate other sources of impact such as
the molar mass of the polymers. The results of these tensile tests were quite
remarkable, as the silica-filled samples of poly(styrene-co-nBA) displayed a
ductile behavior, while the corresponding silica-free copolymers exhibited a
pronounced brittle behavior, which was evident from low &; and high oy
values determined by stress—strain analysis. The reasons for the drastic changes
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in the tensile behavior remain unclear at the moment, but could possibly be
assigned to side-reactions, as for instance cross-linking reactions, which may
occur during the washing process.

Finally, three composites of poly(styrene-co-nBA) filled with similar amounts
of differently treated silica particles were prepared to study the influence of the
type of silica filler on the tensile performance. The three types of silica were
pure, ACTA-functionalized, and PTPT-modified fumed silica. The amount of
copolymer on the surface of the filler after copolymerization increases in the
same order, which was affirmed by TGA. Although the pure silica particles did
not contain any grafted reagent on the surface, TGA indicated the presence of
attached copolymer that is suggested to arise from physisorption of polar nBA
monomer units on the silica surface. The amount of anchored copolymer was
particularly high in case of immobilized RAFT agent PTPT with a copolymer
loading of 83 % on the silica particles, since the surface-initiation starts almost
simultaneous for all chains on the surface compared with grafted ACTA that
dissociates continuously. The tensile testing of styrene-nBA copolymers filled
with pure silica particles revealed low elongations and high stresses at break as
well as low toughnesses of the composites. The low fraction of attached
copolymer in case of pure silica particles, most probably caused by
physisorption, appears not to enable an effective compatibility of the
hydrophilic silica particles with the hydrophobic copolymer. Additionally,
copolymer chains that are merely physisorbed on the surface are most probably
not able to withstand the high stresses which occur during tensile testing and
hence the overall tensile properties are diminished. In contrast to that, the
silicas modified with ACTA and PTPT, respectively, yield composites with
significantly enhanced tensile performances, especially regarding the
elongations at break and the toughnesses. This finding was particularly
pronounced in case of PTPT-modified silica particles, as they feature a much
larger amount of copolymer on the surface. This, in turn, provides an enhanced
interaction between the matrix copolymer and its silica filler that results in
improved tensile properties.
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7 Relaxation Processes of ABA Type
tBA-AA Copolymers

In this chapter relaxation modes of tailored ABA type BA-AA copolymers are
covered in detail."” Specifically, a novel secondary relaxation process, which
emerges from the controlled insertion of AA into the outer chain parts of
poly(fBA), as well as the a-transition (glass transition) and a high-temperature
relaxation are examined. The copolymers were synthesized via RAFT
polymerization because of its robustness, versatility, and straightforwardness.
Relaxation modes were determined by means of DMA, as it is a very well suited
technique for determining molecular relaxations in polymer materials."*"

Very recently, Omayu and co-workers showed that the introduction of
intermolecular hydrogen bonds into copolymers of N-substituted maleimides
and isobutene significantly affects the relaxation spectra.” In particular, the
B-relaxation, which is generally referred to as a side-chain movement (although
its mechanism is not yet clearly understood), shifted in temperature as carboxy
side groups were inserted. Hydrogen bonds can even lead to the occurance of
an additional relaxation mode, as it is the case in copolymers of ethene and
MAA with a non-random distribution of the two comonomers.*”) The observed
relaxation mode, which was localized in the temperature range between the y-
relaxation and the glass transition, was discussed as a flipping of short
polyethene segments, which were fixed between segments containing MAA
units that formed hydrogen bonds. For this situation the term “chemical
confinement” (cc) was applied, since the MAA confined the motion of the
polyethylene segments. However, it is still unknown if the assumption of the
chemical confinement is a general concept.

One simple model to follow up this hypothesis is to check the relaxation
modes of tailored ABA type copolymers, in which only the outer A-blocks are
able to form hydrogen bonds and thus create a chemical confinement, that is
the inner B-block is freely moving between the fixed outer A-blocks. To achieve
such a situation, two copolymerizable monomers are required, of which only
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one is capable of forming hydrogen bonds and is thus inserted in the outer A-
blocks. Two monomers that meet these requirements and are therefore used in
this work are BA and AA (Scheme 7-1). Both monomers can be easily
polymerized in a controlled fashion via the RAFT technique and additionally
allow a simple copolymerization due to their structural similarity.

At the beginning of this chapter, the two-step synthesis is introduced along
with the resulting ABA type BA-AA copolymers. Subsequently, the results
from the DMA measurements, specifically relaxation spectra and the
corresponding progress of the relative sample heights, are presented and
discussed in detail.["*]

7.1 Synthesis

In order to achieve the desired ABA type copolymer structure, the bifunctional
symmetric trithiocarbonate dimethyl-2,6-di(propyltrithiocarbonyl)heptane-
dioate (DPTH) was used as the RAFT agent, depicted in Scheme 7-1. This RAFT
agent allows for the straightforward synthesis of ABA block copolymers, as the
product of the first polymerization (inner B-block, poly(#BA)) can be used as a
macromolecular RAFT agent to add the outer A-blocks via an extension
polymerization in the presence of a second monomer (Scheme 7-2). However, in
this work the macromolecular RAFT agent was not copolymerized with a pure
comonomer but rather with a mixture of BA and AA at a molar ratio of 11:1.
Hence these polymers resemble a structure, in which AA units are incorporated
into the outer parts of poly(fBA) chains in a controlled fashion. Although this
constitution is quite different from the one of a true block copolymer, the terms
A- and B-blocks are used for the different segments in order to distinguish and
emphasize the interpretations of the observed relaxations.

tBA AA DPTH
\l ~ /\/SYS S\”/S\/\
>OK °©° @0 S omo S
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Scheme 7-1. Monomers BA and AA as well as the RAFT agent DPTH used for the synthesis of
the ABA type copolymers.
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The evolution of molar masses and PDI values for the synthesis of the
B-blocks, depicted in Figure 7-1, indicates a fully effective RAFT polymerization
with increasing molar masses and low PDI values towards higher monomer
conversion. The experimental values are in relatively good agreement with the
theoretical values, which were calculated from equation 3-16. Therefore, the
RAFT agent DPTH appears to be well-suited for the controlled synthesis of the
copolymers.

Z\H/S\R'R’S\ﬂ/z ,AIBN, 60°C

chemically confined
K’ inner B-block J
hydrogen bond forming
outer A-blocks

Scheme 7-2. Synthesis approach for producing tBA-AA copolymers, in which only the outer A-
blocks contain AA and can thus form hydrogen bonds that chemically confine the inner B-
block.

A relevant issue for the second reaction step, which is the extension
polymerization of the macromolecular RAFT agents to yield the ABA type
copolymers, is the actual incorporation of AA into the outer A-blocks. To
ensure the regular insertion of AA in the course of copolymerization, the molar
ratios of BA and AA in the polymerization solution were determined during a
copolymerization of the two monomers via 'H-NMR. For this purpose, the
integral peak intensities that originate from the olefinic protons, specifically the
signals of the two monomers between 5.50 ppm and 5.75 ppm and between
6.05 ppm and 6.30 ppm, were used to obtain the molar monomeric ratios. As
shown in Figure 7-2, the molar monomeric ratio of tBA and AA changes from
about 5.6 before copolymerization to about 4.0 at 90 % conversion. Due to the
small decrease of the molar fBA fraction during copolymerization, this
comonomer is slightly more present in the resulting A-blocks of the copolymer
compared with the starting ratio, although the difference is negligible. Hence
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the comonomer AA is incorporated steadily into the outer A-blocks close to the
adjusted starting ratio of the two comonomers.

The final ABA type tBA-AA copolymers that are subjected to DMA are
listed in Table 7-1 together with the M_ values of the B- and A-blocks as well
as the PDI values of the entire copolymers. The PDI values are in the range of
1.19 to 1.34 and thus well below the limit of 1.5 for conventional radical
polymerizations, which indicates a good polymerization control. The molar
masses of the inner B-blocks were adjusted via RAFT polymerization to be in
the range of approximately 1000 g-mol™' to 10000 g-mol ', while the molar
masses of the A-blocks were set to be in the range of about 8000 g-mol™" to
14000 g-mol ™. This setup not only allows for studying relaxations that emerge
from short chain segments, namely the B-blocks, but it also permits the analysis
of possible dependencies of the temperatures, at which the relaxations and the
changes in relative sample height occur, on the chain lengths of the A- and B-
blocks. The corresponding results, determined via DMA, are subject of the
following subchapter.
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Figure 7-1. Evolution of experimental and theoretical number-average molar masses M, and
PDI with total monomer conversion Xy for the RAFT polymerization of BA (3.4 mol-L™") in
toluene mediated by DPTH (40 mmol-L™") and initiated by AIBN (4.8 mmol-L™") at 60 °C.
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Figure 7-2. Evolution of the molar monomeric ratio of tBA and AA in solution npa/naa with
total monomer conversion Xy determined via 'H-NMR during RAFT copolymerization of BA
(3.5 mol-L™") and AA (0.62 mol-L™") in DMF mediated by DPTH (8.4 mmol-L ") and initiated by
AIBN (4.0 mmol-L ") at 60 °C.

Table 7-1. Number-average molar masses M, of the B- and A-blocks and PDI values for the
ABA type tBA-AA copolymers.

Sample MB—blOCk MA-bIOCk PDI

n n

[g-mol_l] [g-mol_l]

7-1 1068 8212  1.20
7-2 1068 12604  1.25
7-3 3472 8497 1.19
7-4 3472 12396  1.20
7-5 3472 12781 1.24
7-6 5504 10075 1.21
7-7 5504 11281 1.34
7-8 5504 14184  1.22
7-9 7055 10027  1.22
7-10 7055 12437  1.26
7-11 9528 9390 1.34
7-12 9528 9785 1.27
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7.2 Results and Discussion

In the following, the experimental results from DMA are outlined in detail. The
subchapter starts by introducing the determined relaxation modes for the ABA
type BBA-AA copolymers. Afterwards, the dynamic mechanical behavior of the
copolymers is compared with pure poly(fBA). Finally, the influence of the A-
block and B-block chain lengths on the temperatures, at which the relaxations
and sample-height changes occur, is examined.

7.2.1 Detected Relaxation Modes

The measured relaxation spectra of the copolymers exhibit various relaxation
modes determined as maxima in tan §, of which several can be related to
changes in the relative sample height that is simultaneously measured and is
given by the ratio of the detected absolute sample height, h, ., and the initial
sample height, hsoample. Figure 7-3 displays the spectrum of copolymer 7-7
together with the corresponding relative sample height. The blue curve shows
the tangent of the phase angle in a semi-log plot over the temperature. The
most eye-catching relaxations are represented by the two distinct peaks in the
tan d-curve at 313 K and 396 K, respectively. These peaks are also reflected in
the corresponding relative sample height (orange curve) that changes
concomitantly. The near room temperature peak is accompanied by a
compression of the polymer and can therefore be assigned to a glass transition
of the copolymer at T,. After this compression a constant value of the relative
sample height in the range of 50 K is found. At higher temperatures above
approximately 375 K the sample begins to expand and oozes out of the sample
hole, which can be seen in the second decrease of the orange curve. This second
change in relative sample height of the copolymer coincides with the high-
temperature peak in tan J at 396 K.

At temperatures below Ty, further maxima and thus relaxation modes can be
observed in tan . Between 140 K and 220 K a broad y-peak can be seen, which
is related to a motion of the tert-butyl side groups."*! Additionally, a secondary
relaxation mode (cc-mode) in the range between the first softening and the y-
peak in tan ¢ is visible around 260 K. This relaxation is well-reproducible, as
depicted in Figure 7-4 for copolymers 7-7 and 7-8, and is absent in pure
poly(tBA), as will be shown in the next subchapter.
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Figure 7-3. Relaxation spectrum (tan d-curve) and corresponding relative sample height of ABA
type copolymer 7-7.
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Figure 7-4. Magnification of the chemical confinement mode in the tan §-curves of ABA type
copolymers 7-7 (orange) and 7-8 (blue).
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7.2.2 Comparison with Pure Poly(fBA)

In order to extract the relaxation modes that are induced by the insertion of AA
into the outer A-blocks, reference experiments of pure poly(BA) were
performed. Figure 7-5 illustrates the relaxation spectrum and the corresponding
relative sample height of a pure poly(tBA) sample in the temperature range of
146 K to 317 K. As can be seen in the tan d-curve, no maximum is present
between the y-relaxation at low temperatures and the glass transition peak at
about 300 K. In comparison to that, the tan §-curve of an ABA type copolymer
(Figure 7-6), namely sample 7-4, features an additional secondary relaxation
similar to samples 7-7 and 7-8 shown in the last subchapter. However, in case
of sample 7-4 this relaxation mode is shifted to a lower temperature of
approximately 230 K compared with 250 K to 260 K for samples 7-7 and 7-8.
This already indicates a pronounced dependence of the cc-relaxation
temperature, T, on the B-block length, which is covered in more detail later in
this chapter. Finally, this secondary relaxation is absent in pure poly(fBA),
which is in agreement with works of Cerrada et al."*’!
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Figure 7-5. Relaxation spectrum (tan §-curve) and corresponding relative sample height of pure
poly(tBA), M, = 39647 g-mol .

Other distinct differences are visible in the detected relative sample heights.
As can be seen in Figure 7-5, the pure poly(fBA) sample is compressed very
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rapidly above temperatures of about 300 K, whereas the sample height of the
copolymer does not change to the same extent (Figure 7-6), suggesting a higher
stiffness of the tBA-AA copolymer. This difference in flow behavior above the
glass transition is even more clearly visible for higher temperatures, as depicted
in Figure 7-7. After the compression caused by the glass transition, the
copolymer sample features a constant sample height between 325 K and 375 K
before it expands again and then finally oozes out of the sample hole. This
increase in sample height at high temperatures is not observed in the
homopolymer samples of tBA, in which case the sample is oozed out
immediately after compression. As a conclusion, the high-temperature
relaxation observed for the copolymers that coincides with the second
softening of the samples is not found for pure poly(BA). Therefore, the
difference in the courses of the relative sample height between pure poly(BA)
and the copolymers at temperatures above T is probably caused by hydrogen
bonds of the AA units in the A-block, which may stabilize the system in such a
way that the polymer sample does not ooze out of the sample holder
immediately beyond the glass transition, but remains stiff until the hydrogen
bonds are thermally broken.
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Figure 7-6. Relaxation spectrum (tan d-curve) and corresponding relative sample height of ABA
type copolymer 7-4.
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Figure 7-7. Relative sample heights for ABA type copolymer 7-7 and pure poly(iBA)
(M, = 18349 g-mol ).

7.2.3 Block-Length Dependencies

As indicated earlier, the temperatures, at which the observed relaxations and
the corresponding onsets of sample-height change occur, exhibit very
pronounced chain-length dependencies with respect to the A- and B-blocks,
respectively. As the y-relaxation determined at very low temperatures is caused
by a movement of the tert-butyl side group, no dependency of this relaxation
on the two block lengthts was detected.

The temperature of the onset of the first softening, which corresponds to the
glass transition temperature of the copolymers, increases with decreasing molar
mass of the inner B-block, as shown in Figure 7-8 for four different copolymers
that feature three different B-block chain lengths. The complete data, illustrated
in Figure 7-9, reveals that the glass transition temperature slightly decreases
linearly with increasing molar mass of the inner block with a slope of 2.3 K per
1000 g-mol . Two feasible explanations are presented in the following: Firstly,
this correlation may be explained by considering the relative fBA content in the
polymer. As the glass transition temperature of pure poly(fBA) is apparently
lower than for pure poly(AA), which is usually found in the range of about
380 K,** longer B-blocks and hence higher BA fractions could cause lower T,
values. However, as seen in Figure 7-7, the glass transition temperatures of pure
poly(fBA) and an a tBA-AA copolymer are similar, which contradicts this
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reasoning. Another possible explanation may be to interpret the first softening
not as a glass transition of the entire copolymer but as the glass transition of
only the inner B-block. In this case, a higher chain length of the inner block,
which is fixed between the hydrogen bonds forming A-blocks, could provide an
increased free volume for the glass transition. Consequently, T, could be
lowered, despite the fact that the glass transition temperature generally
increases with the molar mass.” This, on the other hand, could serve as an
explanation for the relatively low T, values of the copolymers despite the
incorporation of AA, as the chain lengths of the B-blocks are smaller compared
with the pure poly(fBA) samples. Hence a separate glass transition of the short
inner B-blocks should be found at smaller temperatures compared with the
poly(fBA) that consists of longer chains according to the molar mass
dependence of Tj.
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Figure 7-8. Relative sample heights for ABA type copolymers 7-5, 7-7, 7-8 and 7-9.

The temperature of the onset of the second softening, which is observed for
the ABA type tBA-AA copolymers at higher temperatures, features a
dependency on the molar mass of the outer A-blocks. This can also be seen in
Figure 7-8, in which the copolymer with the lowest A-block molar mass of
10027 g-mol™' displays a second softening onset of 370 K, whereas for the
copolymer with the longest A-blocks with a molar mass of 14184 g-mol”' this
onset is found at 374 K. From the complete data, depicted in Figure 7-10, the
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chain-length dependence of the second softening temperature can be deduced
to be 1.1 K per 1000 g-mol ™" with the assumption of a linear correlation. Because
this second change in sample height at higher temperature is most likely caused
by the AA units in the copolymers, longer A-blocks and thus more AA units
could cause the copolymers to remain stiff and to retain a constant sample
height up to higher temperatures due to hydrogen bonds. At the point of the
second softening, these bonds may finally break thermally and the samples
become soft. The expansion of the copolymer samples that occurs in this regime
may be caused by a chemical reaction of the tert-butyl side groups stimulated
by the AA units, as for example the hydrolysis of the ester moieties. Although
the tert-butyl groups in poly(BA) are known to decompose at approximately
433 K to yield poly(AA) and isobutylene,™ this reaction does not appear likely
as the expansion of the copolymers is detected at significantly lower
temperatures. Therefore, a chemical reaction is suggested that is induced by the
AA units in the outer A-blocks.
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Figure 7-9. Dependence of T, determined by the first softening onset on the number-average
molar mass of the B-block.

The temperatures, at which the secondary cc-relaxation occurs, can be
related to the number-average molar masses of the B-blocks similar to the glass
transition, although it obeys a contrary slope (Figure 7-11). According to the
measured relaxation spectra, the cc-relaxation temperature increases linearly

98



Relaxation Processes of ABA Type tBA-AA Copolymers

with the corresponding length of the confined segment with a slope of
10.6 K per 1000 g-mol . This behavior may be attributed to a higher amount of
energy which is needed to activate the above described flipping movement
when the chain length of the moving segment is increased.

Interestingly, a possibly similar relaxation mode, termed fB-relaxation, has
been observed by Cerrada and co-workers in poly(fBA)-graft-polystyrene that
was also located between the y-peak and the glass transition."*’ The detected
relaxation was shifted to lower temperatures with increasing number of grafted
styrene arms and, in agreement with the results of this work, was not observed
in the homopolymer of tBA. This relaxation mode was described as movements
of the tBA side groups and its dependence on the number of arms and its
absence in pure poly(tBA) were ascribed to lowered steric hindrance in the
graft copolymers. However, for the copolymers presented here, the most likely
interpretation of this relaxation is a movement of the inner B-block terminally
fixed via hydrogen bonds due to the pronounced dependence of the relaxation
temperature on the B-block length.
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Figure 7-10. Dependence of the second softening onset temperature on the number-average
molar mass of the A-blocks.
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Figure 7-11. Dependence of the cc-relaxation temperature T, on the molar mass of the B-block.

7.3 Conclusion

Copolymers of tBA and AA with an ABA type structure were synthesized via
RAFT Polymerization with control over the molar masses of the A- and
B-blocks. The copolymers were subjected to DMA for determining their
relaxations, in which the main focus was put on a chemical confinement mode
caused by hydrogen bonds. In total, four different relaxation modes could be
identified in the relaxation spectra of the ABA type copolymers.

The relaxation close to room temperature could be identified as a glass
transition, which was evident from the simultaneous decrease in sample height
that indicated a softening of the copolymers. The T, values obtained from the
softening onsets surprisingly shifted to lower temperatures with increasing
B-block length. This behavior may be explained by the impact of the fBA
fractions that vary for copolymers which contain B-blocks of different chain
lengths. As poly(tBA) features a lower glass transition temperature compared
with poly(AA), higher amounts of tBA for copolymers with longer B-blocks
could cause the observed decrease in the T, values. Alternatively, this
relaxation may be regarded as a separate glass transition of the inner B-blocks.
In this case, the free volume for the glass transition may be larger for
copolymers with longer inner blocks and consequently T; would be decreased.
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At this stage, the dependence of the detected glass transition on the B-block
length is not fully understood and requires further investigations.

At higher temperatures, another relaxation mode was found that was
accompanied by a second softening, which, in turn, was preceded by a constant
value of the relative sample height. This flow behavior above T; is largely
different from pure poly(tBA), in which case the sample was compressed more
rapidly and did not feature a high-temperature relaxation. Therefore, the
detected relaxation and softening at higher temperatures probably emerge from
the inserted AA units in the outer blocks that additionally enabled the
copolymers to resist the applied stresses up to about 50 K above T, due to
hydrogen bonds. This was further suggested by the increase of the second
softening temperature with increasing chain lengths of the A-blocks. Since an
increase of the A-block molar masses results in a larger number of AA units
and also hydrogen bonds in the copolymers, the temperature at which the
copolymers began to flow is consequently proportional to the A-block length.

At low temperatures a y-relaxation was observed that involves the
movement of the fert-butyl side groups."*’ Between the y-relaxation and T an
additional secondary relaxation was detected that is assigned to a cc-mode. This
relaxation was absent in pure poly(fBA) and the temperature, at which this
mode occurred, exhibited a pronounced dependence on the molar masses of the
inner B-blocks. This secondary cc-relaxation is therefore proposed to be
enabled via the introduction of an additional length scale in the polymers. A
fixing of the A-blocks, created by hydrogen bonds, produces chemically
confined segments of a defined length, namely the B-blocks, which can undergo
a similar relaxation as proposed for the ethene-MAA copolymers.”” However,
the copolymers in this thesis were synthesized in a much more controlled
fashion with control over the molar masses of the individual blocks, which
allows for a more systematic investigation of this novel secondary relaxation
mode below T;. The increase of the cc-relaxation temperature with increasing
molar masses of the inner blocks could be understood in terms of a larger
amount of energy that is required for the movement of longer chain segments.
This, in turn, would cause the cc-mode to shift to higher temperatures for
longer B-block lengths.
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8 Tensile Properties of MA-AA
Copolymers

In this chapter, a short insight on the tensile behavior of MA-AA copolymers is
given. The results from DMA of tBA-AA copolymers, outlined in chapter 7,
have revealed that the defined insertion of AA into the outer chain parts of
poly(fBA) largely affects the dynamic mechanical behavior. Hence, the tensile
behavior of acrylic polymers doped with AA may also display changes that
depend on the AA amount as well as the location of the AA units along the
polymer chain.

For application of such copolymers in tensile testing, MA (Scheme 8-1) was
used instead of BA, as poly(fBA-co-AA) features a glass transition temperature
in the range of 298 K to 317 K according to the experiments in this work.
Consequently, it is brittle at RT, which hampers the sample preparation for
tensile analysis. Pure poly(MA), in turn, exhibits a lower T, value of about
280 K> compared with T, ~ 316 K for pure poly(tBA),"” which eases the
preparation of tensile specimens that are obtained by cutting samples out of a
solution-cast film. The copolymerization parameters for MA and AA were
determined to be close to 1.0, which assures a steady incorporation of AA
during copolymerization.

At the beginning of this chapter, the synthesis and the copolymer samples
are introduced. Afterwards, the results from stress—strain analysis are
thoroughly examined prior to the conclusion at the end of the chapter.

BN
(l) O

Scheme 8-1. Chemical structure of MA.
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8.1 Synthesis

Three different MA-AA copolymers were synthesized via RAFT
polymerization mediated by the bifunctional trithiocarbonate DPTH that differ
mainly with regard to their AA content (Table 8-1), which was determined via
NMR analysis of the copolymers by comparing the signal of the three protons
of the methyl side group of MA between approximately 3.4 ppm and 3.8 ppm
with the signal of the complete backbone protons between about 0.6 ppm and
2.8 ppm. In addition to that, the copolymer with intermediate AA content was
synthesized similar to the ABA type tBA-AA copolymers presented in
subchapter 7.1, that is pure poly(MA) was synthesized first to establish a pure
inner MA-block that was subsequently subjected to a chain extension
polymerization with a mixture of MA and AA. This approach may allow for
extracting specific tensile properties that emerge from the presence of the AA
only at the outer chain parts, which could supplement the DMA results for the
ABA type tBA-AA copolymers presented in chapter 7.

Because of the hydrophilic character of the MA-AA copolymers, their M
values were determined on an SEC system that uses N,N-dimethylacetamide
(DMACc) as the eluent. However, at the time of experiment no calibrations for
either poly(MA) or poly(AA) were available for this SEC setup, which is why a
polystyrene calibration was applied instead. Therefore, the molar-mass data of
the three copolymers only allows the relative comparison of the three
copolymers. The number-average molar mass of the inner pure poly(MA)-block
of copolymer 8-3, however, was obtained on a THF-SEC system with the
correct calibration and hence reflects a more reliable value for M, .

Table 8-1. Copolymer types, number-average molar masses M, and molar AA contents of the
three MA-AA copolymers.

sample  copolymer M, Fia
type [g-mol '] [%]
8-1 random 40886 5.66
8-2 random 45039 13.4
8-3 ABA B-block: 23000 8.78

Total: 48503
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8.2 Results and Discussion

The tensile properties that were extracted from the stress—strain curves are
listed in Table 8-2 and Table 8-3. From each copolymer, three to five specimens
were subjected to tensile testing to assure reproducibility. The stress—strain
plots of copolymer 8-1 with the lowest AA content of 5.66 %, depicted in
Figure 8-1, displays a very wide plastic range beyond a pronounced yield point.
The apparent stresses first drop after the yield point to about 50 %, increase
again and finally level off shortly before the break point. The determined
elongations at break were high with an average value of 956.2 %, which further
resulted 3in a large average value for the toughness of the copolymer of
58 MJm .

Table 8-2. Young’s moduli E, elongations and stresses at break ¢ and op, and the corresponding
sample standard deviations of the three MA-AA copolymers.

sample E AE g Aeg Op Aoy
[MPa] [MPa] [%] (%] [MPa] [MPa]

8-1 496 25  956.2 87.0 6.75 0.39
8-2 31 6 474.2 34.3 2.20 0.29
8-3 736 35 3739 96.2 5.38 3.96

Table 8-3. Strains and stresses at yield point ey and oy, toughnesses 7, and the corresponding
sample standard deviations of the three MA-AA copolymers.

sample ¢y Aey Oy Aoy T At
[%] [%] [MPa] [MPa] [MJm’] [MJm]

8-1 5.1 0.5 7.47 0.62 58 7
8-2 13.7 3.4 0.912 0.012 7.5 0.7
8-3 5.0 0.3 14.7 1.7 31 9
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Figure 8-1. Stress—strain curves of five specimens of MA-AA copolymer 8-1.

The tensile curves of copolymer 8-2 (Figure 8-2) with an AA content of 13.4 %
display significantly different behaviors compared with the samples of 8-1. For
none of the measured curves the yield point occurs as a maximum stress, but
rather as the point where the stress—strain curve levels off. In the plastic
regime, the apparent stresses increase steadily up to the break point.
Surprisingly, the Young’s modulus is largely decreased, although the amount of
AA and thus also the number of hydrogen bonds and cross-linking points
should be higher. In addition to that, the stresses at yield and break point, the
strain at break as well as the toughness of the copolymers are largely reduced
compared with copolymer 8-1. The only exception is the strain at yield, which
is 8.6 % higher than e, from sample 8-1. Therefore, at least in the case of a
random insertion of AA, the increase of this monomer content from 5.66 % to
13.4 % rather seems to diminish the tensile properties of the copolymers.
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Figure 8-2. Stress—strain curves of five specimens of MA-AA copolymer 8-2.

The stress—strain curves of copolymer 8-3 with an intermediate AA content
of 8.78 %, shown in Figure 8-3, resemble some characteristics of sample 8-1,
since they also exhibit a pronounced yield point seen as a maximum stress and
a subsequent drop in apparent stress of about 50 %. Afterwards, the stresses
increase gradually, though without levelling, until the break point. The latter is
characterized by lower ¢, and o, values compared with the parameters from
copolymer 8-1. The average toughness of the copolymer is in between
copolymers 8-1 and 8-2 with 31 MJ-m . Interestingly, the determined average E
value and the yield strength oy are both significantly higher with values of
736 MPa and 14.7 MPa, respectively, compared with samples 8-1 and 8-2. The
samples from copolymer 8-3 thus feature a higher stiffness and are able to
withstand higher stresses compared with samples from 8-1 and 8-2 before
permanent deformations take place. This finding may be related to the higher
stiffness of the ABA type tBA-AA copolymers, determined by DMA in
chapter 7, which resulted from the introduction of AA into the outer A-blocks.
The concentration of AA in the outer parts of the polymer chain could result in
a more effective and stable network of hydrogen bonds and thus cross-links
between the macromolecules. Consequently, this may enhance selected tensile
properties compared with a random distribution of the hydrogen bond forming
comonomer.
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Figure 8-3. Stress—strain curves of three specimens of MA-AA copolymer 8-3.

8.3 Conclusion

The amount of AA in poly(MA-co-AA) largely affects the tensile behavior. In
case of a low molar AA fraction of 5.66 %, the copolymer exhibits a pronounced
yield point and very high elongations at break. An increase of the AA content
to 13.4 % changes the tensile behavior dramatically, which was evident from
significantly reduced E, ¢, o, oy and 7 values. Furthermore, the yield point
was not displayed as a point of maximum stress but rather as the point where
the stress—strain curve levels off.

The copolymer with an ABA type structure, in which case the AA is only
inserted in the outer chain parts, and an intermediate AA fraction of 8.78 %
displayed partially improved tensile properties. Specifically the parameters E
and o, were significantly higher compared with the two copolymers that
feature a random distribution of AA along the polymer chain. The
concentration of AA at the chain ends may enable a more effective network of
hydrogen bonds, which in turn results in a higher tensile modulus and
improved yield strength. These tensile properties are both highly important for
qualifying such polymers as materials for applications. However, as these
results merely rely on three copolymers that do not have identical AA contents,
more systematic stress—strain analysis needs to be performed in order to gain a
more detailed comprehension for the interplay of the copolymer structure,
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especially regarding the distribution of the AA, and the resulting tensile
properties.
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9 Closing Remarks

A wide range of macromolecular research has been covered in this work. This
includes the kinetics and mechanism of surface-initiated (RAFT)
polymerizations, which have further been applied for producing silica-filled
styrene-nBA copolymers for tensile analysis. Moreover, the relaxation
processes of ABA type BA-AA copolymers, synthesized by RAFT polymeri-
zation, were determined by DMA. These studies were complemented by tensile
testing of related MA-AA copolymers. The thesis in hand thus bridges the
fields of polymerization kinetics, macromolecular architecture and the
polymer’s mechanical behavior.

For the first time, propagation rate coefficients for surface-initiated radical
polymerizations were obtained by application of a surface-grafted photo-
initiator in PLP-SEC. This straightforward approach enables insight into
radical propagation kinetics from a solid support, which could only be
indirectly assessed beforehand.” The determined k, values presented in this
thesis (chapter 4)!*? are substantially higher than given IUPAC data.[*"""
Possible causes are presented such as a reduced shielding of the radical site,
which could be related to the chain-length dependence of k,.l"*"

In order to gain a more comprehensive knowledge of propagation rate
coefficients for polymerizations from surfaces, additional systematic measure-
ments need to be performed with different monomers, concentrations and at
varying temperatures. Since the determination of k, via PLP-SEC relies on SEC
analysis, which is inherently subject to statistical errors, more k, data is
necessary to confirm the present results and to expand the database of
propagation rate coefficients determined by the IUPAC task group. Another
important aspect is the grafting density of growing chains, which is particularly
crucial for surface-initiated polymerizations. This parameter could be
controlled through the adjustment of the initiator loading on the silica particles
and should hence be varied as well in future experiments. This could allow the
comparison of k, values that result from different density and thus
conformation regimes, such as coil-like and brush-like orientations of anchored
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macroradicals."”™ Such knowledge could prove beneficial also for other studies

on surface-initiated polymerizations that use the grafting-from method as the
R-group approach in RAFT graft polymerization. Finally, beside the surface-
immobilized initiator an additional free initiator in the interstitial solution
phase could be employed, which might also affect the obtained k, values due to
further termination mechanisms. Following this approach, the quality of the
overall termination rate for the exclusive termination by grafted radicals may
be assessed, which is requested to take place almost instantly in PLP-SEC to
produce well-structured MMDs. This way, possible side effects, as for example
an extended growing period caused by slowed chain-end encounter processes
on the surface prior to termination, may be examined. Such effects may arise
from the restricted movement of the anchored radicals formed by the
photoinitiator compared with free radicals in solution.

The thermally surface-initiated polymerization of styrene with and without
additional RAFT agent in solution allowed detailed insight into the molar-mass
evolution of free and fixed polystyrene, the polymer loading on the silica
particles and its effect on the surface topography of the silica—styrene hybrids
(chapter 5). In general, the accurate prediction of the chain-length relation
between free and anchored polymer still remains a major challenge when
performing such polymerizations.”>*! This partially arises from the complex
interaction of polymerization reactions that take place (i) in solution, (ii) on the
surface and (iii) in between the two regions. In case of the conventional radical
surface-initiated polymerization of styrene presented in this work, the
generation of grafted polystyrene was accompanied by the formation of free
polystyrene that is caused by transfer reactions of anchored radicals to solution
species and featured significantly higher molar masses than the anchored
chains. This observation may be attributed to a very low radical concentration
in solution that is expected because of the low transfer rate coefficient of
styrene relative to, for example, MA," in which case a contrary relationship of
molar masses in solution and on the surface was detected.”

In contrast to the conventional radical approach, the addition of RAFT agent
to the solution induced living behavior both on the surface and in solution.
Although the two types of polymers exhibited similar molar-mass evolutions,
distinct differences in their MMDs were visible that could be partially
reconstructed and identified by PReDICI” simulations. The best match of the
MMD data was obtained by application of the slow fragmentation model™™ and
a fitted addition rate coefficient for the main equilibrium between surface and
solution species of k.o =0.5-k,,. However, even in this case the simulated
MMDs exhibit distinct deviations from the experimental MMDs, particularly
regarding the magnitudes of the molar-mass shoulders of the MMDs for the
free and the attached polystyrene. Hence additional investigations are required,
which should include a surface-initiated RAFT polymerization without kinetic
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side effects, such as rate retardation, to reduce the amount of uncertainties in
the PREDICI” models. This could be easily achieved by using another RAFT
agent as for instance a trithiocarbonate. The decomposition kinetics of the
immobilized azo initiator ACTA, which is still unknown at this stage, is to be
determined in order to apply more realistic values for the decomposition of the
initiator molecules. As the developed PREDICI® models allow for the separation
of initiator-derived and R-group-derived polymer chains, they can also be
applied to other RAFT polymerizations where the distinction between the two
sorts of polymer is a relevant issue.

The surface properties of the silica—polystyrene hybrids were probed with
SEM, which has proven to detect changes in the surface topography that arise
from variations in the polymer loading on the particles and number-average
molar mass of the anchored macromolecules.” As illustrated in subchapter
5.1.3, the surface of the polymer-modified silica was substantially different from
pure fumed silica and exhibited a gradual change upon increasing polystyrene
content on the surface. In addition to that, the polystyrene-silica composite
that contained a maximum amount of grafted polymer displayed several eye-
catching filaments of approximately 1 pm in length at the site of cracks, which
were probably caused by an ensemble of anchored polystyrene chains.
Although SEM constitutes a well-suited method for surface analysis of such
materials, it shall be complemented by other techniques in upcoming works as
for example atomic force microscopy (AFM),™ ellipsometry™ and stimulated
emission depletion (STED) microscopy.”"! The latter may additionally allow
insight into the initiator decay on the surface by reactions of the radicals with a
dye, which is subsequently detected via STED microscopy and could thus
enable the estimation of the fraction of decomposed initiator fragments.

The surface-initiated polymerization method has been successfully applied to
produce silica-filled styrene-nBA copolymers for tensile analysis. This
approach allows for the one-step synthesis of silica-polymer hybrids, in which
the particles are modified with polymer during the polymerization to enhance
the compatibility between the polymer matrix and the silica filler. This is a
highly relevant issue for the application of fillers for macromolecular materials,
as the pure silica particles are in most cases not compatible with the polymer
because of their hydrophilic character, which causes agglomeration of the
particles and hampers the effective improvement of the mechanical
properties.®™ This incompatibility of pure silica is also evident from
subchapter 6.2.2, which showed that the elongation at break and the toughness
of such a composite are substantially diminished despite a low amount of
attached copolymer on the silica surface determined by TGA. The detection of
copolymer on the surface of pure silica particles after RAFT polymerization is
quite astonishing, but could be attributed to the physisorption of copolymer
chains caused by the polar nBA monomer units. This suggestion may be
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checked by polymerization of non-polar monomers, such as styrene, in the
presence of pure silica particles, in which case no surface-attached polymer is
expected.

The synthesis routine shown in this work opens up avenues to produce
nanocomposites that not only display enhanced interactions between the
polymer matrix and the filler, but can also be tuned with regard to crucial
parameters such as silica content, grafting density of anchored polymer chains
and their molar mass. The latter may be achieved by the employment of RAFT
polymerization, which can also be used to yield block-copolymer structures on
the surface by application of anchored RAFT agents as for example the
anchored trithiocarbonate PTPT. This approach appears to be particularly
promising, since the corresponding random styrene-nBA copolymer filled with
PTPT-modified silica particles featured the best overall tensile properties
compared with alternative silica fillers used in this work due to the high
content of anchored poly(styrene-co-nBA) of 83 % on the silica particles
(subchapter 6.2.2). In future studies, the molar masses of the grafted copolymers
are to be determined by SEC, since not only the polymer loading on the silica
surface but also the chain length may largely affect the interaction between the
filler particles and the matrix polymer. The favorable damping properties of
random styrene-nBA copolymers™ also qualify such composites for DMA, as
it directly yields the damping behavior of the material and may thus reveal
further effects that are caused by the amount and type of silica filler in the
copolymers. Finally, size and dispersion of the silica nanoparticles embedded in
the polymer matrix could be evaluated by characterization of silica—polymer
composite films by transmission electron microscopy (TEM).*”

DMA of ABA type tBA-AA copolymers demonstrated the significant impact
of hydrogen bonds on the relaxation processes of poly(fBA). This tailoring of
dynamic mechanical properties can most certainly be applied to other types of
polymers as well. Therefore, such DMA measurements may be extended to
copolymers with variation of characteristics such as monomeric composition
(e.g. the concentration of hydrogen bonds), molar mass and constitution.
Recently, multiblock copolymers of styrene and nBA were successfully
synthesized via the RAFT technique,””**! which may enable the preparation of
copolymers that contain a multitude of chemically confined segments in one
macromolecular chain compared with only one confined segment in the ABA
type copolymers described in this thesis. This would also more accurately
resemble the structure of the ethene-MAA copolymers, in which the chemical-
confinement mode was originally detected via DMA.!!

On the basis of the relaxations observed in tBA-AA copolymers, the
influence of the AA content and the type of insertion were probed for
copolymers of MA and AA in tensile testing. The results show that the AA
content has a major impact on the tensile properties of the copolymers. By
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incorporating the AA in the outer parts of the polymer chain, the Young’s
modulus and the yield strength could be substantially increased. This result
may be related to the increased stability of the BA-AA copolymer towards
compression detected by DMA. A concentration of hydrogen bonds in the outer
parts of the polymer chain may form a more effective network of cross-links
that also enhances the tensile properties. However, the determination of
structure—property relationships remains challenging due to the large amount
of parameters that influence the tensile behavior.”! For this reason,
experiments are needed in which ideally only one structural parameter is
varied systematically to establish a correlation between molecular structure and
mechanical properties. In case of the MA-AA copolymers, especially the AA
content ought to be equal, as differences in the AA fraction may otherwise
overlap impacts that emerge from structural features such as the ABA type
constitution.

115






10 Experimental Part

In this chapter, the chemicals used in this work, particularly monomers,
initiators, and RAFT agents, are described. In addition to that, all experimental
procedures, the instrumentation, and the performed simulations are covered.

10.1 Chemicals

10.1.1 Monomers

Styrene (M = 104.15 g'molfl, Aldrich, >99 %, stabilized with 10-15 ppm 4-tert-
butylcatechol), nBA (M = 128.17 g-mol_l, Fluka, >99.5 %, stabilized with 15 ppm
hydroquinone monomethyl ether), tBA (M= 128.17 g-mol_l, Aldrich, 98 %,
stabilized with 10-20 ppm hydroquinone monomethyl ether), and MA (M =
86.09 g-mol ™',  Aldrich, 99 %, stabilized with ~100 ppm hydroquinone
monomethyl ether) were passed through a basic alumina (Fluka, Brockmann
activity I) column before use to remove the inhibitor. AA (M = 72.06 g-molfl,
Merck, >99 %, stabilized with hydroquinone monomethyl ether) was distilled
through a Vigreux column at approximately 10 mbar over copper fibres. All
monomers were stored at 3 °C.

10.1.2 Initiators

DMPA (M = 256.30 g-molfl, Aldrich, 99 %) was used as received. AIBN
(M = 164.21 g-mol ™', AkzoNobel, 98 %) was recrystallized from diethylether prior
to use. ACTA (Figure 4-1 on page 28) was synthesized in a two-step procedure
from 4,4'-azobis(4-cyanovaleric acid) by literature procedures.”*** The purity
of ACTA was 297 % determined by NMR analysis. 4,4"-Azobis(4-cyanovaleric
acid) (M = 280.28 g-mol ™', Fluka, >99 %) was dried at 25°C under reduced
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pressure to remove residual water prior to synthesis. AIBN and ACTA were
stored at 3 °C.

10.1.3 Miscellaneous Substances

Solvents

Toluene, methanol, and dichloromethane were used as received. For SEC
analysis, THF (Roth, >95 %, stabilized with 2,6-di-tert-butyl-4-methylphenol)
and DMAc (Aldrich, CHROMASOLV" Plus, >99.9 %) were used, respectively.

Fumed Silica

The fumed silica particles (M = 60.08 g-mol ™', Aldrich) with 7 nm of nominal
particle size, a surface area of 390 m*-g ', and a bulk density of 36.8 g™ were
used as received. Particle sizes are given for primary particles, which form
branched, chain-like aggregates of some tenths of micrometers.

Unless otherwise noted, all other chemicals were purchased (Aldrich, Fluka,
Merck, ABCR, Roth) and used without further purification.

10.1.4 RAFT Agents

Cumyl Dithiobenzoate (CDB)

206

CDB (Scheme 10-1) was synthesized by a literature procedure.”™ The purity

was =98 % according to NMR spectroscopy.
Scheme 10-1. Chemical structure of CDB.

Propyl-((trimethoxysilyl)ethyl-phenylmethyl)trithiocarbonate (PTPT)

To a solution of sodium methoxide (10.8 g, 50 mmol, 25 wt.-% in methanol) in
methanol (20 mL), 1-propanethiol (453 mL, 3.81g, 50 mmol) was added
dropwise at RT. The mixture was stirred for 1hour and carbon disulfide
(4.01 mL, 5.08 g, 66.7 mmol) was added dropwise to the solution. After 5 hours
((chloromethyl)phenylethyl)trimethoxysilane (12.3 mL, 13.7 g, 50 mmol, mixture
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of meta- and para-isomers) was added and the mixture was stirred for 16 hours.
The solvent was evaporated under reduced pressure and the residuals were
removed via dissolving in dichloromethane and subsequent filtration. After
removal of the dichloromethane under reduced pressure, the product PTPT
(Scheme 6-1 on page 73) was obtained as yellowish oil (12.3 g, 31.5 mmol,
63.0 %).

"H-NMR (300 MHz, CDCl;): § = 0.90-1.05 (m, 5H, Si-CH, and S—CH,~CH,-
CH;), 1.65-1.80 (m, 2 H, S—-CH,~CH,~CHj), 2.60-2.78 (m, 2 H, Si-CH,~CH,),
3.28-3.38 (m, 2 H, S-CH,-CH,-CH3), 3.54 (s, 9 H, 3 x Si—-O-CHjs), 4.50—4.60
(2xs, 2H, S-CH,-C¢H, of meta- and para-isomers), 7.04-7.30 (m, 4 H, Cc¢H,)
ppm.

BC-NMR (75 MHz, CDCls): 6 = 11.1 (Si—-CHa), 13.4 (S-CH,-CH,—CHs), 21.5 (S—-
CH,-CH,-CHs), 28.3, 28.5 (Si—-CH,-CH, of meta- and para-isomers), 38.8 (S—
CH,-CH,-CHs), 41.2, 41.5 (S—-CH2-C¢Hy of meta- and para-isomers), 50.5 (S5i-O-
CH;), 126.6, 127.2, 128.1, 128.65, 128.70, 129.2, 132.2, 134.9, 143.9, 144.9 (C¢H, of
meta- and para-isomers), 223.8 (C=S) ppm.

Hexyl(phenylethyl)trithiocarbonate (HPT)

207)

HPT (Scheme 6-1 on page 73) was synthesized as described in the literature.!
The purity was 297 % according to NMR spectroscopy.

Dimethyl-2,6-di(propyltrithiocarbonyl)heptanedioate (DPTH)

To a solution of sodium methoxide (9.0 g, 50 mmol, 30 wt.-% in methanol) in
methanol (20 mL), 1-propanethiol (453 mL, 3.81g, 50 mmol) was added
dropwise at RT. The mixture was stirred for 1hour and carbon disulfide
(4.01 mL, 5.08 g, 66.7 mmol) was added dropwise to the solution. After 5 hours
dimethyl-2,6-dibromoheptanedioate (5.44 mL, 8.65 g, 25 mmol) was added and
the mixture was stirred for 16 hours. The solvent was evaporated under reduced
pressure and the residuals were removed via dissolving in dichloromethane and
subsequent filtration. After removal of the dichloromethane under reduced
pressure, the product DPTH (Scheme 7-1 on page 88) was obtained as yellowish
oil (10.2 g, 20.9 mmol, 83.6 %).

'H-NMR (300 MHz, CDCLy): § = 0.99 (t, 6 H, J=7.5 Hz, 2 x S—CH,~CH,~CH),
1.3-1.6 (m, 2 H, S-CH-CH,~CH,~CH,-CH-S), 1.6-1.8 (m, 4 H, 2 x S-CH,~CH,—
CHs), 1.8-2.1 (m, 4 H, S~-CH-CH,~CH,~CH,~CH-S), 3.31 (t, 4H, J=7.5Hz,
2 x S~CH,~CH,~CHs), 3.70 (s, 6 H, 2 x O-CHs), 4.80 (t, 2 H, =6 Hz, S-CH-
CHZ—CHZ—CHZ—CH—S) ppm.
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BC-NMR (75 MHz, CDCls): § = 13.7 (S—-CH,~CH,-CHs), 21.7 (S—~CH-CH,— CH,-
CH,-CH-S), 24.7 (S~CH,—CH,-CHs), 31.1 (S-CH-CH,~CH,-CH,-CH-S), 39.4
(S-CH,-CH,—-CHs), 52.5 (O-CHs), 53.1 (S—CH-CH,-CH,-CH,-CH-S), 171.1
(C=0), 222.1 (C=S).

10.2 Experimental Procedures

10.2.1 Immobilization of ACTA

To a vigorously stirred suspension of silica nanoparticles (10 g) in dichloro-
methane (300 mL) ACTA (0.32 g, 0.46 mmol) was added dropwise as a solution
in dichloromethane (20 mL). A few drops of a saturated solution of maleic
anyhdride in water were added and the mixture was stirred at RT for 3 h. The
solvent was removed in vacuo and the crude product was washed with
dichloromethane in a Soxhlet apparatus for 12 h to remove the residuals. The
grafting densities of ACTA on the nanoparticle surface were determined by
elemental analysis.

10.2.2 Immobilization of PTPT

To a vigorously stirred suspension of silica nanoparticles (4 g) in toluene
(200 mL) PTPT (0.46 g, 1.2 mmol) was added dropwise as a solution in toluene
(10 mL) under vigorous stirring. A few drops of a saturated solution of maleic
anyhdride in water were added and the mixture was stirred at RT for 3 h. The
solvent was removed in vacuo and the crude product was washed with
dichloromethane in a Soxhlet apparatus for 12 h to remove the residuals. The
grafting density of PTPT on the nanoparticle surface was determined by
elemental analysis.

10.2.3 Pulsed-Laser Polymerizations (PLP)

The PLP experiments were carried out at ambient pressure and temperatures of
5°C and 25 °C in the case of nBA and 25 °C and 26 °C in the case of styrene. The
XeF line (351 nm) of an LPX 200 excimer laser was used to trigger the initiation
and thus polymerization. The laser repetition rates used were 100 Hz for nBA
and 5 Hz for styrene. The incident laser energy was between 30 and 130 mJ per
pulse. Overall monomer conversions reached maximum values of 4 % and were
determined by gravimetry. All samples were deoxygenated via flushing with
nitrogen for 15 minutes. For the polymerizations with AIBN and DMPA,
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initiator concentrations of 1.98-2.25 mmol-L™' were used. In case of the surface-
initiated polymerizations, 0.2 g of modified silica per 1 mL of monomer solution
were used, which was sufficient to prevent the precipitation of the silica
particles and hence lead to an even distribution of the modified particles in the
monomer solution. The amount of modified silica used resulted in initiator
concentrations of 8.8-22 mmol-L™" depending on the loading of initiator. After
polymerization the reaction mixtures were poured into glass vials and residual
monomer was removed in vacuo. If present, the polymer in solution was
subjected to SEC analysis and subsequently removed from the polymer-silica
hybrid by washing with THF. The residual solid was then treated with
hydrofluoric acid to isolate and analyze the surface-bound polymer."”

10.2.4 Surface-Initiated Conventional Radical
Polymerization of Styrene

A solution of styrene (25 g) was thoroughly degassed via three freeze—pump-
thaw cycles. The ACTA-modified silica (0.069 moleculesnm ™ according to
elemental analysis) was weighed in glass vials (0.5 g each) that were each
equipped with a magnetic stir bar. The monomer (4 mL) was mixed with the
silica in an argon-filled glove box. The vials were sealed with Teflon septa and
subsequently heated to 60 °C. The polymerizations were stopped by cooling the
reaction mixtures in ice water after distinct time periods. After evaporation of
the monomer, the polymer formed in solution was isolated by suspending a
small fraction of the solid mixture in THF. The suspension was filtered and the
obtained solution was subjected to SEC analysis. The remaining solid was
washed with dichloromethane in a Soxhlet apparatus for 12h to remove
residuals from the solution phase and to isolate the surface-bound polymer.

10.2.5 Surface-Initiated RAFT Polymerization of Styrene

A solution of CDB (73.5 mg, 0.27 mmol) in styrene (25.7 g) was thoroughly
degassed via three freeze—pump-thaw cycles. The ACTA-modified silica
(0.061 molecules:nm ™ according to elemental analysis) was weighed in glass
vials (0.4 g each) that were each equipped with a magnetic stir bar. The
monomer (4 mL) was mixed with the silica in an argon-filled glove box. The
vials were sealed with Teflon septa and subsequently heated to 60 °C. The
polymerizations were stopped by cooling the reaction mixtures in ice water
after distinct time periods. After evaporation of the monomer, the polymer
formed in solution was isolated by suspending a small fraction of the solid
mixture in THF. The suspension was filtered and the obtained solution was
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subjected to SEC analysis. The remaining solid was washed with dichloro-
methane in a Soxhlet apparatus for 12 h to remove residuals from the solution
phase and to isolate the surface-bound polymer.

10.2.6 Cleavage of Silica-Bound Polymer

The surface-bound polymer was detached by treatment of the silica-polymer
hybrids with hydrofluoric acid. In a typical run, the silica-polymer hybrid
(100 mg) was suspended in THF (5 mL) and a 40 wt.-% aqueous solution of
hydrogen fluoride (0.5 mL) was added. The mixture was stirred at RT for 3 h
and poured into an aluminum dish, in which the volatiles were allowed to
evaporate for at least two days. The recovered solid was dissolved in THF and
analyzed by SEC.

10.2.7 Synthesis of Silica-Filled Styrene-nBA
Copolymers

In a typical run, a solution of AIBN (57 mg, 0.35 mmol), respective silica
particles (0.2-0.5 g), and respective RAFT agent (4.5 mmol-L™") in styrene (8 g),
nBA (9.85 g), and toluene (25 g) was thoroughly degassed via three freeze-
pump-thaw cycles. A magnetic stir bar was added to the suspension and the
reaction mixture was subsequently heated to 60 °C. The polymerization was
stopped by removing the oil bath after approximately 40 h. The polymerization
solution was poured into a Teflon bowl for drying and characterizing the
obtained polymer.

10.2.8 Extraction of Pure Styrene—nBA Copolymers

After tensile analysis, the selected silica-filled copolymers were washed with
toluene in a Soxhlet apparatus for three days. Afterwards, the filtrate solution
was poured into a Teflon bowl, from which the tensile specimens were
prepared.

10.2.9 Synthesis of ABA Type tBA-AA Copolymers

In a typical experiment, a solution of AIBN (27.1 mg, 0.165 mmol) and DPTH
(677 mg, 1.39 mmol) in BA (15 g, 0.117 mol) and toluene (15 g) was degassed via
three freeze—pump-thaw cycles and channelled in an argon-filled glove box.
The mixture was then evenly portioned to glass vials that were sealed with
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Teflon septa and subsequently heated to 60 °C for distinct time periods.
Polymerizations were stopped by cooling the vials in ice water. Total monomer
conversions and MMDs were determined by gravimetry and SEC, respectively.
Afterwards, the poly(tBA) samples were used as macromolecular RAFT agents
for extension polymerizations to yield the ABA type copolymers. The
corresponding polymerization procedure was similar to the one for the inner
blocks described above. A typical reaction mixture consisted of AIBN (3.0 mg,
0.02 mmol) together with the respective macromolecular RAFT agent from the
first step, tBA (8.0 g, 62.4 mmol), AA (0.4 g, 5.6 mmol), and toluene (8.0 g).

10.2.10 Synthesis of Random MA—-AA Copolymers

In a typical run, a solution of AIBN (41 mg, 0.25 mmol) and DPTH (242 mg,
0.50 mmol) in MA (20 g), AA (2 g) and toluene (25 g) was thoroughly degassed
via three freeze-pump-thaw cycles. A magnetic stir bar was added to the
solution and the reaction mixture was subsequently heated to 60 °C. The
polymerization was stopped by removing the oil bath after approximately 4 h.
The polymerization solution was poured into a Teflon bowl for drying and
characterizing the obtained polymer.

10.2.11 Synthesis of the ABA Type MA-AA Copolymer

A solution of AIBN (75 mg, 0.46 mmol) and DPTH (535 mg, 1.1 mmol) in MA
(27.7 g) and toluene (25 g) was thoroughly degassed via three freeze-—pump-
thaw cycles. A magnetic stir bar was added to the solution and the reaction
mixture was subsequently heated to 60 °C. The polymerization was stopped by
removing the oil bath after approximately 5h and the polymer solution was
poured in a Teflon bowl. The obtained poly(MA) was dried for two weeks at
ambient pressure and for another two days in a vacuum oven at 60 °C.
Afterwards, it used as a macromolecular RAFT agent for the extension
polymerization to yield the ABA type copolymer. The corresponding
polymerization procedure was similar to the first step described above except
the reaction time, which was 3 h. The reaction mixture consisted of AIBN
(20 mg, 0.12 mmol), the macromolecular RAFT agent (4.92 g, 0.21 mmol), MA
(10 g, 0.12 mol), AA (1 g, 14 mmol), and toluene (14 g). After the reaction, the
polymerization solution was poured into a Teflon bowl for drying and
characterizing the obtained polymer.
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10.2.12 Sample Preparation for Tensile Analysis

The tensile specimens were obtained by the solution-casting method. A
solution of the polymer (~10 g) in toluene (~100 mL) was poured into a Teflon
bowl and the solvent was allowed to evaporate over a period of at least 10 days.
The polymer film was dried in a vacuum oven for two days at 23 °C and
subsequently annealed for 24 h at 120 °C under vacuum. Afterwards, the film
was allowed to cool to RT and separated from the Teflon bowl. Samples with
approximate dimensions of 50 mm x10 mm x1 mm were cut from the free-
standing film.

10.2.13 Sample Preparation for DMA

After the polymer synthesis, the samples were pressed into a cylindrical form
with a pressure of 1.25 kPa, which had a diameter of 6 mm and a height of 2-
6 mm. For this purpose, a self-designed holder of hardened steel was used. The
polymer cylinders were then transferred into an aluminum sample container
with a cap on top (Figure 10-1), which transferred the applied forces to the
samples. The sample container had a diameter and a height of 8 mm. The
sample was placed in the center of the container to avoid any contact with the
wall.

force

l

height ——

P YT
diameter

Figure 10-1. Aluminum container and cap for transferring the forces to the polymer samples in
DMA.

10.3 Instrumentation

10.3.1 Size-Exclusion Chromatography

MMDs were determined by means of SEC. For the MA-AA copolymers covered
in chapter 8, an SEC system that uses DMAc as the eluent was used. For all
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other polymers in this thesis, the MMDs were determined on an SEC setup that
uses THF as the eluent.

THF-SEC Setup

The SEC unit contained an autosampler (JASCO AS-2055Plus), a high-
performance liquid chromatography (HPLC) pump (Waters 515), a pre-column
(Polymer Standards Service (PSS) SDV, 8 x 50 mm, particle size: 5 pm), three
separation columns (PSS SDV, 8 x 300 mm, particles size: 5 pm, pore sizes: 10,
10° and 10° A), a refractive index detector (Waters 2410), and a UV detector
(Viscothek VE 3210 at 330 nm). The eluent THF was tempered at 35 °C and had a
flow rate of 1 mL-min"". The polymers were dissolved in THF at a concentration
of 3mg-mL™" together with traces of toluene as the internal standard. Data
acquisition and processing were carried out using the WinGPC 6.20 software
from PSS. The SEC setup was calibrated against polystyrene standards of low
polydispersity from PSS. MH parameters for poly(nBA), poly(BA) and
poly(MA) (Table 10-1) allowed access to absolute molar masses according to the
principles of universal calibration. For the styrene-nBA copolymers, the M_
values obtained from the polystyrene and poly(nBA) calibration were averaged.
In case of the BBA-AA copolymers, only the poly(fBA) calibration was applied.

Table 10-1. MH parameters used for obtaining absolute molar masses of the polymers covered
in this work.

Polymer K [mL-g ] a
polystyrene!®* 141107 0.700
poly(nBA)!™! 1.22:107%  0.700
poly(BA)Z! 434107 0.600
poly(MA)&! 1.68-10°  0.696

DMAc-SEC Setup

The Agilent 1260 Infinity SEC unit contained an autosampler, an HPLC pump, a
pre-column (PSS SDV, 8 x50 mm, particle size: 10 pm), three separation
columns (PSS SDV, 8 x 300 mm, particle size: 10 pm, pore sizes: 103, 10° and
30 A), a refractive index detector, and a UV detector (at 330 nm). The eluent
DMAc contained 0.1 wt.-% lithium bromide and had a flow rate of 0.8 mL-min""
at a temperature of 30 °C. The polymers were dissolved in DMAc at a
concentration of 3 mg'mLfl. Data acquisition and processing were carried out
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using the WinGPC Unity Build 9586 software from Polymer Standards Service
(PSS). The SEC setup was calibrated against polystyrene standards of low
polydispersity from PSS.

10.3.2 NMR Spectroscopy

NMR spectra were recorded on a Varian Unity 300 spectrometer at RT using
CDCl; as the solvent. The concentrations of the analytes were in the range of
30-60 gL ”". The residual proton signal of the deuterated solvent served as
internal standard for the "H-NMR spectra. The NMR data were processed with
the program MestReNova 6.2.1-7569 (MESTRELAB RESEARCH).

10.3.3 Elemental Analysis

All elemental analyses were performed at the analytical laboratory of the
Institute of Inorganic Chemistry in Géttingen.

Elemental analyses for carbon, hydrogen, nitrogen and sulfur (C, H, N, S) were
carried out on a Elementar Vario El Il elemental analyzer.

In case of the elemental analyses for silicon, the compound was ionized and
subsequently subjected to UV/Vis analysis on a PerkinElmer Lambda 2
spectrometer.

10.3.4 Thermogravimetric Analysis

TGA was carried out using a Netzsch STA 409 PC thermogravimetric analyzer
from RT to 600 °C at a rate of 10 K-min™' under a nitrogen atmosphere.

10.3.5 Scanning Electron Microscopy

SE micrographs were taken on a LEO SUPRA 35 electron microscope operated at
15 kV. The pressure inside the microscope was approximately 5-10~ mbar. Prior
to analysis, the silica-polymer hybrids were coated with a gold layer with a
thickness of a few nanometers to assure the discharges of the probes during
imaging.

10.3.6 Tensile Testing

Tensile measurements were performed on a Zwicki 2.5 kN Allround testing
machine (Zwick Roell) at 23 °C and ambient pressure. Specimens were drawn at
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a speed of 50 mm-min~' with an initial sample-grip distance of 15 mm. The
apparent stress was recorded against the elongation. The stress-strain data
were processed with the program testXpert® II, version 3.0 (Zwick Roell).

10.3.7 Dynamic Mechanical Analysis

The relaxation spectra were measured with a DMA 7 from PerkinElmer with a
static force of 500 mN, a dynamic force of 400 mN, a frequency of 5Hz and a
heating rate of 1 K-min™". The sample height and the phase angle were detected
via a linear variable differential transformer (LVDT). For determination of the
glass transition temperature, the onset of the sample height decrease in the
DMA measurements was used.

10.4 Simulations

The kinetic models of the surface-initiated RAFT polymerization, outlined in
subchapter 5.2.4 and illustrated in appendix A, were implemented into the
program package PREDICI®, version 6.4.8. The input data consist of the kinetic
parameters, the individual reaction steps, the initial values for the reaction
components and the reactor variables. The resulting system of differential
equations is integrated for a given reaction time by PREDICI". Among other
things, this program allows for the simulation of MMDs of macromolecules that
result from a polymerization reaction as well as the corresponding mean values
and the concentration profiles of the reagents.
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Appendices

A Kinetic Schemes for PREDICI®

A.1 Basic Scheme

Initiation on Surface

Initiator - 2°

"+ M N P* (1)
Pre-Equilibria

P°(s) + RAFT - Int* (s)

Int* (s) - P°(s) + RAFT
Int* (s) - polyRAFT(s) + R*
polyRAFT(s) + R* - Int* (s)

PL°(s) + RAFT - IntL* (s)

IntL* (s) N PL"(s) + RAFT
IntL " (s) - polyRAFTL(s) + R*
polyRAFTL(s) + R* - IntL* (s)

R®+ RAFT - IntRR*

IntRR* - R®+ RAFT

Initiation through the Leaving Group in Solution

R+ M N PL* (1)

Propagation in Solution

PL'(s) + M - PL" (s+1)

kd'f

e
o

=

=

ad,pre

x A
a

=

=

it
a

N
a.

=

p.rein
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Appendix A

Propagation on Surface

P°(s) + M

Main Equilibrium in Solution

%

PL°*(s) + polyRAFTL(r) —

IntLLA(s)
IntLLB(s)
IntLLA(s)
IntLLB(s)

il

P*(s+1)

IntLLA(s) + IntLLB(r)
PL"(s)

PL*(s)

polyRAFTL(s)
polyRAFTL(s)

Main Equilibrium between Solution and Surface

polyRAFT(s)
PL"(s)

P*(s)
polyRAFTL(s)
IntOLA(s)
IntOLAC(s)
IntOLB(s)
IntOLB(s)
IntOLC(s)
IntOLC(s)
IntOLD(s)
IntOLD(s)

Main Equilibrium on Surface

P*(s) + polyRAFT(r)
IntOOA(s)
IntOOB(s)
IntOOAC(s)
IntOOB(s)

Termination

PL*(s) + PL"(r)
P°(s) + P*(r)
PL"(s) + P*(r)
R*+R°

PL*(s) +R®
P°(s) +R*®

144

N R R 2 2 2R 20 20 2 R

N R

N A 2R

IntOLAC(s)
IntOLB(s)
IntOLC(s)
IntOLD(s)
polyRAFT(s)
P*(s)
polyRAFTL(s)
PL*(s)
polyRAFT(s)
P*(s)
polyRAFTL(s)
PL"*(s)

IntOOAC(s) + IntOOB(r)

P*(s)
P*(s)
polyRAFT(s)
polyRAFT(s)

PLLdead(s+r1)
POOdead(s+r)
POLdead(s+r)
RR
PLLdead(s)
POLdead(s)

" Cpr(s)

’ cpolyRAFT(s)
’ CpolyRAFTL(s)
" Cp(s)



Kinetic Schemes for PREDICI"

A.2 Extended Scheme for the IRT Model

Cross-Termination

PL"(s) + IntRR* - Dead(s) Ky cross
IntRR*+R* - Dead K cross

P°(s) + IntRR"® — Dead(s) Ky cross

Int®(s) + P*(r) - Dead(s+r) Kicross

Int*(s) + PL"(r) - Dead(s+r) ki cross

Int®(s) + R® - Dead(s) ki cross
IntL°(s) + P*(r) - Dead(s+r) Kicross
IntL"*(s) + PL"(r) — Dead(s+r) K cross
IntL°(s) + R® — Dead(s) Kecross
IntLLA(s) + R* — Dead(s) Vo K cross
IntLLA(s) - Dead(s) V2K cross " Cr
IntLLA(s) + PL*(r) - Dead(s+r) Yo K cross
IntLLA(s) - Dead(s) VoK, cross * Cpp ©
IntLLA(s) + P°(r) — Dead(s+r) VK, eross
IntLLA(s) - Dead(s) VoK, cross " Cpe
IntLLB(s) + R* - Dead(s) Y Ky cross
IntLLB(s) - Dead(s) V2K cross " Cr
IntLLB(s) + PL" (r) N Dead(s+r) Vs K cross
IntLLB(s) - Dead(s) VoK, cross * Cop ©
IntLLB(s) + P°(r) — Dead(s+r) Y2 K eross
IntLLB(s) - Dead(s) VoK, cross " Cpe
IntOLA(s) + R® — Dead(s) Y2 K eross
IntOLA(s) — Dead(s) 7K, cross " Cr
IntOLA(s) + PL* (r) - Dead(s+r) Y2 K eross
IntOLA(s) — Dead(s) VoK cross * Cope
IntOLA(s) + P*(r) - Dead(s+r) Yok cross
IntOLA(s) - Dead(s) VoK cross " Coe
IntOLB(s) + R* - Dead(s) Y Ky cross
IntOLB(s) — Dead(s) V2K, cross " Cx
IntOLB(s) + PL*(r)  — Dead(s+r) Vs K cross
IntOLB(s) - Dead(s) VoK, cross * Cpp ©
IntOLB(s) + P* (1) - Dead(s+r) Vo K cross
IntOLB(s) - Dead(s) VoK, cross " Cpe
IntOLC(s) + R* - Dead(s) 72 K cross
IntOLC(s) - Dead(s) 7K, cross " Cr
IntOLC(s) + PL* (r) - Dead(s+r) Vo K cross
IntOLC(s) - Dead(s) VoK, cross * Cpp ©
IntOLC(s) + P* () - Dead(s+1) VoK cross
IntOLC(s) — Dead(s) Yok, ross €

t,cross P*(r)
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IntOLD(s) + R*
IntOLD(s)
IntOLD(s) + PL"(r)
IntOLD(s)
IntOLD(s) + P*(r)
IntOLD(s)
IntOOA(s) + R*
IntOOA(s)
IntOOA(s) + PL* (r)
IntOOAC(s)
IntOOA(s) + P* (1)
IntOOA(s)
IntOOB(s) + R*
IntOOB(s)
IntOOB(s) + PL" (1)
IntOOB(s)
IntOOB(s) + P° (1)
IntOOB(s)
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Dead(s)
Dead(s)
Dead(s+r)
Dead(s)
Dead(s+r)
Dead(s)
Dead(s)
Dead(s)
Dead(s+r)
Dead(s)
Dead(s+r)
Dead(s)
Dead(s)
Dead(s)
Dead(s+r)
Dead(s)
Dead(s+r)
Dead(s)

1/1 kt,cross
%k
1/2 kt,cross
7k
1/2 kt,cross
7k
1/1 kt,cross
%k
1/2 kt,cross
7k
1/2 kt,cross
7k
1/1 kt,cross
%k
1/2 kt,cross
7k
1/2 kt,cross
7k

t,cross

t,cross

t,cross

t,cross

t,cross

t,cross

t,cross

t,cross

t,cross



B Glossary

AA
ACTA

AFM
AIBN
ATRP

ca.
cc
CDB
CSIRO

o
® ox

Dead
DPTH
AE
Aey
Ae,
AL
Aoy
Aoy
At
DMA

Mark-Houwink parameter

cross section area

acrylic acid
4,4’-azobis(4-cyano-N-(3"-triethoxysilylpropyl)-
valeric amide)

atomic force microscopy
2,2’-azo-bis-(iso-butyronitrile)

atom transfer radical polymerization

circa

chemical confinement

cumyl dithiobenzoate

Commonwealth Science & Industrial Research
Organization

concentration of species x

initial concentration of species x

phase angle, chemical shift

termination product formed by cross-termination
dimethyl-2,6-di(propyltrithiocarbonyl)heptanedioate
sample standard deviation of the tensile modulus
sample standard deviation of the elongation at break
sample standard deviation of the elongation at yield
deformation of a tensile specimen

sample standard deviation of the stress at break
sample standard deviation of the yield strength
sample standard deviation of the toughness
dynamic mechanical analysis
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Sty

f surface
polystyrene

G

Int
IntL

IntLLA, IntLLB

IntOLA, IntOLB
IntOLC, IntOLD
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N,N-dimethylacetamide
2,2-dimethoxy-2-phenylacetophenone

tensile modulus, Young’s modulus
complex modulus

strain, elongation

rate of strain

maximum amplitude of strain
strain at break

exempli gratia (for example)
electron paramagnetic resonance
strain in DMA

et alii, et alia (and others)
storage modulus

loss modulus

elongation at yield

initiator efficiency

force

molar AA content

molar styrene content

fraction of grafted polystyrene in composite after
removal of free polymer

giga (10”)

viscosity

intrinsic viscosity

high-performance liquid chromatography
hexyl(phenylethyl)trithiocarbonate
sample height

initial sample height

hertz [s7']

initiator

chain length, square root of -1

intermediate on surface in RAFT pre-equilibrium
intermediate in solution in RAFT pre-equilibrium

fictive RAFT intermediate species for main equiblibrium
in solution

fictive RAFT intermediate species for main equiblibrium
between surface and solution chains
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IntOOA, IntOOB

IntRR
IRT
TUPAC

N LQ\“

o

ad,1

=

ad,2
kad,OL

kad,OO

==

ad,pre

=

p.1> P2

. _g ?—Dn
=

=

p.rein

==

-

=

-
g}

x

t,cross

==

—

d

=

t,LL

x

t,OL

==

t,00

log
LVDT

fictive RAFT intermediate species for main equiblibrium
on surface

RAFT intermediate formed by R-group attack
intermediate radical termination

International Union of Pure and Applied Chemistry

chains length
coupling constant

Mark-Houwink parameter

addition rate coefficient for RAFT main equilibrium
rate coefficient for addition of macroradical to RAFT
agent

rate coefficient for addition of R-group radical to
macromolecular RAFT agent

addition rate coefficient for RAFT main equilibrium
between surface and solution

addition rate coefficient for RAFT main equilibrium on
surface

addition rate coefficient for RAFT pre-equilibrium
fragmentation rate coefficient of RAFT intermediate
fragmentation rate coefficient of RAFT intermediate in
pre-equilibrium

initiator decomposition rate coefficient

effective initiator decomposition rate coefficient
equilibrium constant for RAFT main equilibrium
initiation rate coefficient

propagation rate coefficient

propagation rate coefficient for initiation step
propagation rate coefficient for reinitiation step
termination rate coefficient

termination rate coefficient for combination
cross-termination rate coefficient

termination rate coefficient for disproportionation
termination rate coefficient in solution

termination rate coefficient between solution and surface
termination rate coefficient on surface

chain length at first inflection point in PLP-SEC, initial
length of specimen in tensile testing

logarithm to base 10

linear variable differential transformer
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nBA

NMP
NMR

P

Pa

PDI

PL
PLLdead
PLP

Pﬂ
POLdead

poly(x)
polyRAFT
polyRAFTL
POOdead

ppm
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milli (107)

mass, chain length

monomer, mega (10°)

molar mass

micro (10°°)

methyl acrylate

methacrylic acid

mid-chain radical

Mark-Houwink

molar mass of macromolecule with chain length i
molar mass of monomer

molar-mass distribution
number-average molar mass
number-average molar mass in solution
number-average molar mass on surface
theoretical number-average molar mass
molar mass of RAFT agent

relative mass

weight-average molar mass

nano (10~°)

normal, chain length

number of absorbed photons

n-butyl acrylate

number of macromolecules with chain length i
nitroxide-mediated polymerization

nuclear magnetic resonance

polymer radical

pascal

polydispersity index

polymer radical in solution

dead polymer in solution

pulsed-laser polymerization
number-average degree of polymerization

dead polymer formed by termination between free and

grafted macroradicals

polymer of monomer x

macromolecular RAFT agent on surface
macromolecular RAFT agent in solution
dead polymer on surface

parts per million
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PREDICI”

PSS
PTPT

RAFT
RI

RR
RT

TEM
TGA
THF

Polyreaction Distributions by Countable System
Integration

Polymer Standards Service
propyl-((trimethoxysilyl)ethylphenylmethyl)-
trithiocarbonate

R-group, radical

reversible addition-fragmentation chain transfer
refractive index

overall rate of polymerization

product formed by termination of two R-group radicals
room temperature

second

stress

maximum amplitude of stress
stress at break

size-exclusion chromatography
scanning electron microscopy
silica

secondary propagating radical
stimulated emission depletion microscopy
styrene

stress in DMA

yield strength

temperature

time

toughness

tert-butyl acrylate

tertiary

dark time period

glass transition temperature
transmission electron microscopy
thermogravimetric analysis
tetrahydrofurane

ultraviolet
hydrodynamic volume

weight fraction of macromolecule with chain length i
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Wsio, weight fraction of silica

) primary quantum yield

X, amount fraction of macromolecule with chain length i
Xy total monomer conversion

Z Z-group

1) frequency
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