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ABSTRACT

Polyorganosilanes are an emerging class II hybrid material potentially enabling the preparation
of new materials with novel functionalities. Although some pertinent intriguing materials and
applications have been investigated, to date, the preparation of polyorganosilane-based micro
and nanofibers has not been reported. Therefore, the present thesis deals with the investigation
of poly(vinylmethyldimethoxysilane) as a novel precursor for the preparation of fibers
via electrospinning.

Free-radical bulk polymerization of vinylmethyldimethoxysilane was performed
in order to obtain polymeric products of various molecular weights. The degree
of polymerization was studied with respect to the radical starter concentration by dynamic light
scattering and nuclear magnetic resonance spectroscopy experiments. Investigations of the
ability to form fibers by electrospinning from solutions of the synthetized polymers were
conducted with special emphasis on the properties of the used polymeric product and the
spinning solution.

Results showed that the studied polymer is in principle suitable for the preparation
of fibers. However, only fragments of fibers were obtained by electrospinning of the polymers
using methanol as a solvent. Further investigations, employing a sol-gel processing approach
in order to enhance the number of polymer chain entanglements and thus increase spinnability,
were conducted. It was found that the stage of gelation was crucial and the sol-gel process was
investigated towards several parameters such as gelation time with respect to pH and water
content. Again, fiber fragments could be obtained using optimized sol-gel processing
parameters. Finally, a strategy utilizing a carrier polymer successfully yielded
polyorganosilane-based fibers and the resulting fiber morphology was correlated to the

employed process parameters.
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ABSTRAKT

Polyorganosilany spadaji do skupiny hybridnich materialt tfidy 11, které nabizeji nové moznosti
zkoumany a stejné tak 1 jejich aplikace, nebyly doposud vlakna na zakladé polyorganosilanu
v mikro a nano rozméru popsany coz bylo motivaci pro tuto praci. Predkladana diplomova
prace se zabyva podrobnym zkoumanim poly(vinylmethyldimethoxysilanu) jako mozného
prekurzoru pro elektrostatické zvlaknovani.

Za ucelem pfipravy polymeru na bazi vinylmethylsilanu byla provedena radikalova
polymerace a podminky reakce byly modifikovany se zamérem zmény molekulové hmotnosti
ziskaného polymeru. Stupefi polymerace byl upravovan na zakladé zmény koncentrace
iniciatoru a byl stanovovan dynamickym rozptylem svétla v roztoku polymeru
a spektroskopickou metodou nuklearni magnetické rezonance. Elektrostatické zvlakiiovani je
velkou mérou spojeno s vlastnostmi roztoku a diraz byl proto kladen prave na zjisténi téchto
vlastnosti.

Na zakladé experimenti bylo zji§téno, ze syntetizovany polymer je na piipravu vlaken
vhodny. Nicméné€ byly ziskany 1 fragmenty vlaken a to s vyuzitim polymeru v roztoku
methanolu. Pfedpokladem zvlakniovani je dostatek propojeni mezi polymernimi fetézci. Tento
pristup byl studovan se zapojenim sol-gel postupu a bylo zjisténo, ze faze sol-gel procesu je
velmi vyznamna s ohledem na tvorbu vladken. DalSim vyuzitym postupem pro ziskani vlaken
bylo za¢lenéni dalsiho polymeru do smési jako nosice a timto postupem byla ziskana vlakna

s riznym prameérem.
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Elektrostatické zvlaknovani, vlakna, polyvinylsiloxan, radikalova polymerizace, sol-gel proces.
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1 INTRODUCTION

Organic-inorganic hybrid materials are an interesting field of research and development as
modern challenges and opportunities can be met by their emerging, novel properties and
capabilities in various applications. There is a permanent demand to research and explore new
structures and materials which possess additional properties that currently available materials
are lacking. These ideas make such hybrid materials very attractive for an in-depth study of the
system behavior. The structure is changed on a molecular level, and consequently materials
properties can be tuned easily based on the composition.

Over the past few years, technological progress has increased and novel techniques for
materials preparation have been developed and utilized in the industry as well. One of those
methods is electrospinning for the preparation of fibers on the scale of micrometers down to
tens of nanometers. This method has been known since the late 19" century but has received
notable attention only recently and is becoming a viable technique for specialized applications.
Nowadays, the electrospinning method is appreciated for its simplicity and versatility while
techniques to improve yields are sought with appreciable effort. Electrospun fibers have found
use in various sectors such as electronics, energy storage and conversion, environmental,
catalysis, electronics, biomaterials and biomedical applications. [1] [2]

Organic-inorganic hybrid materials based on carbon-silicon networks are a novel class
of materials which are intensively studied. These materials are investigated based on manifold
chemical compositions and for a huge variety of different purposes. [3] However,
electrospinning of such carbon-silicon materials has been rarely studied. [4] In principle and as
a major advantage, the chemical variety of such hybrid structures allows for processing via
various chemical reactions offering plenty of options. For example, sol-gel processing can be
employed due to pendant reactive alkoxy groups, triethoxyphenylsilane is one example of that

organic-inorganic hybrid material suitable for sol-gel processing and further electrospinning.

[5]

1.1 Organic-inorganic hybrid materials

Organic-inorganic hybrid materials can provide unique and emerging properties that
conventional materials and composites cannot. The phase behavior and interphase connectivity
on the molecular level exert a dominant influence on the final properties. One of the present
challenges is the synthesis of hybrid class II materials. This class is based on the combination
of organic and inorganic components in a covalent rather than physical manner. Hybrid
polymers represent a subclass and are based on inorganic building blocks and organic polymer

segments covalently connected together. [6]
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Figure 1: Representation of hybrid class II materials. Polymer forms covalent bonds between metal
alkoxides such as silica, titania or zirconia via coupling agent or without if the polymer has pendant
hydrolysable groups capable to form covalent bonds between the alkoxides. [7]

It is instructive to consider the structure of covalent co-networks of silica and organic
polymers as an example of organic-inorganic hybrid material. Polymer chains are embedded in
a continuous network of inorganic silica particles crosslinked by covalent bonds.
Sol-gel processing in the presence of a coupling silane ((RO)3Si-R”) with R = methyl or ethyl
and R’ an organic functionality) can be employed to form such a co-network of silica and
polymer. [6] A schematic representation of such a hybrid class II material is depicted in
Figure 1; participating species undergo chemical reaction in order to form covalent bonds.
For instance, compounds such as alkoxysilane-functionalized polymers can be transformed into
a sol which contains pendant hydrolysable alkoxy groups serving as precursors capable of
performing co-condensation and thus sol-gel processing. The transformation from sol to gel
occurs and a three-dimensional (3D) network is formed. [8]

One of the advantages of hybrid organic-inorganic materials is the possibility to employ
soft chemistry routes such as polymerization of alkoxide groups, encapsulation, templating and

self-assembly approaches. [7] [9]

1.1.1 Alkoxysilanes
Many alkoxysilanes have been investigated in order to create organic-inorganic hybrid
materials for various purposes and some were also examined towards their application in

electrospinning. [5] [10] Alkoxy groups are capable to undergo hydrolysis and further
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condensation reaction under appropriate conditions which makes alkoxysilanes the most
prominent precursors for sol-gel processing. [11] These processes are described at length in
Chapter 1.3. The condensation reaction leads to the formation of an interconnected 3D network
that is filled with solvent. This network is also called a gel. [7] Some alkoxysilane precursors
are carry functionalities that are capable —besides the hydrolysis and condensation reactions of
the alkoxy moieties, to undergo polymerization reactions simultaneously under certain
conditions. For instance, 3-glycidoxypropyltrimethoxysilane is capable of epoxy ring-opening
polymerization while the alkoxygroups can undergo hydrolysis and condensation to form
siloxane bridges. The organic polymer network is generated simultaneously with the formation
of inorganic network. [12]

1.1.2 Polyorgano-silanes

Polymeric precursors of an organo-silicon nature (silicones or silsesquioxanes) have been
recently studied regarding potential novel properties which can be obtained by thus prepared
materials. As an example of that novel material is poly(methacryloxypropyltrimethoxysilane)
which was used for gel preparation [8]. Although a vast array of different fibers has been already
produced comprising organic polymers and polymer blends, there are few studies
demonstrating electrospun fibers made from polyorganosilanes. The advantage of
polyorganosilanes is the (pre)polymer structure representing a generally interesting feature. In
terms of fiber formation by electrospinning the possibility of chain entanglements will have an
impact on the spinnability of such polymer solutions. On the other hand, the nature of the
polymer species with pendant alkoxygroups capable to undergo hydrolysis and condensation
reactions can be used to obtain branched molecular structures from the linear chains. Of course,
sol-gel processing can be engaged as well with the alkoxysilanes present on the chain and the

functionalization of the chains or the network via this chemistry is accessible as well. [1] [4]

1.2 Free-radical polymerization

Polymerization is a process in which macromolecules are formed in a chemical reaction
converting smaller units, typically monomers, into larger structures such as linear or branched
chains, dendritic molecules or networks. If only one type of monomer is participating in the
polymerization reaction, a homopolymer is formed where the monomer is representing the
smallest molecular segment (repeating unit) in the macromolecule. The free-radical
polymerization (FRP) is a chain growth polymerization in which the radicals represent the
kinetic-chain carriers. Chain polymerization is characteristic for the reaction between monomer
and active sites on the polymer chain resulting in a polymer chain. The growing chain is bearing
an unpaired electron on one end. Reactive sites are regenerated at the end of each growth step.
[13]
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1.2.1 Reaction mechanism
The free-radical polymerization consists of three main steps:

The first step is the initiation reaction in which the radicals are formed. Addition of the
initiator radical to one monomer occurs and as a result, the monomer is transformed into an
active chain end while the initiator is added as the inactive chain end.

The second step is a propagation reaction where the chain is growing on the end which
is bearing the radical. The propagation reaction proceeds by the radical attacking another
monomer which is added, in turn, becoming the active chain end. Thus, successive addition of
available monomers to the active macromolecular radicals at one end leads to a gradual chain
elongation.

The third step is termination. The polymerization process is eventually slowed down
and finished as no more additions of monomers are occurring. Termination reactions lead to the
formation of unreactive stable compounds that cannot be activated by radicals again. For
example, two radicals can react to form a covalent bond combining the two active species into
an inactive combination of both. This process can occur between two active chains or one active
chain and an active initiator. The latter type of termination is characteristic for highly
concentrated initiator reactions or high viscosity polymerization solutions due to diffusion
limits. The other possibility is termination by disproportionation reaction where one radical is
transferred from one active molecule to the other, for instance by formal transfer of an elemental
hydrogen. The result of this reaction is one unsaturated polymer chain which lost a hydrogen

and a saturated polymer chain which accepted the hydrogen. [14]

1.2.2 Kinetics

The chain growth polymerization can proceed by two different types, either chain-growth or
step-growth as is depicted in Figure 2. Conversion represents the fraction of monomer
transformed into the polymer.

Chain-growth is characterized by a rapid increase in molecular weight at low degree of
conversion, followed by an increasingly weak correlation to the degree of conversion. In the
chain-growth polymerization, an active initiator is represented by a free-radical which can react
with the functional group of a monomer typically a double or triple C-C bond. An active
monomer then initiates a chain-reaction; in other words, the process proceeds with the addition
of another monomeric unit to the activated monomer which, in turn, becomes the active site of
the growing chain. Every active polymer chain has a defined lifetime before its growth is
stopped by one or another termination event. A high number of active monomers is generated
at roughly the same time at the start of the process and therefore rapid conversion of monomers
into the polymer occurs. This is a reason for the high average molecular weight formation from
the beginning of the polymerization reaction. The process of monomer addition is repeated,

hence the propagation reaction is ongoing until all the monomer is depleted whereas the average
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lifetime of the active chain largely determines the obtained average molecular weight. Chain-
growth polymerizations are characteristic for short reaction times and low initiation
temperatures. [14]

Step-growth polymerizations, on the other hand, are characteristic for a high
dependence of molecular weight on the degree of conversion. As a result of the reactivity of the
monomers, high molecular weight molecules are formed only at very high degrees of
conversion. Monomer is available only at the beginning of the process and each individual
molecule can undergo a polymerization reaction. Thus, step by step dimers, trimers, later
oligomers are formed which can each react with another molecule to form a higher molecular
weight product. As the reaction proceeds, the system gradually changes from monomers, to
small oligomers and at high degrees of conversion longer and longer chains react to form even
longer macromolecular products. The step-growth type polymerization is characteristic for long
reaction times and high initiation temperatures. [14]

Chain growth

Molecular weight

Step growth

0.0 0.2 0.4 0.6 0.8 1.0
Conversion (p)

Figure 2: Dependence of molecular weight on the conversion with two dissimilar types of
polymerization, either chain-growth or step-growth polymerization [15].
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Figure 3: Dependence of the polymerization rate (circles) and molecular weight (squares) on the
temperature. [14]

The rate of the polymerization is governed by the consumption of monomer. Initiator
concentration and monomer concentration influence the overall rate of the free-radical
polymerization. Increase of the initiator has an impact on increase of the polymerization rate.
On the other hand, the polymerization temperature plays a major in resulting degree of
polymerization and the reaction rate. Figure 3 shows dependence of rate of polymerization as
well as the degree of polymerization on the temperature. As the temperature increases, the rate
of the polymerization reaction increases but the degree of polymerization, represented by the

weight-average molecular weight (M), decreases. [14]

1.2.3 Initiators

Radical polymerization is dependent on the formation of free-radicals which activate the
monomer in the initiation step. Initiators decompose and form radicals under certain conditions.
There are three major types of initiators dependent on the conditions necessary to induce
initiator decomposition: thermal decomposition initiators such as peroxides and azo
compounds, redox initiators and photoinitiators. [ 14] The thermal initiators will be discussed in

more detail because they were utilized throughout this work.

14



Thermal initiators undergo homolytic dissociation above a certain temperature and
generate radicals. The temperature employed for the decomposition influences the rate of
radical formation while the initiator half-life is a parameter useful for the prediction of the

dependence of reaction rate on the temperature. [14][16]

1.2.4 Bulk polymerization

Bulk polymerization is a polymerization technique and is characterized by its relative simplicity
when employed at the laboratory scale while significant challenges are faced in the processes
conducted at pilot or industrial scale. The polymerization is carried out in the presence of only
monomer and initiator. Hence, it is a solvent-free reaction without any added contaminants
usually yielding very pure product. However, the polymerizing product gets increasingly
viscous during the synthesis which is reported as a disadvantage in the literature. One reason is
the associated difficulty to control the temperature due to the exothermic nature of the
polymerization reaction. Additionally, homogeneous mixing throughout the process is

increasingly difficult due to the rising viscosity. [14]

1.3 Sol-gel processing

Sol-gel processing includes a transition between sol and gel. The sol is defined as a colloidal
suspension of solid particles in a liquid and gel is a 3D network of these solid particles enclosing
the liquid. The characteristic of the gel transition is an increase of viscosity due to formation of
a 3D network, which enhances connections through the material. The most important chemical
reactions during sol-gel processing are depicted in Figure 4. Formation of the gel is
accomplished by concurrently occurring hydrolysis and condensation reactions. Metal and
semimetal centers carrying alkoxy groups are in principle capable of these reactions, e.g. metal
organic compounds such as tetraethylorthosilicate (TEOS) or the silsesquioxane hybrid
materials as well. Here, it is instructive to consider the well-understood example of
alkoxysilanes. The first step is the hydrolysis reaction where the alkoxy-silicon bond is cleaved
by addition of water giving appropriate hydroxyls on the silicon as well as the released organic
alcohol. In the second step, condensation reactions take place either between a hydroxyl and an
alkoxy group or between two hydroxyl groups releasing either water or the appropriate alcohol.
As a result siloxane bonds are formed between the two participating silane molecules. The
alkoxy groups are consumed and later depleted for any other reaction, thus the system loses
possibility for a second stage functionalization. E.g. postmodification of any materials resulting

from sol-gel processing is not possible by further reactions of alkoxygroups. [17]
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STEP 1: Hydrolysis
OR OR
H+
RO——Si——0OR + H,0 —» RO——Si——OH + ROH

OR OR

STEP 2a: Condensation with formation of water

OR OR OR OR

R A R
Si OH HO——Si——0R —» RO Si 0 Si OR + H,0

OR OR OR OR
STEP 2b: Condensation with formation of alcohol

OR OR OR OR

| H | |
RO——Si——OH + RO——si—OR —» RO Si o] Si OR + ROH

OR OR OR OR

Figure 4: Sol-gel chemical reactions leading from sol to gel formation. Step 1: hydrolysis reaction of
an alkoxysilane where R stands for an organic moiety of an alkoxy groups. Step 2a: Condensation
reaction between two silanols. Step 2b: Another possible condensation route between a silanol group
and a pendant alkoxygroup of a molecule in vicinity. [7]

The hydrolysis reaction is a nucleophilic substitution reaction of the alkoxygroup by
a hydroxyl group. Water attacks the silicon atom and makes the silicon positively charged.
Proton transfer occurs and generates an alcohol group as a better leaving group. Sol-gel
processing leads to formation of cluster which are bonded to each other and form 3D polymeric
networks so called gels. [18]

Catalysts can be utilized in the sol-gel processing in order to facilitate the hydrolysis
and condensation reactions. Both are dependent on the pH of the surrounding environment as
depicted in Figure 5. Therefore, acids or bases can be employed as catalysts. Between

hydrolysis and condensation reactions competitive effects have to be considered.
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Figure 5: Dependence of hydrolysis and condensation rates upon the pH. The resulting structures of
the 3D network are shown on the right side. The displayed curves represent the reactions of Si(OR)4 as
metal alkoxide precursor. The graphics was adopted from [17].

Under acidic conditions hydrolysis is faster than the condensation reaction, the latter
one thus being the rate-determining step. First, the silanol is protonated fast and silicon becomes
consequently more electrophilic and susceptible to attack by nucleophiles such as water or
silanols. Protonated silanols preferentially condense with the least acidic silanol, which results
in the formation of less branched clusters in an acidic medium. Therefore, the formed 3D
network consists of more linear structures with a lower crosslinking density within the formed
structures.

Under basic conditions, the hydrolysis is typically less favored and the condensation
reaction is predominant, making hydrolysis the rate determining step. The condensation
reaction under basic conditions rises to its maximum in relation to the simultaneous hydrolysis,
as is depicted in Figure 5. The condensation begins with deprotonated silanols which
preferentially attack the more acidic silanol groups. As a result, highly branched clusters are
formed leading to larger particles in comparison to the acidic conditions. These clusters grow
mainly by condensation reaction of hydrolyzed monomers. [17-19]

The kinetics of the sol-gel processes depend on more than one parameter: hydrolysis
and condensation reactions are influenced by water/Si ratio, catalyst, and the nature of the
silane. Temperature, pH, solvent, ionic strength, and silane/solvent ratio have an impact as well.
Resulting gels can have either colloidal particle-like structure or are formed from sub colloidal

chemical units forming a polymeric network. [19]
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1.4 Electrospinning

The electrospinning method is based on the electrostatic attraction within the subjected solution
and overcoming the capillary forces of a liquid during the electrospinning process. This process
was first described in the 17® century and was further investigated on the basis of fluid droplet
behavior in capillaries. Later on, these investigations were brought to the attention of Charles
Vernon Boys who was the first to prepare fibers via the electrospinning technique
in the 19" century. [2] Nowadays, the electrospinning process, also called electrostatic
spinning, is well-studied, reasonably well understood and an established technique for industrial
production of fibers of many kinds of materials including inorganic compounds such as metals,
metal oxides (SiO2, TiO2, AlQOs), synthetic polymers (Nylon-6, poly(acrylonitrile),
poly(propylene),  poly(styrene), poly(vinylchloride), poly(vinylpyrrolidone) (PVP),
poly(dimethylsilane)), biodegradable materials such as polylactic acid, but also natural
polymers such as collagen, hyaluronic acid. [1] The technique provides a simple and versatile
means to prepare continuous fibers with diameters ranging from the micrometer down to the
low nanometer range. Many of current application such as filters, sensors, catalyst, biomedical
materials were investigated in terms of electrospun fibers and an overview of studied sectors is
depicted in Figure 6. [20] [21]
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Figure 6: Overview of possible applications of electrospun fibers within various sectors. [21]
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1.4.1 Principle of electrospinning

The fundamental principle of the electrospinning technique is entirely physical. Fibers are
formed due to the presence of an electrical field between two electrodes where the solution is
essentially drawn in the form of an elongated stream from one to the other. [1] The
electrospinning device includes a high-voltage power supply, a syringe pump, a spinneret
represented by needles in many cases and a conductive collector. The power supply can either
provide direct (DC) or alternating current (AC). The technique is based on application of a high
voltage to a capillary filled with the solution and collecting the fibers on the grounded collector
in a certain distance from the capillary. [2] During the electrospinning procedure, the liquid is
fed through the spinneret at a constant feed rate by the syringe pump. Electrospun fibers of
different diameters as well as various morphologies can be produced depending on the process
conditions such as the voltage, flow rate, diameter of spinneret and tip to collector distance. [1]

The procedure of fiber formation in detail is as follows: the liquid is extruded from the
tip of needle where the liquid forms a droplet. Since the liquid is exposed to an electric field,
charges within the liquid experience a force, accumulate at the droplet surface and the droplet
is deformed into a so-called Taylor cone. The electrostatic force exerted on the fluid overcomes
the surface tension and fluid is ejected towards the nearest point of the opposing electrode,
which is the grounded collector. The fluid stream migrating toward the collector due to
electrical field effectively closes the circuit and, given appropriate conditions are met, the liquid
exits the droplet in the form of a continuous stream. The liquid jet then quickly evaporates
during flight due to the high surface to volume ratio. However, if the liquid was carrying
a polymer, solid fibers (more or less dry) are obtained, which form a non-woven mat on the
target surface. A scheme of these events and the electrospinning process is depicted
in Figure 7.

Electrospinning begins with droplets changing into a Taylor cone and a jet which is
ejected towards a collector. The conical shape of the jet can be maintained as long as a sufficient
amount of the liquid is constantly provided to replace the ejected amount during the
electrospinning process. [1]

The droplet shape changes into a Taylor cone upon application of the high voltage when the
electric field overcomes a critical value of the electrical forces beyond the surface tension of
the droplet. The jet is subjected to drag forces such as electrostatic force, drag force, gravity,
Coulombic repulsion, surface tension, viscoelastic forces, which compete with the electrical
force necessary for the fluid stream formation. When the fluid stream is ejected by the
electrostatic force from the tip of needle towards the collector, a drag force is introduced as
aresult of the jet and surrounding air interaction. Expansion of the droplet is ascribed to
Coulombic forces and contraction is attributed to a surface tension and viscoelastic forces.
An applied electric potential resulting in an electric field influences the electrostatic and

Coulombic repulsion forces observed during the process. [22]

19



Syringe

Polymer solution Taylor cone

Spinneret

Liquid jet

-

High voltage
power supply

B _ " Collector

Figure 7: Scheme of the electrospinning process. The usual set-up consists of syringe with an
electrospinning solution (such as polymer solution) which is fed through the spinneret. Upon applying
of the high voltage to the spinneret, the Taylor cone is formed. Charges accumulate on the surface of
the Taylor cone as well as along the liquid jet which is drawn to the grounded collector. [22]

The electrically charged jet is ejected and accelerated by the electric field to the
collector. Several models can be used to describe the jet during electrospinning process, such
as a straight string of connected and viscoelastic dumbbells or the other model describes a long
and slender stream. In a general procedure, the driven jet can be described as follows: At the
beginning, the tapered jet follows a straight line for a certain distance from the tip of the
spinneret. This distance is called the near-field region. The Rayleigh instability can cause
a break of the jet and therefore the viscoelastic properties of the solution have to suppress this
phenomenon. The surface charges align along the jet and generate a flowing current. [1] Then,
the helical path is formed as a result of bending instability and the distance is called far-field.
Repulsive forces along the jet cause repulsions of the jet segments and effect these segments to
force upward and outward from the straight segment. [23] Bead-like fibers can be formed if the
density of charges carried on the jet is reduced and therefore the capillary instability can cause
a disruption into droplets leading to the formation of beaded fibers. During the elongation, the
jet is getting thinner in diameter and solvent evaporates so the fiber is getting less flexible. It
results in a change of the volume and viscoelasticity of the jet during the electrospinning until
the fiber solidifies and hits the collector. As a last step, fibers are deposited on the grounded

collector and a nonwoven mat of fibers is created. [1]
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The charges stay on the surface of the dried fibers until the fibers are deposited on the
grounded collector. However, many deposited materials show a low conductivity and

measurable amounts of residual charges still remain on the fiber surface. [1]

1.4.2 Processing conditions

The electrospinning process can be generally controlled by changing the electrospinning setting
and solution parameters, which have profound impact on the ability to form fibers in the first
place and also the structure of electrospun fibers. Furthermore, the fiber formation is affected
by processing parameters such as the applied voltage and the feed rate of the solution. Setup
parameters such as spinneret to collector distance and spinneret inner diameter have an impact
on fiber formation as well. Ambient parameters such as temperature, humidity and air velocity
in the processing chamber also play an important role. As mentioned above, solution parameters
are another important feature since the composition of the solution and its physical properties
affect the fibers. [24]

A successful formation of fibers originates from adjusting process and system (solution)
parameters in just the right way. It is necessary to optimize all the processing parameters in
order to achieve stable fiber formation and control of the electrospinning process. For example,
the applied voltage determines the amount of charges on the surface of the droplet and later on
the jet. [1] The distance of spinneret and collector mainly affects the morphology of the
electrospun fibers so that a beaded fiber structure is, for instance, mainly caused by high voltage
and distance to the collector. [24]

In some cases, the jet is interrupted resulting in the formation of fine droplets which
repel each other due to electrostatic effects. The transition between this phenomenon called
electrospraying and electrospinning of continuous fibers is mainly governed by the properties
of the liquid such as viscosity and viscoelasticity, surface tension and ionic conductivity and
proceeds via a combination of both, resulting in so called beaded fibers. Another parameter that
is vital for the process is related to the nature of the polymer and its concentration is the average
number of entanglements with neighboring macromolecules per polymer chain [22]. Although
not desirable in terms of fiber formation, electrospraying is used by ion mass spectroscopy for
the electrostatic atomization of liquids. Another application of electrospraying is the preparation
of particles for various applications such as biomedical, size particle fabrication

or photovoltaics. [25]

21



2 IMPORTANT CONCEPTS

Organic-inorganic hybrid materials have recently entered the research field of electrospinning.
Various materials have been tested for fiber preparation via electrospinning based on hybrid
polymers as well as the sol-gel process. [1, 5, 10] Generally speaking, polyorgano-silanes as
promising materials for various uses have been mainly applied for the preparation of aerogels
with unparalleled functionality. [3] Since the present work aims to combine these two concepts,
the following chapter introduces some of the latest research done in those fields as well as some
important basic concepts used throughout the thesis.

2.1 Radical polymerization of organo-silanes

Polyorganosilanes are organic-inorganic materials which consist of a carbon based polymer
backbone with pendant inorganic side groups comprising silicon. [13] The side group is an
alkoxysilane group which can undergo hydrolysis and condensation reactions under certain
conditions. [26]

Free-radical bulk polymerization with the use of a thermal initiator is one of the recent
approaches in terms of obtaining polyorgano-silanes polymerized via a vinyl group.
Kanamori et al. studied this polymerization in order to achieve polymers of various molecular
weights for further aerogel preparation. Di-ferz-butyl peroxide (DTBP) was utilized as a thermal
initiator. Several different vinylalkoxysilane monomers were studied: specifically
vinylmethyldimethoxysilane (VMDMS), vinyldimethylmethoxysilane, vinyltrimethoxysilane,
vinyltriethoxysilane, allyltrimethoxysilane, allyltriethoxysilane, allylmethyldimethoxysilane.
[27] [28] According to the M, analyzed by size-exclusion chromatography (SEC) for the
reported poly(vinylmethyldimethoxysilane) (PVMDMS), the size is almost constant with

polymerization time and increases with initiator concentration as shown in Table 1.

Table 1: Kanamori PVMDMS results for M,, regarding to initiator concentration and polymerization
time dependence. Adopted from the literature [29].

DTBP Polymerization time M,, Conversion
[mol.%] [hr] [g/mol] [%]

1 24 5358 91

1 48 5356 95

1 72 6 038 99

5 48 8 998 99
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Table 2: Half-life of the DTBP upon various decomposition temperatures [14].

Temperature Half-life
[°C] [hr]
100 218.0
115 34.0
130 6.4
145 1.4

Table 2 shows the dependence of DTBP half-life with respect to temperature. According
to the literature, the decomposition temperatures of DTBP usually employed are in the range
of 120-140 °C in order to achieve an optimum polymerization temperature and radical
formation efficiency. However, it is important to consider that the half-life of DTBP is changing
with the decomposition temperature and therefore has an impact on the polymerization rate.
[14]

The polymerization of vinylalkoxysilanes is obviously not common and has therefore
not been well examined until now. The mechanism of the free-radical polymerization of
vinylalkoxysilanes has not been fully elaborated in terms of experimental data. However, some
studies of chain transfer with monomer and polymer in a bulk FRP have been reported in the
literature. [30]

2.2 Electrospinning of hybrid materials

Organic-inorganic materials such as organosilanes have already been investigated for the
formation of functional fibers and the procedure included sol-gel processing in order to achieve
polymeric structures by reaction of alkoxysilane groups. Hence, the spinnability was increased
by the formation of polymerized networks in the material prior to electrospinning. Solution
properties had to be carefully adjusted for successful fiber formation applying electrospinning.
[10] [5] However, a possibly superior approach is to employ an already formed polymeric
structure, e.g. polyorganosilanes achieved by polymerization, with inherent spinnability to keep

the side groups available for further reactions and post-spinning modifications.

2.2.1 Electrospun alkoxysilanes

Alkoxysilanes have been intensively studied in terms of electrospinning and it has always
involved the sol-gel processing to obtain an interconnected structure. Electrospun fibers consist
of either nanoparticles merged together resulting in rugged or thin fibers. [31] [32]
Hydrolysable species can be employed as coupling agents to covalently connect the inorganic
parts of the network with organic molecules resulting in the formation of an interconnected

network. The interface between the organic and inorganic parts is created as a consequence of
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these reactions. Various inorganic species such as alkoxysilanes and other metal alkoxide
materials such as silica, alumina, titania, vanadia can be connected with organic polymers via
the sol-gel processing approach outlined above. [7] [33] As an example, silica particles can
form a 3D network by interconnecting silane coupling agents. [34] [31]

TEOS as an alkoxysilane precursor has been the best investigated precursor for sol-gel
based materials to produce fibers by the electrospinning process. Geltmeyer et al. studied the
effects on the electrospinning process in terms of the sol viscosity, concentration of the
precursor and the degree of crosslinking, as well as the size of the resulting colloidal particles.
They reported that there is a viscosity dependence on the other three parameters. Thus, the
stability of the jet formation, the droplet and bead-like structure formation and the diameter of
the electrospun fibers can be tuned by change of the solution viscosity. The electrospinning
process was stable and reproducible in terms of fiber formation in certain ranges of viscosity
values for the investigated TEOS system. Outside of the stable region, beaded fibers were
formed or the electrospinning process was not stable due to the jet break-up and resulted in
electrospraying or droplet formation. [10]

Holubova et al. studied fibers made of TEOS and coupling agents, namely
triethoxyphenylsilane and 1,4-bis(triethoxysilyl) benzene. Spinnable solutions were prepared
with both coupling agents and gelation times differed due to the different amount of
alkoxygroups on the coupling agent species, e.g. double amount of alkoxygroups on
1,4-bis(triethoxysilyl) benzene resulted in faster gelation. The key factor was to adjust
hydrolysis and condensation reactions, as well as to overcome premature gelation in order to
achieve successful electrospinning. The hydrolysis reaction has to be suppressed with respect
to the condensation reaction because then the network can branch slowly but still increase the
polysiloxane structure and thus result in higher viscosity without premature gelation. In terms
of electrospinning of sol gel materials the most suitable structure seems to be a ladder-like
weakly branched organosilane structure. [5]

Interestingly, from the approaches reported so far in the literature one obvious strategy
is apparently lacking entirely: The use of prepolymerized organosilanes in a sol-gel manner in
order to obtain solutions suitable for the electrospinning of organic-inorganic hybrid nanofibers.

2.2.2 Electrospun polyorgano-silanes

As an example of polyorganosilanes fibers, poly[styrene-co-3-(trimethoxysilyl)propyl-
methacrylate] can be highlighted in terms of electrospun fibers. Xu et al. performed a study on
this polymer as a novel organic-inorganic hybrid material from which fibers were prepared via
electrospinning. Thus obtained fibers showed a smooth and uniform surface and reproducible
diameter. Sol-gel processing of the pendant trimethoxysilyl groups was investigated later on,
as a post-process after electrospinning and resulted in remarkably enhanced solvent and

temperature resistance of thereby treated fibers. [4]
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Nevertheless, there are no available studies on the application of polyvinylsilanes in
terms of electrospinning and sol-gel processing. The polyorganosilane materials were however
studied in detail with respect to sol-gel processing for aerogel preparation by Kanamori and
Nakanishi. Allylalkoxysilanes and vinylalkoxysilanes were investigated in order to achieve
polymeric precursors for further sol-gel processing towards aerogel preparation. [3] [35]
A similar approach for the preparation of aerogels based on the vinyltrimethoxysilane was
utilized by Rezaei et al. The sol-gel reaction and also the resulting 3D structure can be tuned by
the solution composition. [36]

2.3 Polymer solution characteristics for electrospinning

A wide range of investigations on polymer solutions for electrospinning has been published in
the literature, including synthetic and biopolymers. [1] The system properties in terms of the
solution are of great importance because they not only influence the diameter and the
morphology of the electrospun fibers such as particle, bead-like or linear fiber structure, but
most importantly the ability to form fibers in the first place. Molecular weight, molecular-
weight distribution and architecture of the polymer has an impact on the solution properties
such as viscosity, conductivity and surface tension and therefore also governs the ability to form
fibers. [22]

2.3.1 Polymer solution properties

The structure of electrospun fibers can be altered by properties of the spinning solution
including concentration, solvents and loading with various precursors, type of monomer or
additives. [1] A beaded structure of electrospun fibers is mainly influenced by surface tension
and conductivity of the solution. [37] The nature of the polymer is one of the main parameters
influencing fiber diameter and morphology. [22] Porosity and bead formation are also governed
by the concentration of the polymer and the properties of the solvent because they have an effect

on viscosity and surface tension of the solution. [38]

2.3.2 Molecular weight of polymer

Physical properties of the electrospinning solutions are mainly governed by the molecular
weight of the polymer. For example, molecular weight of the polymer influences viscosity and
viscoelastic properties of the polymer solution. An important parameter for a spinnable polymer
solution related to molecular weight is the average number of chain entanglements of each

individual macromolecule. These entanglements can be viewed as physical overlaps between
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Figure 8: The chart displays polymer entanglements as a function of polymer concentration,
polyvinylpyrrolidone varying in molecular weight, specifically. Inserted SEM pictures show structure
of final particles or fibers in certain entanglement region. (Munir et al. 2009)

polymer chains restricting the movement of the individual chain in solution and they depend on
the shape, size and concentration of the polymer. [39] An insight into the entanglements gives
a theory about reptation of a polymer chain described by Gennes. Polymer chains exhibit
a continual stochastic motion in the solution due to the chain mobility and diffusion.
Entanglements are represented by a transient network of a freely jointed chains and have
a significant dependence on the molecular weight. [40]

There are three main regimes which have to be considered in terms of polymer chain
entanglement and the resulting fibers. These regimes are depicted in Figure 8. Formation of
fiber structure depends on the polymer concentration due to formation of polymer chain
entanglements in the electrospinning solution. [41] And hence, dependent on the number of
chain entanglements, smooth fibers, beaded fibers or particle-like structures can be formed.
More polymer entanglements result in a higher probability of smooth fiber formation without
defects. Additionally, below certain molecular weights, fibers cannot be formed because the

system favors particle-like structure due to insufficient chain entanglement. [42] [39]

2.3.3 Impact of solvent

Another important parameter is the choice of solvent for electrospinning because it has an effect
on conductivity, viscosity and surface tension of the electrospinning solution not to mention the
effects on the polymer behavior in solution and the resulting change in entanglement behavior.

Furthermore, the volatility of the solvent must be considered for the electrospinning process
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since the solution properties can thereby be changed substantially at the surface with respect to
the bulk liquid.

Li et al. studied effects of various solvents in regard to the electrospinning process of
polymethylmethacrylate (PMMA) where dichloromethane, acetone, chloroform,
tetrahydrofuran, ethyl acetate, dimethylformamide were characterized in terms of the effect on
the hierarchical structure and morphology of the formed fibers. Naturally, surface tension,
conductivity and viscosity of the solution are affected by the choice of solvent and are of great
importance for the fiber structure (smooth or bead like). Differences in volatility determine
evaporation rates of the solvent and thus drying time of the fibers during flight. The
concentration of the polymer in the spinning solution has to be considered to maintain a stable
jet. As aresult, the solvent itself does not have the most significant impact on the fiber structure
because it is mainly dependent on the nature of polymer and its concentration. However, as
mentioned above, the conformation of the macromolecules in solution can be significantly
different and therefore influence the ability to obtain spinnable solutions. Furthermore, solvents
can induce and affect pore formation processes due to vapor-induced phase separation at the
surface which is caused by different evaporation rates of solvents. [43] As the concentration of
solvent changes in proximity of the solvent-air interface, the system enters the meta- or unstable
region inducing phase separation. Solvent or polymer rich domains start to form, which result
in the formation of pores. [38]

Zuo et al. reported the influence of solvents on the poly(hydroxybutyrate-co-valerate)
fiber morphology. Polar and non-polar solvents, as well as their mixtures were studied in
relation to the conductivity of electrospinning solution. Alcohol mixtures favored formation of
non-beaded fibers. Moreover, surface tension was examined as another solution parameter for
deeper insight into the impact of the solvent. Higher surface tension of solutions correlated with
bead-like structure of fibers as the formation of beads was probably caused by the favorable
surface to volume ratio with respect to the fiber structure and consequently a decrease in the
free energy of the system. [44]
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3 RESEARCH OBJECTIVES

The overall aim of this thesis is the preparation of polyvinylsiloxane based nanofibers using
poly(vinylmethyldimethoxysilane). Composites consisting of condensed PVMDMS belong to
class I hybrid materials based on silanes where the organic and inorganic parts are connected
by covalent chemical bonds. Resulting crosslinked structures are called polysiloxanes but in
general in the literature these networks are referred as hybrid silica. [6] PVMDMS is described
in the literature, however, it has not been studied in the connection with electrospinning or fiber
formation so far. [3] [29] Therefore, the major challenge of this thesis is to find suitable reaction
conditions and solution properties for electrospinning. To achieve this, a careful adjustment of
the precursor structure, the spinning solution properties, and the electrospinning processing
conditions has to be performed. Figure 9 depicts a schematic approach used for accomplishing
the aim of the project.

First, the precursor molecule polymerized VMDMS is prepared and characterized in
detail; second, electrospinning parameters such as initiator concentration, are investigated to
generate stable PVMDMS fibers and third, crosslinking the PVMDMS by processing the
precursor under sol-gel conditions. The latter approach is necessary because PVMDMS results
in silicone like structure which is non-covalently intermolecularly interacting only by
entanglement of the polymer chains. More stable materials should be obtained by generating
a 3D connectivity.

Successful electrospinning is achieved by set of the solution parameters such as
molecular weight and polymer concentration. PVMDMS has to be investigated in regard to the
electrospinning process. The radical polymerization used throughout the project was inspired
by the work of Kanamori et al. [29]

The electrospinning technique is used as a method to produce fibers. There are plenty

of publications on electrospinning of polymers and some of them cover also similar materials,

electrospinning
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Figure 9: Schematic illustration of the electrospinning approach using PVMDMS.
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however using VMDMS and the corresponding polymer represents a complete unknown
approach. It is well known that the electrospinning process is influenced by the
molecular weight of the polymer as well as its concentration in the solution. Therefore, the main
focus was set to studies of the influence of these parameters. Furthermore, approaches in this
project were the electrospinning of polymer blends of PVMDMS and PVP, the latter one often
being used to positively influence electrospinning processes.

Another approach to produce stable fibers based on the used polymer is the investigation
of sol-gel processing prior to electrospinning. The investigation aims to determine influence on
the electrospinning technique since prediction of the crosslinking should have a positive effect
on the spinnability of this precursor due to transition form 2D to 3D network. Therefore, the
acidic environment for catalytic reaction is studied in this thesis and in the same time influence
of water to the hydrolysis and condensation reaction.

To summarize, the tasks of aimed objectives are summed up in the following:

* Investigation of the ability to prepare fibers from the synthetized polymers based on
VMDMS in terms of
e solution properties of PVMDMS under different polymerization conditions,
e usage of carrier polymer,

e sol-gel process conditions.
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4 EXPERIMENTAL

4.1 Chemicals

Vinylmethyldimethoxysilane (97%, Abcr GmbH). Di-tert-butyl peroxide (>98.0%). Methanol
(dry, 99.8%, Alfa Aesar Thermofisher GmbH). Polyvinylpyrrolidone (My = 1.3 MDa, Sigma
Aldrich). Hydrochloric acid (32%, Merck KGaA). Methanol-D4 (99.8 at-%D, ARMAR
Chemicals). All chemicals were used as received without any further purification. Reactions in

aqueous solutions were carried out using Milli-Q water with a resistivity higher than
11.8 MQ-cm at 25 °C.

4,2 Instruments

Polymerization reactions. A hydrothermal reactor with connected thermostat control was used
to carry out the polymerization reactions. The reaction vessel was made of teflon and the
volume was 200 mL. The set-up is depicted in Figure 10.

Figure 10: The hydrothermal reactor with heating and stirring plate is shown on the left side, the
thermostat control unit for the reactor is depicted on the right side.
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Electrospinning. The electrospinning instrument was provided by LINARY Nanolech
company and was composed of digitally controlled syringe pump to provide constant feed rate,
high voltage power supply to provide high voltage and collector of dimension 20 x 30 for an
accumulation of fibers. Used needle was a blunt type of diameter 21G and dimensions

0.80 x 22 mm. Detail description of the device and its components is shown in Figure 11.

Figure 11: Part A depicts the whole electrospinning apparatus, 1 — high voltage power supply, 2 —
electrospinning hood, 3 — computer and monitor. Part B illustrates in detail the parts in electrospinning
hood; 1 — digitally controlled syringe pump, 2 — syringe and needle, 3 — collector covered by
aluminum foil, respectively.

Optical microscope. Zeiss Axio ImagerM2m equipped with EC Epiplan-NEOFLUAR

objectives was used to capture images of electrospun fibers.

FT-IR. The Fourier transform infrared spectroscopy (FT-IR) was carried out on the instrument
Vertex 70 from Bruker with the platinum-attenuated total reflectance module. Simulation of
molecular model of PVMDMS was performed and peak intensities were calculated by
MOLDEN.

DLS. Size distribution measurements by dynamic light scattering (DLS) were carried out on

the device Zetasizer Nano ZSP delivered by Malvern. Cuvettes used for all the experiments
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were made of PMMA and were semi-micro type obtained from Brand. Measurements were
carried out at 25 °C. The solutions were filtered prior to the measurement, filtration paper of
density 87 g/m? and grade 292, Sartorius™ was used. The used software was Malvern
Panalytical version 7.03. Final value of z-average was evaluated by the software and values far
from the trend were excluded for further data processing.

NMR. Nuclear magnetic resonance (NMR) was employed in order to determine number-
average molecular weight (M,) of polymers and the analysis was performed on a 600 MHz
Bruker Avance III HD spectrometer equipped with a "H/"C/'">N/*'P quadruple-resonance probe
spectra were recorded at 298 K in 5 mm NMR tubes (ARMAR, Type 5TA). The following
experiments were recorded: 1D-'H, IH-">C HSQC and 'H-'H NOESY. The proton signals of
H-atoms located at the CH3 (Signal b) were compared with the CHs groups (Signal ai+a2) using
a 'TH-13C HSQC spectrum (relaxation delay: 15 s, NS: 20, DS: 256). For data processing and
analysis, integration and signal-to-noise (S/N) determination, Topspin 3.5/3.6 (Bruker) and
Sparky 3.114 (T. D. Goddard and D. G. Kneller, SPARKY 3, University of California,

San Francisco, USA) by using standard protocols were used, respectively.

4.3 Free-radical polymerization of VMDMS

Bulk FRP of VMDMS were carried out in a hydrothermal reactor. The reaction is schematically
depicted in Figure 12. The reaction procedure was based on the results of Kanamori et al. [3]
The overall mechanism of the FRP including formation of zert-butoxy and methyl radicals is
shown in Figure 13 and was useful in order to assign peaks in the NMR analysis regarding to
the chain end-groups.

In the general procedure 15 mL of VMDMS and specific ratios of DTBP as radical
starter were charged and mixed in the hydrothermal reactor. The amount of DTBP was varied
between 1-30 mol%. After being flushed with Ar, the reactor was sealed and then heated
at 120 °C for 18 to 72 hr and stirred at 375 rpm to promote FRP of the monomer. After cooling
down to room temperature a transparent viscous liquid (1) or solid (s) was obtained containing
PVMDMS.

Table 3 gives an overview of the synthetized polymers during the project. It shows
specific ratios of the radical starter to monomer used during polymerizations and times of
reaction. Sample labeling used throughout the project follows shortcut KSH-initiator amount-

duration of polymerization.
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Figure 12: Radical polymerization reaction of monomer VMDMS with DTBP as an initiator.

Table 3: Details of prepared polymers based on the initiator concentration
during the synthesis and resulting texture of the polymer. Texture symbol | stands for liquid
appearance of the polymer and s for solid.

Sample label DTBP/VMDMS Duration Texture

[mol/mol %] [hr]
KSH1-48 1.0 48 1
KSH3-48 3.0 48 1
KSH4-48 4.0 48 1
KSH5-48 5.0 48 1
KSH10-48 10.0 48 1
KSH10-72 10.0 72 1
KSH11-48 11.0 48 s
KSH12.5-48 12.5 48 s
KSH15-72 15.0 72 s
KSH20-48 20.0 48 s
KSH30-18 30.0 18 s
KSH30-18.5 30.0 18.5 s
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Figure 13: Overall mechanism of the FRP involving radical formation.
The reactions depict the end-groups of the chains, either fer#-butoxy or methyl. The reactions were
remade based on the literature. [45]
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4.4 Preparation of PVMDMS solutions

Synthetized PVMDMS was weighted and the solvent methanol (MeOH) was added to prepare
polymer containing solutions for the electrospinning process. Liquid polymerization products,
specifically KSHI1, KSH3, KSH4, KSH5, KSH10 were dissolved in MeOH at ambient
conditions under stirring. Solid polymers, specifically KSH11, KSH12.5, KSH15, KSH20,
KSH30 were dissolved in MeOH up to 50 wt.% under stirring at 55 °C until the solution was
transparent and homogeneous. Polymer solutions of concentrations above 50 wt.% were
prepared by evaporation of MeOH under reduced pressure. Polymer solutions were also
subjected to sol-gel processing.

For NMR sample preparation, KSH-1-48, KSH-5-48 and KSH-10-48 were dissolved in
methanol-D4 and measured immediately after preparation. Insoluble polymer, like KSH-30-18
was additionally stirred at 50 °C for 48 hr.

4.5 Polymer size distribution analysis

Solutions of PVMDMS in MeOH of various molecular weights and of 5-36 wt.% concentration
were prepared for the particle size measurements, the measure z-average of polymer in solution
was evaluated by the Malvern Panalytical software based on the obtained data. Table 4 shows
investigated samples for DLS measurement of polymer z-average in MeOH.

Cuvettes used for all the experiments were made of PMMA and were semi-micro type
obtained from Brand. The solutions were filtered prior to measurement, filtration paper of

density 87 g/m? and grade 292, Sartorius™ was used.

Table 4: PVMDMS solution in MeOH for DLS measurement.

Polymer Polymer
PVMDMS [wt.%] | PVMDMS  [wt.%]
KSH1-48 5 KSH10-48 5
KSH1-48 12 KSH10-48 12
KSH1-48 25 KSH10-72 5
KSH1-48 36 KSH11-48 5
KSH2-48 5 KSH12.5-48 5
KSH3-48 5 KSH15-72 5
KSH3-48 12 KSH20-48 5
KSH5-48 5 KSH30-18 5
KSH5-48 6 KSH30-18 10

KSHS5-48 12
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4.6 Sol-gel processing

Sol-gel processing of prepolymerized PVMDMS was studied. The reactions during sol-gel
processing in the studied PVMDMS system are schematically depicted in Figure 14. Sample
preparation is based on a two-part reaction mixture system.

The first part is an acidic solution and the second is a polymeric solution. The acidic
solutions were prepared using HCI, water and MeOH. Specific amounts of concentrated HCI
(32%) were added into a mixture of DI water and dry MeOH in order to obtain solutions with
pH values ranging from 1 to 6. The final pH in the combined solution, after addition of acidic
solution into polymeric solution, is used throughout the project to describe the system. The
water to monomer molar ratio is calculated based on the amount of water in the aqueous acid
solution and the content of PVMDMS in the final solution and this ratio was set
between 1-6 mol/mol. Shortcut R was used for molar ratio water to silane (H20/Si) throughout
the project in order to label samples. Sample labeling was as follows for sol-gel processing:
KSH-initiator amount-duration of polymerization-weight concentration of PVMDMS in
starting solution. Used ratios of prepared solutions are given in Table 5.

To investigate the gelation behavior of PVMDMS solutions in MeOH, the prepared
reaction mixtures were poured into plastic containers and the appropriate amount of acidic
MeOH solution was added to adjust a certain pH value and a H2O/Si molar ratio. The solution
was then stirred for approximately 15 min and was aged at ambient conditions to determine the
gelation time.

Reaction mixtures that were subjected to the electrospinning process were prepared in
the same manner. Certain values of pH, H20/Si molar ratio as well as aging time were chosen.
The combined mixtures were stirred approximately for 15 min and then subjected to the

electrospinning process in the certain periods from the catalyst addition until the solution gelled.
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Figure 14: Schematic representation of PVMDMS sol-gel processing under acidic conditions,
including hydrolysis and condensation reaction respectively, and the resulting Si-O-Si bridges between
polymer chains. The reactions were remade based on the literature. [26]
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Table 5: Prepared samples of PVMDMS in acidic MeOH solution for the gelation time determination
in sol-gel processing.

Polymer H>O/Si pH Polymer H;O/Si pH
PYVMDMS [wt.%] [mol/mol] PVMDMS [wt.%] [mol/mol]
KSH1-48 12 0.81 1 KSH3-48 24 1.06 5
KSH1-48 12 0.81 2 KSH3-48 24 1.06 6
KSH1-48 12 0.81 3 KSH5-48 12 0.81 1
KSH1-48 12 0.81 4 KSH5-48 12 0.81 2
KSH1-48 12 1.87 1 KSH5-48 12 0.81 3
KSH1-48 12 2.50 2 KSH5-48 12 0.81 4
KSH1-48 12 2.57 3 KSH5-48 12 0.81 5
KSH1-48 12 2.44 4 KSH5-48 12 0.81 6
KSH1-48 12 2.44 5 KSH5-48 12 1.87 1
KSH1-48 12 2.44 6 KSH5-48 12 2.50 2
KSH1-48 12 4.89 1 KSH5-48 12 2.57 3
KSH1-48 12 4.89 2 KSH5-48 12 244 4
KSH1-48 12 4.89 3 KSH5-48 12 244 5
KSH1-48 25 0.77 1 KSH5-48 12 244 6
KSH1-48 25 1.02 2 KSH5-48 12 4.89 1
KSH1-48 25 1.05 3 KSH5-48 12 4.89 2
KSH1-48 25 1.00 4 KSH5-48 12 4.89 3
KSH1-48 25 1.00 5 KSH5-48 24 0.81 1
KSH1-48 25 1.00 6 KSH5-48 24 1.08 2
KSH1-48 36 0.45 1 KSH5-48 24 1.11 3
KSH1-48 36 0.61 2 KSH5-48 24 1.06 4
KSH1-48 36 0.62 3 KSH5-48 24 1.06 5
KSH1-48 36 0.59 4 KSH5-48 24 1.06 6
KSH1-48 36 0.59 5 KSH10-48 12 0.81 1
KSH1-48 36 0.59 6 KSH10-48 12 0.81 2
KSH3-48 12 0.81 1 KSH10-48 12 0.81 3
KSH3-48 12 0.81 2 KSH10-48 12 0.81 4
KSH3-48 12 0.81 3 KSH10-48 12 0.81 5
KSH3-48 12 0.81 4 KSH10-48 12 0.81 6
KSH3-48 12 1.87 1 KSH10-48 12 1.87 1
KSH3-48 12 2.50 2 KSH10-48 12 2.50 2
KSH3-48 12 2.57 3 KSH10-48 12 2.57 3
KSH3-48 12 2.44 4 KSH10-48 12 244 4
KSH3-48 12 2.44 5 KSH10-48 12 244 5
KSH3-48 12 2.44 6 KSH10-48 12 244 6
KSH3-48 12 4.89 1 KSH10-48 12 4.89 1
KSH3-48 12 4.89 2 KSH10-48 12 4.89 2
KSH3-48 12 4.89 3 KSH10-48 12 4.89 3
KSH3-48 24 0.81 1 KSH30-18 10 1.00 1
KSH3-48 24 1.08 2 KSH30-18 10 1.00 2
KSH3-48 24 1.11 3 KSH30-18 10 1.00 3
KSH3-48 24 1.06 4 KSH30-18 10 1.00 4
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Polymer H>O/Si pH Polymer H;O/Si pH
PVMDMS [wt.%]| [mol/mol] PVMDMS [wt.%] [mol/mol]
KSH30-18 10 1.00 5 KSH30-18 30 0.82 3
KSH30-18 10 1.00 6 KSH30-18 30 0.78 4
KSH30-18 10 2.66 1 KSH30-18 30 0.78 5
KSH30-18 10 3.07 2 KSH30-18 30 0.78 6
KSH30-18 10 3.15 3 KSH30-18 30 0.40 4
KSH30-18 10 3.00 4 KSH30-18 30 0.78 5
KSH30-18 10 3.00 5 KSH30-18 30 0.81 6
KSH30-18 10 3.00 6 KSH30-18 40 0.44 1
KSH30-18 10 1.52 4 KSH30-18 40 0.62 2
KSH30-18 10 3.00 5 KSH30-18 40 0.64 3
KSH30-18 10 3.14 6 KSH30-18 40 0.25 4
KSH30-18 10 6.00 1 KSH30-18 40 0.50 5
KSH30-18 10 6.00 2 KSH30-18 40 0.52 6
KSH30-18 10 6.00 3 KSH30-18 40 0.50 4
KSH30-18 20 1.18 1 KSH30-18 40 0.50 5
KSH30-18 20 1.66 2 KSH30-18 40 0.50 6
KSH30-18 20 1.40 3 KSH30-18 50 0.30 1
KSH30-18 20 0.68 4 KSH30-18 50 041 2
KSH30-18 20 1.33 5 KSH30-18 50 0.43 3
KSH30-18 20 1.40 6 KSH30-18 50 0.33 4
KSH30-18 20 1.33 4 KSH30-18 50 0.33 5
KSH30-18 20 1.33 5 KSH30-18 50 0.33 6
KSH30-18 20 1.33 6 KSH30-18 50 0.17 4
KSH30-18 30 0.69 1 KSH30-18 50 0.33 5
KSH30-18 30 0.97 2 KSH30-18 50 0.35 6
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4.7 Preparation of carrier-polymer mixtures

PVP was weighted and added into the PVMDMS solution with specific mass fractions ranging
from 0.2 to 5.0 wt.% PVP. PVP was also dissolved in dry methanol in order to make blank
samples without PVMDMS. Mixtures of PVMDMS and PVP in MeOH and blank PVP samples
used for electrospinning process are given in Table 6. The mixture was stirred in a plastic

container at ambient conditions until the solution was transparent.

Table 6: Representation of polymer solution mixtures of PVMDMS and PVP in MeOH (left) as well
as blank PVP mixtures in MeOH (right) for electrospinning.

Polymer PVP PVP
PVMDMS [wt.%] [wt.%] | [wt.%]
KSH1-48 10 0.2 0.2
KSH1-48 10 2.0 1.0
KSH1-48 10 5.0 2.0
KSH1-48 50 0.2 4.0
KSH1-48 50 2.0 6.0
KSH1-48 50 5.0 8.0
KSH30-18 10 02 | 100
KSH30-18 10 20 | 150
KSH30-18 10 50 |_—"
KSH30-18 50 02 |_—"
KSH30-18 50 20 |_—"
KSH30-18 50 5.0

4.8 Electrospinning process

The polymer solution was placed in a syringe with a volume of 1 mL connected with the pump
which was used to supply a steady flow. The feed rate was set to 0.5 mL/hr. The used needle
was a blunt type of diameter 21G and dimensions 0.80 x 22 mm. The voltage was varied
between 0—40 kV and was set to the value that the electrospinning appeared stable, assessed by
the presence of Taylor cone. The electrospun fibers were collected on the collector at 15 cm
fixed distance. The collector was covered by aluminum foil. All the experiments were carried
out at ambient conditions. Table 7 shows prepared samples of PVMDMS in MeOH for
electrospinning. Samples including sol-gel processing (see Chapter 4.6 ) and carrier-polymer

mixtures (Chapter 4.7 ) were electrospun in the same manner.
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Table 7: Used solutions of PVMDMS in MeOH for elecrospinning.

Polymer Polymer Polymer
PVMDMS [wt.%] PVMDMS [wt.%] PVMDMS [wt.%]
KSH1-48 100 KSH12.5-48 20 KSH20-48 20
KSH2-48 100 KSH12.5-48 25 KSH30-18 10
KSH10-48 60 KSH12.5-48 30 KSH30-18 20
KSH10-48 40 KSH12.5-48 60 KSH30-18 30
KSH12.5-48 5 KSH15-72 5 KSH30-18 60
KSH12.5-48 10 KSH15-72 10 KSH30-18 70
KSH12.5-48 15 KSH15-72 40 KSH30-18 80
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S RESULTS AND DISCUSSION

5.1 Characterization of PYMDMS

PVMDMS was synthetized from VMDMS using DTBP as initiator. The concentration of DTBP
was varied in order to prepare polymers of different M,. Characterization of the obtained
PVMDMS was performed by FT-IR spectroscopy in order to study disappearance of
characteristic functional group signals of the monomer. NMR analysis was employed with the
aim to determine M, of thus prepared polymers. DLS measurements were carried out in order

to confirm the calculated M, with respect to data obtained from NMR investigation.

S5.1.1 Polymer structure

PVMDMS was analyzed by FT-IR spectroscopy in order to evaluate polymer products of
various DTBP ratios employed during FRP in terms of disappearance of characteristic
functional groups vibration signals after FRP visible via FT-IR spectroscopy. Depending on the
initiator concentration and reaction time, different molecular weights are expected.
Experimental FT-IR spectroscopy data were compared to the simulated vibrational frequencies
of the PVMDMS model molecule. The spectrum of the monomer VMDMS was recorded for
comparison. The initiator DTBP was subjected to the FT-IR analysis for completeness. It is
assumed that the initiator is completely decomposed after the polymerization reaction and hence
does not show any significant peaks in the spectra. The spectra of VMDMS, PVMDMS and
DTBP are shown in Figure 15. Moreover, the most important peaks are summarized in the
Table 8.

The FT-IR spectrum of the monomer VMDMS shows peaks assigned to the vinyl group
in the range 3 000—1 000 cm™ and most of them either disappeared or changed the peak shape
compared to PVMDMS. Zu et al. reported C-H bands in the region 3 000—1 000 cm™ as signals
of methyl groups and/or the aliphatic hydrocarbon chains of the PVMDMS. [460]

The very weak peak at 3 057 cm™ is attributed to C-H stretching vibrations of vinyl
group and disappeared in the PVMDMS spectrum in comparison to the monomer VMDMS.
The weak and moderate bands at 2 941 and 2 837 cm™ are assigned to C-H stretching of the
vinyl and methyl group. While the weak peak at 1 597 cm™ is assigned to the C=C stretching
and disappeared in the PVMDMS again indicating successful polymerization reaction. [46—48]
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Figure 15: FT-IR spectra of VMDMS, PVMDMS KSH10-48 and DTBP.

The bands located at 1404 cmand 1461 cm™ correspond to the symmetric
deformation and bending vibrations of C-H bonds overlapped with =CH: scissoring vibrations.
Alkane bending of the polymeric carbon backbone was assigned to 1 363 cm™ and appeared in
all the polymeric products. Furthermore, the signal at 1 009 cm™ corresponds to CHz2 rocking
vibrations of the vinyl group and was observed only in VMDMS. [46, 48]

The strong peaks at 1 078 cm™ for VMDMS and ~1 076 cm™ for prepolymerized
samples are related to the Si-O stretching vibration. These signals remain the same for monomer
and polymer because the Si-O bond is not affected by the polymerization reaction.

The signal at 964 cm™ is related to CH2 or CH wagging vibrations. [49] The moderate
band between 800-760 cm™ appeared in the PVMDMS is assigned to the CH: rocking
vibration, CH: twisting, stretching and asymmetric stretching of Si-C bond. These peaks
indicate the methyl-rich structure of PVMDMS. [47]

The medium peak at 530 cm™ is assigned to the C-H bending of vinyl group and this
signal disappeared in the PVMDMS. [47] [46]

Interestingly, there is no significant peak at 3 500 cm™ which is attributed to the ~OH group.
Therefore, it may be concluded that the methoxygroups of PVMDMS have not reacted by
hydrolysis reaction. In addition, polysiloxane moieties which would be expected from

hydrolysis and condensation reactions of the methoxysilyl groups of PVMDMS and are
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Table 8: Observed vibrational frequencies (cm™) of VMDMS and PVMDMS, experimental and simulated data. Abbreviations: s, strong; m, medium; w,
weak; v, very; b, broad; sh, shoulder:; v, stretching; 8, deformation; ®, wagging; 7, twisting; y, rocking: o, scissoring; 3, bending; subscript s, symmetrical and
a, antisymmetrical.

Experimental Simulation
VMDMS 1-48  10-48 20-48 30-18 Vibrational assignment PVMDMS Vibrational assignment
3057 VW va(C-H), vinyl 3048 W vo(CHy)
2 941 mb 2936 2936 2 936 2 936 mb v(C-H), vinyl and methyl 3019 m  v,(CHy)
2 837 m 2834 2834 2 834 2 834 m v(C=C), vs(CHs3) 3007 m  v,(CHy)
2360 2361 2360 vw v(C=0), CO, 2985 m  v,(CH,)
2341 msh  v(C=0), CO;, 2929 m  vy(CH»)
1597 w v(C=C) 1454 W o(CHy)
1461 VW 1457 1458 1458 1458 VW ds(C-H), o(=CH>) 1412 vw  o(CHy)
1406 m 1410 1410 1409 1409 vw  34C-H), 5(=CH>) 1319 vw  B(CH), vinyl
1363 1364 1363 B(CH), alkane 1241 W o(CHs); B(CH), vinyl
1259 m 1257 1257 1257 1257 m B(CH), vinyl 1166 m  v,(Si-0), y(CH3)
1190 m 1188 1188 1188 1189 m v(8i-0), v(C-C) 1076 S v(C-0), va(Si-0), vo(C-C), T(CH,)
1078 s 1075 1075 1076 1077 s v(Si-0), y(CH:3) 922 VW v¢(C-C), y(CH)
1009 m v(CHy), vinyl 905 vw  v(C-C), vinyl; y(CHs)
963 m 917 920 920 920 ww  o(CH) 852 VW y(CHs); o(C-C), vinyl
832 m sh v(Si-C), v(C-C), y(CH;), n(CHy) 814 m  v(Si-O), y(CH3), y(Si-O),
7(Si-C), y(CHy), vinyl
806 s 800 799 800 801  ssh  v(Si-C), y(CH,), n(CH,) 795 m  vg(Si-C), vy(Si-0), y(CH,), » (CHs)
771 s 760 760 762 762 s v(Si-C), y(CH,), n(CH,) 755 W vi(Si-C), va(Si-0), ¥(CH,), © (CH;)
732 msh 728 728 729 729 msh  v(Si-C), y(CH,), n(CH,) 713 W vy(Si-O), ®(CHs)
707 m sh v(Si-C), y(CH>), n(CH) 677 VW vy(Si-0), va(Si-C), v(CH)
607 VW v(Si-C), y(CH»), n(CH>) 632 VW v(Si-0), v4(Si-C), y(CH>)
530 m B(CH), vinyl 521 VW v,(Si-C), 6(CH,), vinyl; y(CH3),
o(Si-0), o(Si-C)
490 vw  B(CH), vinyl; B(Si-O), B(Si-C)
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typically indicated by signals at ~1085 cm™ and ~780 cm™ according to the literature can
neither be found in the monomer nor the polymerized VMDMS. [46] [49]

In order to confirm the FT-IR spectroscopic signals of PVMDMS, a model molecule of
the polymer containing 5 monomer units was calculated (see structure in Figure 16). Table 8
shows the most intense signals in the simulated spectrum and attributed vibrations. The
simulated spectrum based on the calculated PVMDMS model is shown in Figure 17 in
comparison to the experimental spectrum. The simulation exhibits a good agreement with the
experimental data. Peak splitting and shoulder peaks revealed in the experimental data due to
overlapping of FT-IR signals.

To conclude, the results of the FT-IR analysis confirmed the polymerization of the vinyl
groups of VMDMS to yield a polyvinylsilane. The methoxy groups of PVMDMS remain stable

after polymerization and are available for postpolymerization reactions.

AR

Figure 16: Simulated PVMDMS molecules used for prediction of vibrational frequencies.
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Figure 17: Simulated and experimental IR spectra of PVMDMS.

5.1.2 Molecular weight

Polymerization reactions of VMDMS were carried out with various molar ratios of
DTBP/VMDMS in order to change concentration of radical starter to promote FRP. Hence, the
molecular weight was only sought upon change of radical starter concentration in this work.
Polymers of viscous liquid, gel and soft solid texture are obtained. In order to determine the My
of PVMDMS, the NMR end-group analysis was performed. The highest M, was determined
for KSH1-48 and KSH30-18, with 53 and 41 kg/mol, respectively. KSH5-48 exhibited M, of
10 kg/mol and KSH10-48 of 25 kg/mol. Determination of M, for KSH1-48 was repeated with
another PVMDMS batch to verify the PVMMS after FRP. Table 9 shows an overview of degree
of polymerization (DP) and resulted M, of synthetized PVMDMS in comparison to Kanamori
et al. FRP syntheses of PVMDMS. [3]

Kanamori et al. reported data about FRP of VMDMS including polymerization time,
molecular weight, degree of polymerization, polydispersity and conversion. The Kanamori
results showed DP of 22 for 1 mol.% of initiator employed. While conversion slightly increased
from 91 to 99 % with extension of polymerization duration from 24 to 72 hr, polydispersity
index (PDI) increased from 1.86 to 2.09 compared to 24 and 72 hr polymerization duration.
An increase of the amount of radical starter to 5 mol.% resulted in even higher DP and M.

DP increased to 27 and PDI reached values of 2.57, the conversion was reported as 99 %.
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Table 9: Experimental data of DP and resulted M, for PVMDMS for four different concentrations of
the initiator obtained from NMR and Kanamori et al. data of PVMDMS for comparison
obtained by SEC. [46]

Experimental PVMDMS | Kanamori et al.
Initiator DP M, DTBP DP M,
[mol. %] [g/mol] | [mol.%] [g/mol]
1 400 52991 1 22 2 880
5 77 10 308 5 26 3501
10 187 2480 | —
30 306 40 543

The NMR end-group analysis as performed on the synthetized PVMDMS in this thesis,
showed very different results in comparison to Kanamori et al.,, even though the same
polymerization conditions were employed. Generally, FRP with use of DTBP as a radical starter
results two distinct chain end-groups, either ferz-butoxy or methyl. Hovewer, the signal
of fert-butoxy was the only one used for the calculation of M, based on the recorded NMR
signal. The representative NMR 'H-"*C spectrum of PVMDMS based M, determination is
depicted in Figure 18. Since methyl groups could not be detected as a chain end-group, these
moities were neglected. It is, however, very clear that for a more precise evaluation, the ratio
between fert-butoxy as well as methyl chain end-group has to be taken into account. Therefore,
in a case of more chain end-groups than one, all the chain end-groups have to be used for
calculation. Otherwise the signal of polymeric chain is associated only to one end-groups but
might then reveal in a higher value of M, Thus, the experimentally evaluated M, for the
synthetized PVMDMS could not be determined on an absolute scale via the applied chain end-
group NMR analysis. End-groups can be various nature compared to the basic model of DTBP
decomposition. There might be undefined end-groups which arise from the chain transfer
reactions due to formation of additional radicals in this step and proceeding in the chaing
growth. [50] Generally, the M, in an mathematical average of chain length therefore shows how
many molecules are shorter or larger than the determined M,. However, the literature reports
that the end-group analysis becomes insensitive above 25 kg/mol due to the low concentration
of end-groups present in the sample. [51] The number-average molecular weight represents the
number of units within a polymeric chain and neglects the PDI which might also be of high
relevance. Due to the difficulties of dissolving the synthetized PVMDMS with initiator
concentration above 11 mol.% in a suitable solvent for SEC analysis, SEC has not been
employed however it can reveal more precise evaluation of M, as well as My. An advantage of
SEC analysis, which Kanamori et al. used, is an acquiring of PDI and therefore cover the
broadness of molecular weight represented by various chain length in the polymerization
product.
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Figure 18: 'H-"*C NMR spectrum for KSH5-48 and the structure of the molecule with highlighted atoms for calculation.

CH; a1

®,- 3C (ppm)

4 3 2 0
@
<]
201 ° .
f
! 0
,' @ o b
b A
30 : ° Yoo
‘o )O@ o
@ &
%
8
@
0
@
B 0
a
404 _
00
]
>
o]
¢ Methanol
50
a+az
9
o
60 ®
f . . T
4 3 2 0
®,- 'H (ppm)

48

-20

-30

-40

-50

60



Polymerizations with very low or on the other hand very high amounts of DTBP resulted
in very high M, of PVMDMS and the dependence of M, upon DTBP concentration is depicted
in Figure 19.

From literature it is known that if the concentration of initiator in FRP is low, the
initiator in the reaction is quickly consumed and therefore not accessible for the termination
reaction. Therefore, termination typically does not occur via reaction with the initiator but with
higher probability by chain combination. Disproportionation reaction would not be in favor in
the bulk polymerization due to the increasing viscosity of the reaction mixture

On the contrary, if the concentration of the initiator is high, many molecules are
activated from the beginning of FRP. Therefore the chance for combination of two activated
polymeric chain is even higher. The concentration of the initiator is very high and the
probability to meet activated monomer and polymer or two polymeric chains is in favor. This
might often result in termination reactions and in higher PDIs. [52] [14]

The reaction mixture contains a huge amount of reactive species such as activated
polymer chains, radicals and activated monomers. Consequently, another termination can occur
by activated chain transfer either to monomer, initiator, or polymer in the case of bulk
polymerization. And thereby, the chain transfer can contribute to the termination process of the
growing chain as well. In the chain transfer, the new radical species is always formed.
According to reported data in the literature, vinyl polymerization is sensitive to the transfer

reactions. Batch polymerization of vinyl leads to termination predominantly by transfer.
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Figure 19: Number-average molecular weight dependence on concentration of radical starter DTBP
used in the synthesis of PVMDMS.
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The reaction is also characteristic for branching due to termination reaction by combination of
polymeric chains. The reaction mixture consists of various lengths of the polymer and therefore
upon polymeric chain combination, the molecular weight of the resulting polymer depends on
both chains combined in the termination step. [S3] [54]

Chain transfer of monomer to initiator begins by hydrogen subtraction from a monomer
molecule and thus the monomer is activated. The subtracted hydrogen is transferred to the
polymeric chain and terminates the growth of the chain. Created activated monomer do not tend
to proceed further reaction. [52]

The transfer to initiator is another type of the chain transfer and allows further
propagation reaction. It is a special type because only in this case, the termination of the chain
growth occurs and another chain can be activated by the new resulted radical as well. The
initiator chain transfer to a polymeric chain terminates the polymeric chain growth and forms
initiator radical. Consequently, the initiator radical can proceed reaction by activation of
monomer and the chain growth and further propagation can begin. Peroxides, such as DTBP
are sensitive to this type of chain transfer. Scorah el al. reported production of highly branched
vinyl functionalized polymer in the presence of peroxide as an initiator in a bulk
polymerization. Thus prepared polymers revealed in insoluble gels very early in the
polymerization. To conclude, nature of the vinyl tends to undergo transfer reactions during
polymerization and it has an impact on the chain structure and resulting physical properties.
[52] [55]

The last possibility for chain transfer is a transfer to polymer. The process is initiated
by a polymeric chain hydrogen abstraction by an activated polymeric chain. Termination of the
chain growth occurs on the hydrogen receiving chain. The other chain becomes activated, either
on the end or also on the chain backbone which might reveal in a branched polymer. As a result,
the number of polymerized monomer unit is not changing because this reaction takes place
between polymer chains already created by FRP. Degree of polymerization is therefore not
affected because new monomer units are not engaged in this chain growth. [52]

The overall result of the chain transfer is a decrease of the polymeric chain lengh
because the chain growth is affected. Very short polymers can be formed in a case that the chain
transfer rate is faster compared to the propagation reaction. Above mentioned types of chain
transfer could affected the FRP of VMDMS with regards to DTBP concentration presented in
the reaction mixture. FRP is characteristic for the growth mechanism on the active site of the
polymer chain. Number of these active sites varies upon concentration of radical presented in
the reaction mixture. Very high concentration of radical starter will activate more monomer
molecules in the mixture.

E.g. transfer to initiator might reveal in very broad PDI and therefore properties of

PVMDMS might be affected. Transfer to chain might reveal in branched polymer which might
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Figure 20: PVMDMS products. Upper row shows viscous polymers and down row gels and soft
solids. The first number stands for molar percentage of the initiator DTBP and the second for duration
of polymerization.

influence texture and solubility of the polymer significantly. Very large chains can contribute
to the solid-like texture of the polymer but still the analyzed M, can be similar to lower DTBP
employed in the FRP as might be assumed from the NMR end-group analysis of sample 1 and
30 mol.%. PVMDMS in a range of initiator 1 to 10 mol.% resulted in viscous liquid product
and concentration higher, 11-30 mol.% resulted in jelly and soft solid polymeric products. To
conclude, the polymer appearance was changing from liquid via gel to solid upon increase in
the radical starter concentration. Representation of samples of various textures are given in

Figure 20.

5.1.3 Size evaluation
In order to confirm the M, data from NMR spectroscopy, polymer size distribution analysis by
DLS was performed. Parameter z-average was analyzed via DLS which probes hydrodynamic
mobility either of particle or coil-like polymer in a solution. Basically, the z-average is
intensity-based calculated value from a light scattering in a solution upon Brownian motion of
suspended particles. [56]

The NMR analysis showed that there is not a linear dependence for the investigated
DTBP concentrations. This fact was also confirmed by DLS measurements. DLS data showed
that the highest z-average measures appeared in the polymer with 1 mol.% and then above

10 mol.% DTBP. However, samples with DTBP concentration of 15 mol.% results in the
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highest z-average, but more than on size signals is obtained and reliability of the measurement
is questionable. Overall, samples above 11 mol.% of DTBP showed more sizes during the
polymer size distribution analysis probably due to the high PDI of sample. Difficulties in the
measurement PVMDMS of higher initiator concentration than 12 mol.% were encountered by
DLS.

Experimental z-average of PVMDMS in MeOH in dependence on DTBP concentration
is depicted in Figure 21. Data show very distinct increase of z-average when employed 1 or
more than 11 mol.% of DTBP. The range of DTBP concentration between 2 to 10 mol.% seems
to have a linear trend of z-average upon DTBP concentration employed during FRP. Polymers
of radical starter concentration ranging from 2 to 11 mol.% revealed in a very strong linear
dependence on the radical starter concentration employed during the polymerization synthesis.
Overall, the experimental data of DLS analyses showed a good correlation between the
z-average radius of gyration representing a size of PVMDMS coil in a solution according and
the M, achieved by NMR. Figure 22 shows the linear dependence of z-average of PVMDMS
in MeOH upon employed DTBP initiator concentration of 2—11 mol.% during the polymer
synthesis. Certain range of used radical starter concentration in FRP can result in a gradually
increasing M,. Due to higher concentration of present radicals, more active chains can be
introduced at the same time. As the number of active site increases, the degree of polymerization

changes but the kinetics of the reaction is not influenced. [51]
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Figure 21: Z-average dependence on concentration of the radical starter DTBP
for the synthetized PVMDMS.
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Figure 22: Z-average linear dependence of certain synthetized PVMDMS in regard to concentration of
DTBP as a radical starter.

5.2 Electrospinning of PVMDMS

The synthetized PVMDMS of various M, was subjected to the electrospinning process with the
aim to produce fibers. Solutions of PVMDMS in MeOH in various concentrations have been
tested. Specifically, the polymers KSH1-48, KSH2-48, KSH10-48, KSH12.5-48, KSH15-72,
KSH20-48, KSH30-18 were examined. Samples differed in M, of PVMDMS. As a short
summary: The samples KSH1-48, KSH2-48, KSH10-48 formed droplets or coating after
electrospinning. It is clear that fiber formation can only be based on entanglement of the
polymer (silicone) chains, since typically only two-dimensional (2D) interconnectivity is given
by the radical polymerization process. Figure 23 shows microscopic images of representative
samples of KSH12.5-48 and KSH15-72 in concentrations ranging from 5 to 60 wt% in MeOH.
Although very high concentrations of PVMDMS were employed, the system tended to form
droplets and coating like structure after the electrospinning process. KSH20-48 showed droplet
and coating formation as well. KSH30-18 at concentration ranging between 10 to 30 wt.%
resulted in droplet and coating structure after electrospinning. Interestingly, KSH30-18 resulted
in few fiber fragments at very high concentration ranging from 60 to 70 wt.% after
electrospinning and the diameter was assessed roughly to 10 pum. KSH30-18 exhibited high M,
upon NMR analysis and was solid polymer after FRP. According to the literature about radical

starter in FRP and the resulting reaction mechanism, KSH30-18 might be branched polymer in
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comparison to KSHI1-48. Figure 24 depicts samples KSH30-18 of various concentration
employed during the electrospinning process.

For many of the tested precursors, electrospinning resulted in droplet formation
(electrospraying) and only upon increase of the molecular weight of PVMDMDS combined
with higher concentration, transition in fiber formation (electrospinning) occured. Based on
published work, incipient and incomplete fiber formation is observed at one entanglement per
chain and stable and complete electrospinning was reported for entanglements of > 2.5 per
chain. [39] It is assumed that KSH30-18 showed more entanglements compared to other tested
PVMDMS electrospinning solutions because viscosity of the electrospinning solution KSH30-
18 significantly increased compared to other PVMDMS solutions. It is assumed that an increase
in entanglements arises with increase in PVMDMS content in the solution. Higher content of
the polymer in solution is accompanied with an increase in the number of entanglements as well
as it was described by Gennes as reptation of polymer chains in the presence of fixed obstacles.
[40] Munir et al. reported a strong dependence of fiber formation on entanglements regarding
to the molecular weight of the used polymer as well as its concentration in the electrospinning
solution. [42]
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Figure 23: Microscopy images of electrospinning results for KSH12.5-48 and KSH15-72 at various
concentration of the PVMDMS in MeOH.
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Figure 24: Microscopy images of electrospinning results for KSH30-18
at various concentration in MeOH.
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5.3 Carrier-polymer PVYMDMS mixtures

Carrier-polymer mixtures are also applied for electrospinning since that produced fibers can
bring different properties as well as the spinnability can be enhanced. Electrospinning of PVP
is well reported in the literature and the use in this work was primarily due to a good solubility
in MeOH compared to another possible carrier-polymers. [42, 43, 57, 58] In this case
homogeneous solutions of different polymers are prepared prior to electrospinning and
subjected to electrospinning process. Change of the weight fraction of the polymers in the
solution can influence the fiber diameter. Interaction between the polymers in a blend plays
a significant role in terms of structure, morphology and composition of the prepared fibers.
In this thesis, electrospinning experiments with mixtures of PVMDMS and PVP in methanol in
various ratios and concentrations were performed out with the purpose of creating a reference
system to electrospinning of PVMDMS in methanol. The aim was to investigate fiber formation
upon PYMDMS concentration in a blend of carrier polymer and thus conclude differences of
fiber structure in regard to electrospinning of PVMDMS in MeOH. As a starting point, pure
PVP fibers were prepared according to reference [57].

Figure 25 depicts the evolution of fiber formation from a droplet-like, via a beaded
structure into a smooth fiber structure with increasing concentrations of PVP. Concentration of
PVP in a range 0.2 to 4 wt.% in MeOH resulted in a droplet formation. Solution of 4 wt.% of
PVP showed some jet alignments of small droplets. Therefore, it is assumed that the system
proceeds via jet formation but the resulting fibers are not stable or do not arrive dry on the
collector and dissolve into droplets. Surface tension of the liquid provide a driving force for
droplet formation if the number of entanglements is not sufficient. [39] Solution of 6 wt.% PVP
exhibited beads and fiber structures with a fiber diameter of approximately 1 pum.
Concentrations of 8 and 10 wt.% PVP resulted in narrow fibers of similar diameter above 1 um.
Solution of 15 wt.% PVP resulted in fiber of approximately 2 um in diameter. To conclude, the
resulting fibers (structure and diameter) are significantly changed as the concentration of the
polymer in the solution varies. This is in agreement with published data for PVP
electrospinning. [42] Typically the PVP system behaves as other polymers during
electrospinning and changes from droplets to fibers. [42] The transition from electrospraying

into electrospinning was recognized at the concentration 6 wt.% PVP.
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Figure 25: Microscopy images of PVP fibers in MeOH at various concentration of the polymer.

In a second step electrospinning of PVMDMS and PVP blends were tested with
mixtures of the prepolymerized PVMDMS and PVP. Preceding experiments of PVP in MeOH
revealed fiber formation at 6 wt.% of the polymer and thus, concentration slightly below was
chosen in order to keep PVP concentration low and therefore focus on fiber structure influence
by PVMDMS concentration. The concentration of PVMDMS was varied between
10 to 50 wt.%. The amount of PVP was varied between 0.2 to 5 wt.%. Figure 26 shows the
electrospinning results of KSH1-48 and KSH30-18 at 10 and 50 wt.% concentration of these
polymers in the PVP mixture where the concentration of PVP varied between 0.2, 2 and 5 wt.%.
Both tested PVMDMS samples showed fiber formation for a concentration of 10 wt.%.

However, the important role of PVP as carrier polymer becomes also immediately clear.
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The preparation of fibers was successful for both PVMDMS samples at 10 wt.% and a share of
5 wt.% PVP. Interestingly, the fiber diameter of KSH30-18 (10 wt.%) with 5 wt.% PVP almost
doubled compared to the sample KSH10-48 processed in the same proportions and the same
electrospinning spinning parameters. Both PVMDMS samples exhibited fiber fragment
formation when 2 wt.% PVP was employed. Interestingly, 50 wt.% KSH1-48 and KSH30-18
did not result in fiber formation compared to 10 wt.% PVMDMS in the mixture. Droplet
formation was seen with 50 wt.% KSH1-48 and all the PVP concentrations employed.
However, the mixture of 50 wt.% KSH1-48 and 2 wt.% PVP gave some jet-like structures but
also fiber fragments. Similar results were achieved with 50 wt.% KSH30-18 at 2 wt.% PVP as
well as 5 wt.% PVP. Initially, a higher probability for successful fiber formation was assumed
for solutions containing 50 wt.% KSH30-18 because of the possible polymer chain
entanglements with increased concentration of the polymer in the solution. However, the
electrospinning gave only few fiber fragments. To conclude in this particular case, the polymer-
polymer interactions have to be taken into account. E.g. hydrogen-bonding between polyamide
chains is an example of polymer-polymer interaction influencing viscosity and thus

electrospinning as was reported in the literature. [39]
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Figure 26: Microscopy images of electrospinning results of PVMDPS and PVP mixtures.
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5.4 Stabilization of fibers via sol-gel processing

So far all concepts were based on 2D silicone-type crosslinking and fiber formation had to rely
on entanglements. A more suitable approach towards stable fibers is generation of 3D
connectivity, by e.g. chemical reaction of alkoxysilyl groups via sol-gel processes. The major
questions to be answered are whether the alkoxygroups are in principle available for sol-gel
processing, the best timing for the hydrolysis and condensation reactions, the degree of 3D
connectivity that is needed. With that the question comes up, how sol-gel processing is induced:
acid or base catalyzed, composition of mixture in regard to concentration of precursor and
water.

Processing of pure PVMDMS / MeOH solutions via electrospinning, as described in
Chapter 5.2, did show the challenges in fiber formation. It was assumed that pure
PVMDMS - as a silicone type polymer — has not reached an optimum entanglement maybe due
to the low molecular weight of the synthetized PVMDMS or to the fact that there are only very
weak interactions between the polymer chains (as expected for silicones). [5S9] The idea now
was to use sol-gel processing to hydrolyse and condense the pendant methoxy groups of
PVMDMS to form siloxane connections between the chains. Therefore, the number of
entanglements in the system could be increased, and with that a better spinnability is expected.

Sol-gel processing can lead to 3D structures as represented by a gel, however that
depends on the applied processing parameters. For the electrospinning process only only liquids
(in this case the sol) can be utilized. The 3D network slowly grows over the time as the
hydrolysis and condensation reaction proceeds. Therefore the gelation time of a sol is a good
phenomenological indicator of the rates of the underlying condensation reactions. For that
reason, a detailed investigation of the gelation time in dependence of the pH value was
performed. It is expected — as explained in Chapter 1.3 — that acidic conditions will give linear
structures. Therefore, the range of pH values was varied from 0 to 6 (see Section 5.4.1). Another
important parameter is the aging time. Hydrolysis and condensation reactions will proceed until
all alkoxy groups are consumed. Thus, the timing for further processing has to be investigated
(see Section 5.4.2).

S5.4.1 Gelation time dependence

The studied polymers were KSHI1-48 KSH3-48, KSHS5-18, KSH10-48, KSH30-18.
The dependencies of the gelation time on the pH value for different R values (water/silane ratio)
1, 3 and 6 ratio are depicted in Figure 27, Figure 28 and Figure 29, respectively. More detailed
information can be found in the Appendix. Figure 30 shows the combined dependence of the
three studied parameters, namely gelation time, pH and H2O/Si ratio and KSH1-48, KSH10-48
and KSH30-18 are displayed by colored planes. Interestingly, the trend of gelation for each
polymer did not change with the variation in H20O/Si ratio. All samples gelled within three
weeks; polymer KSH1-48 has always the highest gelation times regardless of the R value.
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KSH30-18 exhibited the second highest gelation times. Polymers KSH3-48, KSHS5-48 and
KSH10-48 showed very similar gelation times regardless on R and therefore curves in the
Figure 27, Figure 28 and Figure 29 are overlapped. Figure 31 gives the dependence of the
gelation time on the pH value for KSH30-18 (20 wt.%) and the data were fitted with an
exponential curve. The exponential fitting was assessed as a very good correlation to the
experimental data represented by a correlation coefficient R = 1. Based on the hydrolysis and
condensation reactions in the acidic environment, reaction rates correspond to the kinetics of
the sol-gel processing in the acidic environment. An increase in pH leads to rapid rise in the
gelation time which was experimentally confirmed on the PVMDMS system in this case. [17]
Polymers KSH1-48 and KSH30-18 were studied in detail and the gelation time
dependence on pH for R =1, 3, 6 is depicted in Figure 32. Figure 32 shows distinct differences
between the dependence of the gelation time on R and the correlation between two polymers.
The data show that the polymers KSH1-48 and KSH30-18 give the same trend in regard to R.
The higher R is, the higher the gelation time becomes. An increase in R always revealed an
extension of gelation time for all studied polymers. Faster gelation appeared in KSH30-18
compared to KSH1-48. According to the M, as evaluated by NMR, KSH30-18 roughly consists
of the same number of repeating units as KSH1-48. However, KSH30-18 might have a higher
PDI due to the FRP chain transfers and hence consists of shorter and longer chains which can
significantly alter the sol-gel transition. The difference in PDI can play a critical role during the
sol-gel processing due to the presence of shorter and longer chains next to each other as Macon
et al. reported for the gelation time of polyalkoxymethacrylate. Macon et al. investigated the
chances in gelation time with regard to the molecular weight of the polymer as well as the PDI,
which was found to be a significant factor rapidly decreasing the gelation time as the PDI
increased. As molecular weight increased, gelation time decreased linearly in the system of
polyalkoxymethacrylate. To conclude, the higher molecular weight leads to cross-linking
within the network and therefore has an impact in the increase of gelation time. A correlation
between gelation time and molecular weight was made and it was suggested that the gelation
of such hybrids follows the bond percolation theory. Polymeric chains are crosslinked randomly
in the system and form bigger lattices during the transition from sol to gel. The gel is observed
as macroscopic gelation where a certain critical value for the lattice is reached. In a polydisperse
system with shorter and longer chains, the longer chains form bigger lattices from the beginning

of the sol-gel transition and contribute to the decrease in the gelation time. [8]
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Figure 27: Gelation time versus pH value; comparison of all investigated polymers, R =1.
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Figure 28: Gelation time versus pH value; comparison of all investigated polymers, R = 3.
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Figure 29: Gelation time versus pH value; comparison of all investigated polymers, R = 6.
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Figure 30: Combined dependence of the three studied parameters, namely gelation time, pH
and H,O/Si ratio for polymers KSH1-48, KSH10-48 and KSH30-18.
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Figure 31: Gelation dependence on pH for 20wt.% KSH30-18 in various pH solutions
fitted with an exponential curve.
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S5.4.2 Electrospinning dependence on the aging stage

With respect to the data achieved from the gelation time experiments reported in the Chapter
5.4.1, an appropriate composition of the PVMDMS solution was chosen, specifically KSH1-48
(12 wt.%) at pH=1, R =3; KSH1-48 (36 wt.%) at pH =3, R =3; KSH30-18 (30 wt.%) at
pH =3, R =3. These solutions were subjected to the electrospinning process. The time after
addition of the catalyst to the sol, has a very strong influence on the degree of condensation.
Condensation reactions are continuously progressing and with that particles and network
formation proceeds simultaneously. Organoalkoxysilanes, such as PVMDMS, behave
differently than TEOS during sol-gel reactions upon pH, as was described in Chapter 1.3, due
to the electronic effects of the side groups. Holubova et al. reported that a solution is spinnable
if hydrolysis is suppressed against condensation reaction, specifically for the organosilane
system. As a result, the 3D structure is forming slowly due to a lack of hydrolyzed groups
capable of condensation reaction. As the sol-gel reactions proceed, the viscosity of the sol
increases. The suppression of the hydrolysis prevents premature gelation of the electrospinning
solution which can emerge and result in gel formation as an unsuitable working conditions for
electrospinning. [5]

The overall results of the electrospinning for various aging times are depicted in Figure
33. KSH1-48 and KSH30-18 were chosen for a more detailed study. The aging time was varied
from 15 min to 4.5 hr. Based on the obtained data, further condensation reactions with time
contributed to the 3D structure and the formation of fiber-like structures was achieved. Early
stages of aging resulted in particle formation in all of the studied samples as it is depicted in
Figure 33.

KSH1-48 (12 wt.%) at pH = 1, R =3 was subjected to electrospinning. The amount of
material — as already represented by the low concentration of PVMDMS — was probably too
low for fiber formation. Aligned structures of separated particles resulted from the
electrospinning process. Higher concentrations of PVMDMS were chosen in order to
investigate influence of the polymer concentration on the electrospinning product. Therefore,
KSH1-48 (36 wt.%) at pH =3, R =3 was subjected to electrospinning and as a result, fiber
fragments with a diameter of roughly 2 um were obtained.

A higher concentration was chosen with KSH30-18 (30 wt.%) at pH=3, R=3. In
addition, this precursor shows a higher molecular weight leading to better entanglements in the
electrospinning solution. Fiber fragments were obtained in a late stage of aging and these fiber

fragments have diameter of approximately 5 pm.
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Figure 33: Microscopy images of fibers spun from acidic PVMDMS solutions in MeOH ; the aging
time was varied from 15 min to 4.5 hr.
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6 CONCLUSION

Polyorganosilanes seem to be promising novel precursor materials for the production of fibers
using the electrospinning technique. Because of the versatile chemistry offered by these
precursors, polyorganosilane-derived fibers might reveal new sets of properties and thereby
enable innovations for nowadays life. Polyorganosilanes have been investigated for various
different purposes and applications by other groups but there are no publications available
demonstrating electrospinning of these precursors. [4]

The overall aim of the present work was the preparation of fibers via electrospinning
applying poly(vinylmethyldimethoxysilane) as a precursor molecule. Since this has not been
demonstrated before, the initial experiments were focused on the nature of this precursor
polymer. Criticial parameters potentially affecting the final fiber formation capabilities, such as
molecular weight or degree of polymerization as well as solubility had to be elucidated prior to
the electrospinning itself. A free-radical polymerization technique was utilized for the purpose
of PVMDMS preparation. Different rates of the propagation reaction during FRP with the aim
to synthesize polymers of various molecular weights were investigated by variation of the
radical starter concentration. Successful polymerization was confirmed by detailed FT-IR
spectroscopic assessment. NMR spectroscopic analysis was performed to determine the
molecular weight of the polymer, specifically the number-average molecular weight via
quantification of the chain end-groups. It was expected due to the nature of the FRP that
different end groups will be present in the polymer. However, the NMR analysis was not
sufficiently sensitive to detect all end-groups. Thus, it was only possible to estimate a trend of
increasing Mw with increasing concentration of initiator. However, a quantitative statement
about the number average degree of polymerization would be possible once the terminal methyl
group can be unambiguously assigned to a specific chemical shift in the 2D-NMR data.

First electrospinning experiments were performed with solutions of pure PVMDMS in
a solvent, specifically in methanol. All parameters for the electrospinning process had to be
identified for the first time. Only few fiber fragments at very high concentration of PVMDMS
could be obtained. The system tended to form droplets and coatings on the collector most likely
due to insufficient number of chain entanglements in the electrospinning solution. An indication
which supports this assumption is that the polymer with the putatively highest PDI was the most
successful in fiber formation.

It was also anticipated that the degree of entanglement as well as the strength of mutual
interaction between interlocking chains would not provide the necessary conditions allowing
stable fiber formation. Therefore, two different additional strategies aiming to enhance fiber
formation were pursued. On the one hand, a carrier polymer can be used to aid the formation
of poly(vinylmethyldimethoxysilane) based fibers. On the other hand, residual alkoxy moieties
can be condensed to increase the degree of crosslinking in the prepolymer via the formation of

siloxane bonds.
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Polyvinylpyrrolidone, as a well established polymer in electrospinning processes, was
used for the purpose of facilitating fiber formation with a carrier polymer. It can be stated that
the addition of PVP enhances the spinnability of PVMDMS as a very general conclusion. Fibers
were successfully prepared from blends of PVMDMS and PVP where fiber diameters varied
from 100 nm to 1 pm strongly depending on the molecular weight of PVMDMS.

As another way to improve fiber formation, sol-gel processing was applied with the aim
to induce crosslinking of the macromolecules and therefore increase the number of
entanglements per molecule. PVMDMS consists of repeating vinylmethyldimethoxysilane
units, a molecule bearing two methoxygroups capable of hydrolysis and condensation. These
reactions will give siloxane bonds within the material, specifically between the chains of
PVMDMS gradually increasing the molecular weight which is characteristic for sol-gel
processes. The process was carefully investigated with respect to identification of the optimal
pH value and aging time. Both parameters are of crucial importance because they influence the
degree of condensation of the sol, which again is responsible for the viscosity and crosslinking
of the polymer network (solution). Electrospinning of prepolymerized and precondensed
PVMDMS showed the formation of small fiber fragments. The macromolecular structure of the
polymeric precursor as well as the precursor concentration seem to be the most important
parameters with respect to the product quality. While an insufficient amount of material resulted
in formation of particle-like structures in the aligned shape from the jet, an increase of the
PVMDMS content enhanced fiber formation and consequently fragments of fibers were
achieved. In addition, longer ageing seems to be beneficial for fiber formation.

In summary, successful fiber formation with PVMDMS was shown for the first time.
It was found that stable fiber formation with the obtained polymers is not achievable,
presumably due to the low molecular weight and the associated low entanglement number per
macromolecule. However, fibers could successfully be prepared by the addition of a carrier
polymer such as polyvinylpyrrolidone to the spinning solution. In addition, further
polymerization of PVMDMS to yield siloxane crosslinks by hydrolysis and condensation, in
a sol-gel type fashion, seems to be a very promising approach for electrospinning. In the latter
case, further investigations are necessary to investigate the plethora of different processing

parameters.
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8 LIST OF ABBREVIATIONS AND SYMBOLS

2D

3D

AC

Ar
ATR
D4

Da

DC

DI
DLS
DP
FT-IR
G

hr

1
MeOH
min
mL
My
mol.
My
PDI
PMMA
PVMDMS
PVP

pm

SEC
SEM
TEOS
TEOS

VMDMS

two-dimensional
three-dimensional

alternating current

argon gas

attenuated total reflectance
deuterium

unit Dalton

direct current

deionized water

dynamic light scattering

degree of polymerization

Fourier transform infrared spectroscopy
gauge

hours

liquid

methanol

minutes

milliliter

number-average molecular weight
molar concentration
weight-average molecular weight
polydispersity index
poly(methylmethacrylate)
poly(vinylmethyldimethoxysilane)
poly(vinylpyrrolidone)

molar ratio water to silane
revolutions per minute

solid

size-exclusion chromatography
scanning electron microscope
tetraethylorthosilicate
tetraethoxysilane

voltage
vinylmethyldimethoxysilane

weight concentration
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9 APPENDIX
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Figure 34: Combined dependence of the three studied parameters, namely gelation time, pH
and H,O/Si ratio for polymers KSH1-48 (12 wt.%).
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Figure 35: Combined dependence of the three studied parameters, namely gelation time, pH
and H,O/Si ratio for polymers KSH3-48 (12 wt.%).
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Figure 36: Combined dependence of the three studied parameters, namely gelation time, pH
and H,0/Si ratio for polymers KSH5-48 (12 wt.%).
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Figure 37: Combined dependence of the three studied parameters, namely gelation time, pH
and H,O/Si ratio for polymers KSH10-48 (12 wt.%).
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Figure 38: Combined dependence of the three studied parameters, namely gelation time, pH
and H,O/Si ratio for polymers KSH30-18 (10 wt.%).
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