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CHAPTER 1

Materials science: A search for the new and the useful

Abstract

Brief introductions to material science as well as polymer science are presented, which are the basis for the
scope of this work. Hence, this work focuses on the use of established or emerging ionic systems
(e.g., ionic polymerizations and/or ionic liquids) in combination with other new approaches in polymer synthesis

(e.g., combinatorial and high-throughput approaches and microwave irradiation) to develop diverse materials and/or
alternative methods for their fabrication.



1. Materials science: A search for the new and the useful

1.1 Introduction to materials science
1.1.1 A general overview

Nowadays, it is not an exaggeration to say that the prosperity of an economy will depend, at large
extend, on the development and use of new materials which will satisfy the actual and future needs of its
society. From this point of view, what determines the progress of a civilization is its mastery over
materials. The key indicators of progress (military prowess, the ability to produce goods, advances in
transportation, agriculture, development of more efficient and cleaner technologies, etc.) all reflect the
degree to which humans have been able to work with materials and put them to productive use. Humans
have progressed from the Stone Age, the Bronze Age, and the Iron Age to the Silicon Age and current
times might be seen as the Age of Materials Science!" besides the Internet Age. Scientists and engineers
have achieved mastery over not only silicon, but also over glass, ceramics, copper, concrete, alloys or
combinations of aluminum and exotic metals like titanium, magnetic materials, semiconductors, polymers,
medical implant materials, biological materials and newly designed materials that are configured at
specific molecular and atomic levels. Materials science is one of the oldest forms of engineering and
applied science, has driven, and been driven by, the development of revolutionary technologies. For
instance, important elements of modern materials science are a product of the space race: The
understanding and engineering of the metallic alloys and other materials that went into the construction of
space vehicles was one of the enablers of space exploration.

In this day and age, materials science has become a remarkably interdisciplinary field which couples
fundamental research of properties of matter with engineering applications of end-products. Knowing and
producing are never separated. The interplay of cognitive purposes and technological interests is seen in
the definition of materials. Unlike matter, the notion of materials refers to a substance which is useful or of
value for human purpose. Materials are usually defined as substances having properties which make
them useful in machines, structures, devices, and products.I"’ Because of this dual aspect, materials
science has contributed to a deep transformation of the overall organization of research and teaching.
Hence, materials science explores the basic structure and properties of matter, down to the molecular,
atomic, and even subatomic levels. One major objective of materials science and engineering is to create
materials by design (e.g., structures tailored for specific purposes, whose properties are adapted to a set
of specific tasks). The achievement of this goal was accelerated when instruments provided access to the
micro, nano, molecular and atomic structures of materials. Instead of adopting linear sequences of
research and development, materials scientists and engineers have to embrace conceptually structures,
properties, functions, processes and end-uses in combined, highly interrelated, and complex approaches.
Thus, materials science includes elements of applied physics, chemistry and biology, as well as chemical,
mechanical, civil and electrical engineering. Furthermore, with significant attention on nanoscience and
nanotechnology in the recent years, materials science has been propelled to the forefront of research.
Both, experimental and theoretical research in materials science have three primary objectives: to
synthesize novel materials with desirable properties, to advance fundamental understanding of the
behavior and properties of materials, and to develop new, creative, more efficient, and
environmentally-friendly approaches to materials processing.

Among the many branches of study in materials science are the development of superconducting
materials, biomaterials, metal alloys, ceramics, surface engineering, composite materials, and polymers
just for citing some examples.

Superconductors can be highlighted among one of many important developments that are currently
being investigated in materials science. A superconducting material transmits electricity with virtually no
energy loss. In a world where every electrical cord steals some of the current passing through it, the
development of a room temperature superconductor could save considerable amount of energy and allow
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the development of superconducting computers that could run 100 times faster than today’s fastest
supercomputers.m Similar to superconducting materials, work on semiconductor lasers made the
photonics revolution of the last three decades possible.”) Photonics uses light for signaling and
conducting information along a pathway (electronics uses electrons for the same purpose). Photonics is a
field that has already produced compact disk players, laser printers, bar code readers, and medical
applications, as well as new systems for displaying information.

In another example, new metal alloys are being created and investigated every year by researchers,
which must learn about the chemistry of the alloy, the microstructure basic to the alloy, and its
macroscopic behavior.! Some of the alloys can be used to fabricate thin films that may be applied in the
electrical industry.[S] Others may be used in newly designed vehicles. These new alloys are obviously not
only stronger and lighter than their predecessors, but also more resistant to stress and fatigue, which may
allow to produce more fuel-efficient and longer-lasting vehicles. Still in the field of inorganic materials, an
additional example is the transformation of toughness in ceramics. Strong ceramics are capable of
operating and surviving in extremely demanding environments. However, as ceramics cool after firing,
their tiny constituent particles expand slightly and cause occasional micro-cracks.® To reduce the risk of
cracking, the particles that make up the ceramics must be in the order of one micron. Using zirconium
dioxide-based ceramics, scientists were able to prevent cracking by using appropriate processing to
control the expansion of the particles during cooling.m To the delight of the automotive industry, these
tough ceramics, when integrated into catalytic converters, also increased fuel efficiency.

Composites are another very important kind of materials in which two or more individual materials are
combined to fulfill very specific applications. Hence, composite materials are often used in recreational
applications such as tennis rackets, golf clubs, and sailboat masts. These materials also bring comfort to
thousands of people through medical therapies such as prosthetic arms and legs that are much lighter
than wood or metal versions.”! At higher performance levels, the success of satellites and aircrafts
depends on composites. In aircrafts, weight affects every performance factor, and composites offer high
load bearing at minimal weight without deterioration at high or low temperatures.[gl Designing composites
is one method of fabricating novel materials with special properties. Surface engineering is another.
Thermal and plasma spray processing,!'” nano-lithography,"""! surface chemistry,'? and inkjet printing!"”
are in a group of techniques that can propel a range of materials including metals, ceramics, polymers,
and composites onto substrates to form new outer layers. Some of these methods have proven to be
cost-effective methods for engineering surfaces that are resistant to corrosion, wear, high or low
temperatures, or other stresses. Current applications include the aerospace, marine and automobile
industries, power generation, paper processing and printing, and infrastructure building.

Regarding the applications in life sciences and biotechnology, chemists work next to physicians and
biological specialists to develop, for instance, biocompatible composites for patching wounds, casings for
cell transplants, scaffolds that guide and encourage cells to form tissue, bioreactors for large-scale
production of therapeutic cells, and experimental and theoretical models that predict behavior of these
materials in vivo."" In addition, other investigators are looking for more environmentally benign and safer
substitutes for chemically synthesized materials currently in use. For example, dragline silk from the
orb-weaving spider Nephila clavipes is one of the most promising biomolecular materials, thanks to the
silk's great strength and flexibility-greater even than the lightweight fiber used to reinforce bulletproof
helmets. Also attractive is the environmentally friendly process used to make the silk, which the spider
spins from a water-based solution." Intrigued by this spider, researchers have had a vision that
high-performance, renewable, silk-like biomaterials eventually can be made using tools of biotechnology.
The resultant compounds might be used in products ranging from reinforced tennis rackets to tires.
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1.1.2 Synthetic polymeric materials

A specifically important branch of materials science are the compounds known as synthetic polymers,
gigantic molecules made up of single units, or monomers, that are linked together in chains of varying
lengths.I"® Basically, the modern age of polymers has begun during World War Il, when researchers were
working on durable forms of synthetic rubber that could withstand elevated temperatures and pressures,
and to replace the scare of the natural sources. Since then, it has been a relatively smooth transition from
rubber to an ever-widening range of synthetic polymers, examples of which are found today in products
ranging from clothing, packaging, and personal care products to automobile and aircraft components.
Polymers have arisen as a new and important class of materials, which offer both challenges and
opportunities in research as well as in the development of new technologies. Nowadays, the field of
polymers has become a very diverse and complex branch of research, and therefore it has also become
a multidisciplinary area. Thus, very specific research areas have been developed in the field of polymers,
such as synthesis, mechanical, physical and chemical characterizations, processing, as well as
engineering. For instance, polymer synthesis itself has become a very broad research field, which covers
different polymerization reaction mechanisms (e.g., step-growth,[m controlled/free radical,!"® cationic,"™!
anionic,® metathesis,?" Ziegler-Natta-Kaminsky”” polymerizations) and polymerization processes (e.g.,
bulk, solution, suspension, emulsion,?" catalytic,[zs] interfacial,*® bulk-suspension polymerizations).

Due to the continuous diversification of research and applications of polymeric materials, nowadays
the markets demand for new materials with very specific properties. Part of this demand can be supplied,
for instance, by synthetic developments of new monomers. However, these approaches are often limited
and expensive. An interesting example of these approaches is the development of conducting polymers
(considered as synthetic metals). Researchers have demonstrated that conjugated polymers can be
"doped" or intentionally changed to the metallic state.””) The process of doping involves introducing into a
substance an additive or impurity that produces a specific and deliberate change in the substance itself.
This development has remarkably stimulated research worldwide on metallic organic polymers;
applications include rechargeable batteries, electromagnetic interference shielding, and corrosion
inhibition."!

Whenever the development of new monomers is not possible to create new polymers, new materials
can be also created by combining existing monomers, which has created the field related to the synthesis
of copolymers. In a copolymerization reaction two or more monomers of different characteristics are
incorporated into a polymeric chain. The materials obtained by these methods combine properties of the
respective homopolymers. Thus, a suitable selection of monomers and their composition can allow for the
synthesis of new polymeric materials with very specific properties.”® The molecular architecture of these
materials also plays an important role for their properties. For instance, amphiphilic block copolymers can
self-assemble in several nanostructures, which can be used from drug delivery systems for medical
therapies to nanotechnology for electronic applications.[zgl

Another approach for creating new polymeric materials makes use of the ways in which polymers
interact when blended with other polymers and/or with other materials. Polymer blends are a powerful
way of enhancing toughness or otherwise tailoring the performance of a given material.” This approach
has allowed for the development of high-performance polymeric alloys that could be used to replace
metal components in automobiles. These lightweight and easy-to-fabricate alloys could help create
vehicles that have greater fuel efficiency and produce fewer emissions.

One of the main goals in synthetic polymer chemistry has been and is the preparation of well-defined
molecular architectures due to the fact that this determines to a large extent the final properties of the
materials. Synthetic polymerization approaches proceeding in the absence of chain transfer and chain
termination reactions are suitable and well-known for obtaining well-defined polymers with a high degree
of homogeneity (narrow molecular weight distributions). Thus, the discovery of the ionic polymerizations,
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which proceed in the absence of chain transfer and termination reactions, around five decades ago gave
birth to the field of “living” polymerizations and to some of the most used synthetic techniques for the
preparation of well-defined polymeric moieties: anionic®" and cationic®®” polymerizations.

The development of environmentally benign methods of polymer synthesis has also been an
important issue during all these decades. The first important development in this regard was the
fabrication of polymers in heterogeneous systems based on water (e.g., emulsion® and suspension'®®!
polymerizations) during World War 1. Almost four decades after, the use of liquid carbon dioxide was also
proposed to replace highly toxic volatile organic solvents widely used throughout the industry.?® More
recently, the appearance of a new class of “environmentally-friendly” substances, ionic liquids
(e.g., molten salts below 100 °C), has triggered research towards the development of more efficient and
cleaner technologies.” Due to their negligible vapor pressure and flammability, ionic liquids have arisen
as very promising substances to replace toxic and unsafe volatile organic solvents in many chemical
processes,” including polymer synthesis.*”

Thus, discoveries of new materials always lead to new questions and their answers create
opportunities to still find additional new materials. Hence, materials research is a very powerful catalyst
for innovation and at the same time a very complex and highly interrelated field of science pushing the
edge of the technologies of a whole array of societal systems. As new materials become available and
processable, they will make possible improvements in the quality of life.

1.2 Scope of this work
1.2.1 lonic systems in materials research

Despite the impressive developments that materials science has achieved in the last six decades,
there are still much more challenges to be solved, and chemical, physical and biological phenomena to
be understood in the field. This has, e.g., the goal of creating environmentally-friendly, more efficient and
cheaper materials, and processes for their production. Thus, material science will always offer endless
opportunities for research and development. Being the field of polymer research as vast as materials
science, nowadays materials (or polymer) scientist must be specialized in specific branches of science
and, at the same time, must have a general vision of the entire field, which will allow them to innovate and
find new applications of their developments and/or influence on other braches of science. Hence, in these
days, materials scientists must also be able to recognize, incorporate and communicate emerging
developments and/or technologies, which may have in the future an important impact in their own
research areas and/or in other branches of science and technology.

Systems based on ionic interactions are usually related to reversible self-assembly processes and/or
transitory chemical states since they are weaker than covalent bonds. Nowadays, they are believed to be
key factors for the understanding and for the development of processes in several branches of chemistry
and materials research. During the last decades, scientists have created different approaches for the
preparation of new materials and/or substances with outstanding properties based on ionic and other
non-covalent interactions. In this dissertation work, different chemical systems, based on ionic
interactions, have been employed for the preparation of new materials and for the development of more
efficient synthetic methods in materials research. All developments and findings achieved during this work
have been and will be document in the scientific literature. Thus, it is hoped that the results of this thesis
will provide a better understanding of the studied chemical processes and the products derived from them
will have a positive impact on the society and its constant search for new and better materials as well as
more efficient methods for their preparation. In fact, all the developments achieved are illustrated with
potential and/or established applications.
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1.2.2 Development of materials and processes based on ionic polymerizations and/or ionic
liquids

This work focuses on the incorporation of emerging synthetic approaches into polymer and materials
sciences in order to develop diverse materials and/or alternative methods for their fabrication. One of
these emerging synthetic approaches to be considered in this work is the incorporation of high-throughput
methods®”*® into one of the most demanding ionic polymerization methods, anionic polymerization.[39]
Other important emerging technologies to be included in this research work are the use of ionic liquids
and/or microwave irradiation***"! for the development of cleaner polymerization processes.[%] In addition,
ionic liquids are combined with polymeric and other substances to create novel systems and composite
materials.*? Due to the potentially “green” characteristics of ionic liquids, it is thought that these
emerging, non-volatile and non-flammable solvents will be an important basis for the development of new
sustainable processes and materials in the coming years."*”!

Thus, the scope of this work can be summarized as the use of established and/or emerging ionic
systems (e.g., ionic polymerizations and/or ionic liquids) in combination with other new approaches of
polymer synthesis (e.g., combinatorial and high-throughput approaches and microwave irradiation) for
developing different materials and/or alternative processes for their fabrication. On the one hand
“classical” and new approaches based on ionic interactions for the preparation of polymeric moieties and
new materials are employed, and on the other hand some of the results derived from these single
approaches are combined in order to investigate advanced composite systems. These new systems may
find applications in several fields of science and technology: From drug delivery and medical therapies to
engineering devices and catalytic reaction systems. Thus, this dissertation thesis is divided in three
sections.

In the first section of this thesis (chapters 2 and 3), the enhancement of a well-established polymer
synthetic approach, anionic polymerization, is achieved by incorporating this technique into a
high-throughput work flow. This experimental approach has allowed and accelerated the synthesis of
“new” block copolymer libraries and end-functionalized polymers containing supramolecular moieties.*¥
Besides the systematic and accelerated synthesis of these polymers, it has been shown that this
technique can be a very useful tool for performing detailed kinetic investigations of these ionic
polymerizations in a short time. Thus, the high-throughput approach was established for one of the most
demanding processes in polymer synthesis. This new tool may help to speed up research in this field
towards a better understanding of structure-property relationships in polymer science.

In the second part of the thesis (chapter 4), ionic liquids®* are investigated as a new reaction media
to carry out polymerizations by different reaction mechanisms. Due to their outstanding chemical and
physical stabilities, ionic liquids are proposed as novel ionic systems that can offer multiple advantages in
polymer synthesis.[36] Thus, it is demonstrated that ionic liquids can be efficiently utilized to perform
homogeneous and heterogeneous polymerization reactions. In the homogeneous case, another ionic
polymerization mechanism, cationic ring opening polymerization, is chosen as an example to perform the
“living” polymerization of well-defined polymers. It was found that the substitution of conventional volatile
organic solvents by ionic liquids as reaction media can lead to faster polymerization rates in some of the
investigated systems. Furthermore, the proposed synthetic method is not just limited to one reaction
mechanism and can be readily extended to other types of polymerizations such as free radical or
controlled free radical. Because not all monomers and/or polymers will show a good solubility in specific
ionic liquids, it is also demonstrated that heterogeneous polymerizations can be carried out in ionic
liquids. For these cases, apart from ionic liquids acting as a reaction medium, it was found that ionic
liquids also function as novel surfactants to stabilize these heterogeneous systems. Hence,
heterogeneous polymerizations performed in ionic liquids have allowed for the synthesis of polymer
beads with controlled particle sizes from the nanometer to the millimeter range. Besides the mentioned

[34]
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advantages of using ionic liquids as reaction media in polymers synthesis, it is also shown that “green”
processes can be developed using these approaches due to the known “environmentally-friendly”
characteristics of ionic liquids (e.g., negligible vapor pressure and negligible flammability).[43] Thus, the
substitution of volatile organic solvents by ionic liquids in polymer synthesis is achieved, for both
homogeneous and heterogeneous cases, and the “green” character in the synthetic methods proposed is
kept by using other environmentally-friendly substance, water, for the isolation of the products
synthesized and the ionic liquid recovery for additional polymerizations cycles. In this way the
development of more efficient and cleaner polymerization processes has been achieved by avoiding the
use of organic volatile compounds.

In the last part of the thesis (chapters 5 and 6), some of the materials synthesized in the first section
as well as other materials are combined with the findings and/or concepts developed in the second part to
obtain advanced materials systems. More specifically, block copolymers synthesized in the first section
(and by other synthetic methods) are utilized for the preparation of block copolymer micelles using ionic
liquids as thermodynamically good and bad solvents for amphiphilic polymers.”® The use of ionic liquids
for the preparation of block copolymer micellar systems has revealed some advantages in this regard
since multiple-phase systems can be prepared and the micelles can be reversible transferred between
the different phases.*® Moreover, it is also shown that the transportation of encapsulated guest
molecules in the micelles can be also achieved between the different phases. These studies may find
applications in catalytic reaction systems*”! and/or in drug delivery processes.*® Finally, taking
advantage of the surface active properties shown by ionic liquids, the preparation of composite materials
is illustrated with two examples. The utilization of ionic liquids has allowed the efficient and homogeneous
incorporation of inorganic materials (e.g., magnetite) into a polymeric matrix, which cannot be easily
achieved by other methods. Thus, polymer composites showing magnetic and conductivity properties
were prepared by an inexpensive method. In addition, this latter concept is also extended to the
preparation of novel magnetic composite materials in a liquid state. Hence, a new class of
magnetorheological fluids*® have been developed by dispersing magnetic particles in ionic liquids. Apart
from the known magnetorheological effect shown by the materials, the use of ionic liquids as carriers of
these dispersions has allowed the preparation of magnetorheological fluids with enhanced properties
(e.g., low sedimentation rate of the dispersed particles, negligible vapour pressure and flammability, use
in a wider temperature range, electric conductivity, miscibility/immiscibility with diverse substances, etc.)
in comparison to other preparation approaches.”® Potential and/or established applications for
magnetorheological fluids based on ionic liquids are vast (from engineering devices to medical therapies)
and are briefly addressed in the work."
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CHAPTER 2

Automated parallel anionic polymerization:
Enhancement of an important synthetic technique in
polymer science

Abstract

Anionic polymerizations were successfully carried out in a commercially available automated parallel
synthesizer. The main problems related to the implementation of this synthetic procedure in the automated
synthesizer were addressed as well as some examples of the potential applications of this experimental technique.
The results obtained have shown that the automated parallel approach allows performing detailed kinetic
investigations of anionic polymerization reactions in a remarkable short period of time. The obtained results were
reproducible and in concordance with literature knowledge. In addition, the feasibility of synthesizing block copolymer
libraries via sequential anionic polymerization within the automated synthesizer was demonstrated, including the
synthesis of block copolymers at low reaction temperatures (-78 °C). Thus, one of the most demanding synthetic
approaches in polymer chemistry has been successfully introduced into a combinatorial and high-throughput
workflow. This new automated approach for anionic polymerizations may allow accelerating the systematic synthesis

of new materials and research in the field.

Parts of this chapter have been published: (1) C. Guerrero-Sanchez, U. S. Schubert, Polym. Mat. Sci. Eng. 2004, 90,
647. (2) C. Guerrero-Sanchez, C. Abeln, U. S. Schubert, J. Polym. Sci. Part A: Polym. Chem. 2005, 43, 4151. (3) C.
Guerrero-Sanchez, U. S. Schubert, Chim. Oggi 2005, 23(6), 24. (4) C. Guerrero-Sanchez, R. M. Paulus, M. W. M.
Fijten, M. J. de la Mar, R. Hoogenboom, U. S. Schubert, Appl. Surf. Sci. 2006, 252, 2555.
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2.1 State of the art of experimental techniques in anionic polymerization

In synthetic polymer chemistry one of the main goals is the preparation of well-defined molecular
architectures due to the fact that this determines to a large extent the final properties of the materials.
Synthetic polymerization approaches proceeding in the absence of chain transfer and chain termination
reactions are suitable and well-known for obtaining well-defined polymers with a high degree of
homogeneity. The discovery of the polymerization of styrene induced by an electron transfer reaction
from sodium naphthalenide in the absence of chain transfer and termination reactions five decades ago
gave birth to the field of “living” polymerizations and to one of the most widely used synthetic techniques
for the preparation of well-defined polymeric moieties: anionic polymerization.m

During the fifty years after the discovery of “living” anionic polymerizations other synthetic approaches
aiming at the preparation of polymers with controlled architectures have been developed based on the
same principle of absence or strong suppression of chain transfer and termination reactions
(e.g., controlled radical polymerizations (CRP)? and cationic ring-opening polymerizations (CROP)).
These synthetic approaches have shown some advantages and limitations in comparison to the anionic
polymerization mechanism. Among the CRP synthetic techniques three main mechanisms can be
identified: atom transfer radical polymerization (ATRP),[‘” nitroxide mediated radical polymerization
(NMRP)®! and reversible addition-fragmentation chain transfer (RAFT).”) Even though CRP techniques
show a good tolerance against impurities in the reaction systems, some main drawbacks still have to be
solved: difficult purification of the synthesized polymers (ATRP), long reaction times and high reaction
temperatures (NMRP) as well as the obtaining colored polymers (RAFT).["! For these reasons, “classical”
“living” anionic polymerization techniquesare still widely used in research as well as in industry.[s] Unlike
“living” anionic polymerizations, termination reactions can (always) occur in CRP techniques.

However, the main drawback related to anionic polymerization (and other ionic polymerizations such
as CROP) is the extremely high reactivity of the anionic species towards impurities present in the involved
chemical reagents and the reaction environment (oxygen, moisture, and carbon dioxide).[9] This feature
has obligated synthetic polymer chemists to develop specific experimental setups and techniques to
avoid spontaneous termination reactions of the reactive species.'” Even though anionic polymerization
can be a time-consuming technique and requires customized setups, synthetic polymer chemists have
been willing to overcome these disadvantages due to its high potential of synthesizing complex and
well-defined polymeric structures with low polydispersity indices and with a full control over the molecular
structure. For these reasons, anionic polymerization has provided both, model materials to perform novel
studies in polymer physics“zl as well as commodity polymers on industrial scale® since its appearance
50 years ago.!"

Laboratories performing anionic polymerizations around the world have mainly used of two
experimental techniques: high-vacuum and inert atmosphere (schlenk technique).

The development of high-vacuum techniques started few years after the discovery of anionic
polymerization due to the fact that it was noticed that obtaining narrow molecular weight distributions in
the anionic polymerization of styrenic monomers is dependent on the rigorousness of the used
experimental techniques.ml Therefore, in the early 1960’s the description of setups for performing anionic
polymerizations of styrene and isoprene under high vacuum environment started to be published." For
the middle of 1970’s a full compendium of setups (including polymerization reactors, treatment of
glassware, removal of air from liquids, distillation of liquids in vacuum systems, preparation of sodium
mirrors, determination of the activity of the initiators, etc.) was described in detail in the literature.!"®
Thereafter, high-vacuum techniques have been further modified and improved to allow the synthesis of
well-defined polymeric architectures with a high degree of complexity (e.g., block copolymers, star
polymers, comb-shaped polymers, block-graft copolymers, branched architectures, cyclic polymers, and
functional polymers)'"! (see for example Figure 2-1). Detailed reviews summarizing these latter
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improvements have been recently published in the literature."®% Thus, anionic polymerizations utilizing
high-vacuum techniques have been and are still extensively used for the preparation of novel and
well-defined macromolecules. However, the required demanding glass blowing techniques and the limited
scale of polymers that can be synthesized are still their main drawbacks (see for example
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Figure 2-1: (a) Schematic representation of block-graft and miktoarm star copolymers (adapted from reference
(b) Schematic representation of an anionic polymerization setup based on high- vacuum techniques for the synthesis
of linear/star double combs and double-molecular brushes (adapted from reference!’’).
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Figure 2-2: Schematic representation of an anionic polymerization setup based on inert atmosphere techniques.
(a) shows an arrangement to supply an inert gas (argon) to distillation and reaction setups displayed in (b) (adapted
from reference!’®).

Due to the fact that it can take several days to synthesize one sample of polymer by anionic
polymerization using high-vacuum techniques, a “faster’ experimental technique, inert atmosphere,“s]
was developed almost parallel to high-vacuum techniques. With time several detailed descriptions about
the use of inert atmosphere techniques in anionic polymerization have been published.!'® '® The principle
of these techniques is the application of a slight overpressure of an inert gas (normally nitrogen, argon or
helium) into polymerization reactors and/or distillation setups after thorough flaming of the apparatus
and/or glassware (see Figure 2-2). Among the main advantages of using the inert atmosphere
experimental approach are: the time required for the preparation of a polymer moiety is reduced
considerably, larger amounts can be synthesized in one experiment, and sampling during the
polymerization reactions for kinetics investigations is feasible. Even though the characteristics of the
polymers synthesized using the inert atmosphere techniques are comparable to those obtained by
high-vacuum techniques, a main restriction for the inert atmosphere technique is that the synthesis of
polymers of high molecular weight and/or very complex architectures (such as those depicted in
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Figure 2-1a) becomes very difficult due to the presence of impurity traces that can terminate the growing
polymeric chains during the polymerization reactions.

Despite of the advantages that anionic polymerization can offer in terms of synthetic capabilities, the
use of their experimental techniques is not trivial and requires intensive purification procedures of the
reagents as well as oxygen- and moisture-free reaction conditions to obtain reliable results."” These
limitations have restricted the development of experimental setups to a “one at time” synthetic approach,
which is a slow research process. In addition, anionic polymerization experiments may be difficult to
reproduce in certain cases (e.g., in inert atmosphere techniques), mainly due to an ineffective and
inhomogeneous removal of impurity traces for different experiments performed in a specific set up. This is
obviously an important aspect to take into account in research (for example, in kinetic investigations) to
obtain reliable results and conclusions. For these reasons, the development of a faster and reliable
experimental approach (in terms of reproducibility) to perform anionic polymerization reactions would be
very useful. Such an experimental approach would allow accelerating research in the field of anionic
polymerization and establishing more accurate structure-property relationships of polymeric materials by
synthesizing systematically and faster different polymers.

2.2 A high-throughput approach as a new experimental technique and method to
speed-up research in anionic polymerization

So far anionic polymerization reactions were mainly performed using the two aforementioned
experimental techniques, which have been relatively time-consuming and difficult to implement. Thus,
these techniques are considered as “classical”’ lab-scale synthetic approaches. However, with the advent
of automation, the tendency of performing automated, parallel and high-throughput experimentation in
order to accelerate the development of new products or research approaches has grown considerably in
recent years. These experimental approaches have been already successfully implemented in many
fields of chemistry such as the pharmaceutical industry.[m In this regard, polymer research has not been
an exception."® New findings and polymeric materials have been achieved applying (automated) parallel
experimentation approaches in a short time.'*? Combinatorial and high-throughput techniques have
found applications ranging from kinetic studies of polymerization mechanisms,"™  via coating
technology[zol and library preparation®” to the development and evaluation of novel polymerization
catalysts.”” The use of combinatorial and high-throughput experimental techniques has obvious
advantages over the “classical’ lab-scale synthetic approaches: (1) Savings of time and resources;
(2) speeding-up the research; (3) all the experiments are performed under the same reaction conditions
(e.g., same reactors, same inert atmosphere, same experimental error, etc.) and therefore the obtained
results are easily comparable and reproducible. Significant advances in performing automated parallel
synthesis for almost all sort of polymerization methods have been reported recently.“e'zz] However,
oxygen and moisture sensitive polymerization (e.g., anionic, cationic or polymerizations of olefins) are
difficult to implement in an automated and parallel fashion due to the fact that different levels of impurities
in different reaction chambers might cause problems of experimental reproducibility. Recently, the
automated parallel synthesis of poly(olefins) and polymers via cationic polymerization have been
reviewed."®? Nevertheless, the incorporation of anionic polymerization into a high-throughput
experimental workflow has not been discussed in the open literature until now. This might be related to
the fact that such an implementation is not a straight forward task due to the discussed characteristics of
anionic polymerization (e.g., remarkable sensitivity towards oxygen and moisture).“ol Hence, the
development of such experimental approach would be of great interest and help for the synthetic polymer
chemists. This would provide, for instance, well-defined polymer libraries for systematic investigations in
polymer science. Therefore, the main discussion of this chapter focuses on the implementation of anionic
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polymerization processes in a commercially available automated parallel synthesizer using the inert
atmosphere approach. Special emphasis is placed on the problems that had to be solved to obtain
reproducible and reliable results in the setup. Thereafter, application examples of this experimental
technique are discussed such as the possibility to perform detailed kinetic studies in a short time and the
construction of block copolymer libraries. These examples are the preamble for the detailed discussion
about more specific and complex synthetic tasks such as the synthesis of a new library of block
copolymers and functionalized polymers, which are presented in chapter 3.

2.3 Automated parallel anionic polymerizations: Incorporation of the synthetic
technique into a high-throughput experimental workflow

The experimental method derived from the implementation of anionic polymerization in a
commercially available automated parallel synthesizer can be classified under the category of the inert
atmosphere techniques due to the use of a glove box with a slight overpressure of an inert gas (argon)
(see experimental part for a complete description of the synthesizer). Figure 2-3 displays images of the
automated synthesizer used during the experiments of this chapter.

Figure 2-3: (a) Overview of a Chemspeed ASWZ2000 synthesizer used during the automated parallel anionic
polymerization of styrene. The glove box provides an inert atmosphere in the interior of the apparatus. The
polymerizations can be performed in two different reaction volumes ((b) 75 mL or (c) 13 mL) (see experimental part
for a complete description of the synthesizer).

The main challenge that had to be solved before achieving a successful performance of the
experimental method proposed was related to the reproducibility of anionic polymerization reactions
carried out in the parallel synthesizer. Even though the use of a glove box provides an acceptable inert
atmosphere in the interior of the apparatus, it was found that different levels of impurities in the reactors
of the synthesizer provoke a lack of reproducibility in the experiments or simply the polymerizations were
not initiated properly. Hence, a homogeneous and effective removal of all impurities in the different
reaction vessels of the synthesizer was mandatory before performing parallel anionic polymerization
experiments. In order to overcome this problem, a simple method was developed to reach the required
inert conditions for reproducible experiments. This inertization method is performed in an automatic
fashion using the liquid handling system of the synthesizer and consists of the following steps for a 13 mL
reactor: (1) The glove box of the apparatus is exposed to a continuous argon flow overnight, while the
reactors of the synthesizer were heated to 140 °C and exposed to 6 cycles of subsequently filling with
argon (5 min) and applying vacuum (25 min) in order to eliminate as much oxygen and moisture as
possible from the glass walls of the vessels. (2) 0.5 mL of sec-butyllithium (s-BuLi) (from a vial cooled to
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5 °C) and 5 mL of cyclohexane were added into the reactors, followed by the mixing of the solutions with
the vortex system (1000 rpm) for 1.5 h at room temperature and for 0.5 h at 50 °C. (3) Subsequently,
5 mL of this latter solution is removed from the reactors and placed into the waste. (4) Thereafter, 2.5 mL
of fresh cyclohexane is added into the reactors and the system is kept at 1000 rpm and 50 °C for 0.5 h.
(5) The remaining solution is then removed from the reactors by adjusting the aspiration height of the
needle of the automated liquid-handling system down to the bottom of the fixed reactors in the
synthesizer. (6) Finally, one cycle of filling with argon (5 min) and applying vacuum (25 min) into the
reactors at 140 °C is performed. Figure 2-4 shows a schematic representation of the inertization method
described.

solution s-BuLi /
cyclohexane

(11

time, temperature, mixing, vacuum,
argon flow

waste solution

=D0C

waste inert reactors

automated liquid
handling system

Figure 2-4: Schematic representation of the method utilized for the homogeneous removal of impurities in the
reaction vessels of the automated parallel synthesizer of Figure 2-3. This method must be carried out before
performing anionic polymerization experiments in the equipment.

In order to investigate the effectiveness of the proposed inertization method and the reproducibility of
the parallel synthesizer, several reactors were used to study the anionic polymerization of styrene in
cyclohexane initiated by s-BuLi. All reactors were filled with the same amount of reagents and exposed to
the same reaction conditions. For this purpose, two different reaction conditions were investigated:
(1) 285 pL of monomer (0.51 M) for 20 pL of initiator and (2) 570 yL of monomer (1.02 M) for 40 uL of
initiator. The addition of the reagents into the reaction vessels was performed with the automated
liquid-handling system of the synthesizer in the following manner: (1) Styrene monomer was first added
into each reactor followed by a chase of cyclohexane (solvent) at the desired reaction temperature and
under vigorous mixing (vortex system of the apparatus was set to 450 rpm). (2) Thereafter, the
polymerization were initiated upon adding s-BuLi into the previously filled reactors with monomer-solvent
followed by an extra chase of cyclohexane (solvent) to ensure the complete addition of the required
amount of initiator and to adjust the reaction volumes (or reagent concentrations) to the desired values.
At the end, the obtained polymers were analyzed by gel permeation chromatography (GPC) in order to
determine the molecular weights and to evaluate the reproducibility of the experiments. Figure 2-5 shows
the GPC traces of these experiments performed in three different reactors of the synthesizer and using
two different reaction conditions; the average of the obtained molecular weight values of the polymers for
each experimental set is also shown. According to Figure 2-5, it can be seen that the error of the two
different experimental sets was 3%, which is well within the experimental error of the GPC
measurements. This clearly shows that parallel and reproducible anionic polymerization experiments can
be carried out in the investigated synthesizer. In order to establish the deviation of the experimentally
obtained molecular weights from the theoretical or expected value, the real concentration of the utilized
initiator had to be determined using the method of double titration.”®! Sampling for the determination of
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this concentration was performed with the automated handling liquid system of the apparatus. Before and
after the experimentation, two samples of 350 pL were taken from the utilized initiator container and
placed in two glass vials of 1.5 mL capped with rubber septa under argon atmosphere. Immediately after
sampling, titrations were performed outside the glove box revealing that the concentration of initiator was
1.126 M. According to the obtained concentration of initiator and the reaction conditions used in the
experiments of Figure 2-5, the expected molecular weights for a monomodal distribution can be
calculated from the monomer to initiator ratio. For both cases the expected molecular weight is 11500 Da,
which is in good agreement with the obtained results in Figure 2-5. However, according to Figure 2-5 one
can see that the automatic liquid handling system is slightly less accurate for dispensing small amounts of
reagents (20 pL) but, in this case, the experimental results are still in concordance with the expected
values (with less than 5% of deviation).

[Monomer] = 0.51 M, s-BuLi = 20 yL (sol. 1.1263 M)

[Monomer] = 1.02 M, s-BuLi = 40 pL (sol. 1.1263 M)

A
Mn = 12000 (£ 3%) Mn = 11600 (+ 3%) / \
Mw = 12700 (+ 3%) Mw = 12300 (¢ 3%) { \
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Figure 2-5: GPC traces of anionic polymerization experiments of styrene in cyclohexane initiated by sec-butyllithium
(s-BuLi) performed in different reactors of the automated parallel synthesizer of Figure 2-3. The results show the
reproducibility of the experiments.

2.4 Applications of automated parallel anionic polymerizations

In this section, application examples of the developed automated parallel experimental technique for
anionic polymerization reactions are addressed. Thus, the feasibilities to perform detailed kinetic studies
in a short time, as well as the preparation of block copolymers at different reaction conditions and libraries
are demonstrated.

2.4.1 Kinetic Investigations

One useful application of the implemented high-throughput experimental technique is the possibility to
perform detailed and rapid kinetic investigations of the anionic polymerization mechanism. This task is
described in this section taking as an example the anionic polymerization of styrene in cyclohexane
initiated by s-BuLi. The apparent rate constant could be determined for this reaction at different
concentrations of monomer and initiator in the temperature range from 10 to 60 °C. In addition, the
evolution of the molecular weight and polydispersity index during the polymerization could also be
followed by GPC. The obtained results were in concordance with kinetic investigations reported in the
literature.**!

For the kinetic investigations, isothermal experiments were carried out in the automated parallel
synthesizer of Figure 2-3 under various reaction conditions. This allowed to perform a detailed study in a
short time and practically unattended. A typical experimental procedure (after the application of the
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aforementioned inertization method) was as follows. First, the reactors were set at the desired
temperature and the vortex system of the equipment was set to 450 rpm then predetermined amounts of
solvent (cyclohexane) and monomer (styrene) were added into the reaction vessel using the automated
liquid handling system of the apparatus. Subsequently, the polymerization was initiated upon adding
s-BuLi (from a vial cooled to 5 °C). This addition time was considered as time zero for the kinetic
measurements. Thereafter, samples (50 pL) were taken at predetermined times (using the automated
liquid handling system) from the reactors and dispensed into 1.5 mL glass vials containing 25 pL of
methanol in order to stop the polymerizations (previous to the experimentation, degassed methanol was
first added into the glass vials under argon atmosphere and then they were capped with rubber septa).
These samples were used to determine both, monomer conversion and the molecular weight of the
polymers obtained at the established times. In this work, the monomer conversions were determined by
gas chromatography (GC) (see experimental part); however, other analytic techniques can also be used
for this purpose (Raman spectroscopy,?**! GPC? and ultraviolet-visible (UV-Vis) spectroscopy®®).

Figure 2-6 summarizes the results for the polymerizations performed at different reaction conditions in
the automated synthesizer. For these experiments the temperature has been systematically varied for
different concentrations of monomer and initiator. Linear dependencies of the time as a function of
—-In(1-X) (where X is the monomer conversion) and of the conversion as a function of the molecular
weight can be observed in Figure 2-6 for all the investigated reaction conditions. This indicates the “living”
character of the performed anionic polymerizations.[g] In Figure 2-6 it can also be observed that the
polydispersity index (PDI) values of the polymers at the end of the reaction were around 1.10 or below,
except for the case of a higher monomer concentration and a lower level of initiator (higher molecular
weights expected). For this latter case, the obtained PDI values were between 1.15 and 1.25.

In order to determine the activation energy of the apparent rate constant for the studied reactions, the
polymerizations were considered to have a pseudo-first order kinetic behavior and obey the following
kinetic expression:

d[M]
dt

where [M] and [P *] represents the concentrations of monomer and of the “living” propagating species,

=k, [M]P*]

respectively, ¢ is the time, and kp the propagation rate constant. Because the concentration of “living”
propagating species remain constant and is equal to the concentration of initiator in polymerization
reactions showing “living” characteristics, kp and [P *] can be comprised in an apparent rate constant

kapp . Thus, the integration of the previous kinetic equation for isothermal conditions yields:

lnM:—k t

M),
In(1-X)=—k,, ¢
where [M]O is the initial concentration of monomer, and X the monomer conversion. With this

approach, the values of kapp can be easily obtained from the slopes of plots of —In(1 — X)) vs. ¢ shown

in Figure 2-6 for the different reactions conditions investigated.

In addition, the values of Ln(kapp ) can be plotted against the inverse of the temperature (1/T) in order
to obtain the corresponding Arrhenius plots. Thereafter, the activation energy of the apparent rate
constant of the polymerization reactions investigated can be determined from the slopes of the linear
relationships of Ln(kapp) against the inverse of the temperature (1/T) of the respective plots and
according to the Arrhenius’ equation:

k = Ae(_%) .

app
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Figure 2-6: Experimental results for the kinetic investigations obtained for anionic polymerization experiments of
styrene in cyclohexane initiated by sec-butyllithium (s-BuLi) performed under different reaction conditions in the
synthesizer of Figure 2-3.
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Figure 2-7 shows the Arrhenius plots obtained for each of the investigated reaction conditions, as well
as the values of the corresponding activation energies. As expected due to the fact that it is the same
polymerization system, the values of the activation energy obtained were very similar for the four different
cases investigated. Other values of activation energy, reported in the literature, for the propagation
reaction of the anionic polymerization of styrene in different solvents are shown in Table 2-1, as well as
the value obtained in this investigation. According to the data given in Table 2-1, the activation energy
found in this work is in good agreement with those reported in the literature where hydrocarbon solvents
were used. However, values of activation energy as low as 1 kJ mol” for the same polymerization
reaction have been reported®”! when it is performed in polar solvents (e.g., tetrahydrofuran (THF)).
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Figure 2-7: Arrhenius plots for the determination of the activation energy (Ea) of the propagation reaction of the
anionic polymerization of styrene in cyclohexane initiated by sec-butyllithium (s-BuLi). The plots are obtained from the
experimental data of the kinetic investigations of Figure 2-6.

Table 2-1: Values of the activation energy reported for the propagation reaction of the anionic polymerization of
styrene in different solvents.

Solvent Activation energy kJ mol”'  Reference
Ethylbenzene 75 24b
Benzene 59.9 244
Toluene 64.8 24h
Toluene 59.9 24
Cyclohexane 62.7 £2.2 This work

One interesting application of the developed experimental technique is the possibility of following, in
detail, the evolution of the molecular weight distributions in time of the polymers formed during the anionic
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polymerization. Figure 2-8 displays an example of such experimental determinations with the automated
parallel synthesizer utilized.

[Monomer] =0.51 M, s -BuLi=20 L (sol. 1.1263 M), T=40 °C

30 min
Mn = 11750
40 min PDI = 1.07
Mn = 12430 _
PDI = 1.05 20 min
Mn = 10240
PDI = 1.05

10 min

Mn = 5480

PDI = 1.18 5 min

Mn = 3170
PDI = 1.12

7 715 73 745 76 775 79 805 82 835 8.5
Time (min)

Figure 2-8: Evolution of the molecular weight distribution in time of polystyrene synthesized by anionic polymerization
in the synthesizer of Figure 2-3.

The screening of all the variables (e.g., solvents, counter-ions, reaction temperature, polar modifiers,
and reagent concentrations) that influence the reaction mechanism and the final properties of the
polymers synthesized by anionic polymerization is a resource- and time-consuming task. Therefore, the
automated parallel anionic polymerization procedure demonstrated in this work could be a valuable tool to
explore the synthetic parameter space in greater detail and in shorter times. In addition, this experimental
method may allow, for instance, accelerating the anionic synthesis of well-defined and model polymeric
materials for establishing structure-property relationships in shorter times.

2.4.2 Synthesis of block copolymers

Another application of the proposed experimental procedure is the possibility of synthesizing, in an
automated and in a systematic way, block copolymer libraries covering the full-range of block
compositions. Thus, in this section the implementation of sequential anionic polymerizations in the utilized
synthesizer is discussed. For this purpose, two synthetic approaches were selected: (1) The synthesis of
a block copolymer library using moderate reaction temperatures (30 - 55 °C) (case of poly(styrene-block-
isoprene) (PS-b-Pl) in cyclohexane) and (2) the synthesis of block copolymers at low reaction
temperatures (=78 °C) (case of poly(styrene-block-methyl methacrylate) (PS-b-PMMA) in a
THF/cyclohexane mixture).

The synthetic method for the first approach is summarized in Figure 2-9, where an image of the
automated synthesizer is also displayed during the experiment. Besides the inertization procedure
discussed before, this synthetic method consisted of the following steps: (1) Predetermined amounts of
styrene were polymerized in cyclohexane at 50 °C for 1 h simultaneously in multiple reactors of the
synthesizer, using s-BulLi as initiator. (2) Subsequently, predetermined amounts of isoprene were slowly
added (1 mL min_1) into the different reactors at 20 °C. (3) The resulting mixtures were allowed to react
for 6 h. Note that after the synthesis of the first blocks, samples were taken from the reactors in order to
determine their molecular weights and to verify whether the formation of the different block copolymers

19



2. Automated parallel anionic polymerization: Enhancement of an important synthetic technique in polymer science

occurred upon looking at the effectiveness of the polymer chain extension process. To investigate this
process, sampling from the reactors and GPC measurements were performed for each compound as
described before (see experimental part). (4) Finally, the obtained block copolymers were manually
precipitated in methanol and dried in a vacuum oven at 40 °C overnight before further analysis by proton
nuclear magnetic resonance (1H—NMR) spectroscopy.

Z Y~ it St )-\
n
— —
cyclohexane 30°C,6h
55°C,0.5h

Figure 2-9: Left: Schematic representation of the synthesis of poly(styrene-block-isoprene) block copolymers via
sequential anionic polymerization. Right: Image of the synthesizer during the polymerization experiment.

Table 2-2 summarizes the specifications of a block copolymer library of PS-b-Pl synthesized utilizing
the described method. Figure 2-10 depicts the obtained GPC traces of polystyrene (PS) homopolymer
precursors as well as their corresponding chain extended PS-b-Pl block copolymers, whereas
Figure 2-11 shows selected 'H-NMR spectra of some of the materials synthesized. The 'H-NMR signals
related to the functional groups of each block can be observed in the spectra displayed in Figure 2-11
(the aromatic protons of the styrenic block arise between 6.5 and 7.5 ppm, the residual double bonds of
the poly(isoprene) (PI) around 5.1 ppm), which have been used for the estimations of mol % of Pl
obtained in the block copolymers (Table 2-2).

Table 2-2: Molar masses and PDI values as obtained by GPC measurements (see Figure 2-10 for the corresponding
traces) of a seven member block copolymer library of poly(styrene-block-isoprene) (PS-b-Pl) prepared via sequential
anionic polymerization in the automated parallel synthesizer (characteristics of the Precursor and final polymers are
shown). The composition of poly(isoprene) (Pl) in the block copolymers obtained by 'H-NMR are also summarized.

Exp. Mn (kDa)/PDI (GPC) Mn (kDa)/ PDI (GPC) Mol % ('"H-NMR)

PS (precursor) PS-b-PI (block copolymer) Pl
1 1.2/1.16 26.7/1.20 91
2 1.8/1.13 19.9/1.09 79
3 28/1.15 18.6/1.09 76
4 6.5/1.08 12.2/1.13 58
5 6.8/1.08 14.0/1.11 45
6 7.4/1.15 13.1/1.12 39
7 10.2/1.09 12.2/1.11 21

The chain extension process related to the formation of the block copolymers can be clearly seen in
the GPC traces of Figure 2-10. However, in the GPC traces of Figure 2-10 it can also be observed that
the chain extension process is not 100% effective due to the presence of small peaks in the
corresponding traces of the block copolymers arising at the same elution time of the precursor
homopolymers. It is obvious that these small peaks are related to the presence of impurity traces in the
polymerization system, which terminates with a fraction of the reactive and growing polymeric chains. For
instance, this fraction of un-reacted homopolymer can be calculated from the relative intensities in the
signals of the respective peaks of the GPC measurements where the peaks are well-apart from each
other (e.g., Exps. 1 to 4 in Figure 2-10). Thus, it was found that the fraction of un-reacted homopolymer
during the sequential anionic polymerization reactions of Figure 2-10 was 0.051, 0.050, 0.038, and 0.098
for Exps. 1, 2, 3, and 4, respectively. The fraction of un-reacted homopolymer can be removed from the
final products, for instance by fractionation using preparative GPC systems. In addition, this fraction of
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un-reacted homopolymer can be reduced or avoided by eliminating the presence of impurity traces more
effectively, either by improving the purification methods of the reagents (especially for the second
monomer addition) or by improving the quality of the inert atmosphere in the synthetic setups (e.g., the
features of the glove box in the case of the parallel synthesizer utilized in this work). The PDI values of
the block copolymers obtained from Exps. 1 to 4 (Table 2-2) correspond to the main peak of the
respective GPC traces without taking into account the peak related to the fraction of un-reacted

homopolymer precursors.

625 675 725 775 825 375 925 675 7.2 775 825 .7 925 65 68 71 74 77 8 83 86 89 6.6 6.85 71 735 76 785 81

Time (min) Time (min) Time (min) Time (min)
Exp.5 PS-b-Pl PS Exp.6 PS-b-Pl PS Exp.7 PS-b-Pl k
6.75 7 .2 7. 75 6.75 .2 7. 75 7. 15 7 3 7. 45 76 775 7.9

Time (mm) Time (m|n) Time (min)

Figure 2-10: GPC traces of a block copolymer library of poly(styrene-block-isoprene) (Table 2-2) synthesized via
sequential anionic polymerization in the synthesizer (traces for the precursor (PS) and final polymers (PS-b-Pl) are
shown in each case).

Exp. 1 Exp. 4 Exp. 6

,.
A
1 =—

8§ 7 6 5 4 3 2 1 8 7 6 5 4 3 2 1 8 7 6 5 4 3 2 1
(ppm) (ppm) (ppm)

Figure 2-11: "H-NMR spectra of selected polymers of a block copolymer library of poly(styrene-block-isoprene)
(Table 2-2) synthesized via sequential anionic polymerization in the synthesizer.

The second example related to the preparation of block copolymers uses an experimental method
taken from literature,®® which was modified from its original version in order to investigate the synthesis
of PS-b-PMMA block copolymers within the automated parallel synthesizer. Figure 2-12 summarizes this
sequential anionic polymerization procedure and shows images of different stages of the polymerization
in the parallel synthesizer. In this case the characterization of the obtained materials was performed in a
similar way as described before for the synthesis of (PS-b-Pl). Note that in the reaction scheme displayed
in Figure 2-12, an intermediate reaction step consisting of an end-capping reaction of poly(styryl) anions
with 1,1-diphenylethylene (DPE) is necessary in order to reduce the reactivity of the poly(styryl) anions
and to promote a proper incorporation of the first methyl methacrylate (MMA) monomeric unit into the
reactive PS chains (avoidance of spontaneous termination of the reactive polymer chains by the
undesired reaction between the polymeric anions and the carbonyl groups of MMA instead of the vinyl
groups).?®!
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Figure 2-12: Left: Schematic representation of the synthesis of poly(styrene-block-methyl methacrylate) block
copolymers via sequential anionic polymerization. Right: Images of the synthesizer during the polymerization
experiment.

The GPC traces displayed in Figure 2-13 reveal a successful chain extension process during the
synthesis of PS-b-PMMA block copolymers via sequential anionic polymerization (Figure 2-12). These
results demonstrate the feasibility of performing the anionic synthesis of polymers at low reaction
temperatures (=78 °C in this case) in the utilized synthesizer. In addition, Figure 2-13 also displays the
'H-NMR spectrum of the block copolymer corresponding to the referred GPC traces, where the signals
related to the functional groups of each block (aromatic protons of styrenic block arising between 6.5 and
7.5 ppm and the O-CHj; group in the acrylic block around 3.7 ppm) can be observed.

Mn = 5600
PDI = 1.16 PDI =1.08

——PS precursor
——P(S-b-MMA)

[ T T T T T
6.5 6.8 71 7.4 7.7 8 8.3 8 7 6 5 4 3 2 1 0
Time (min) (ppm)

Figure 2-13: GPC traces (left) and "H-NMR spectrum (right) of a block copolymer of poly(styrene-block-methyl
methacrylate) synthesized via sequential anionic polymerization at -78 °C. The GPC traces of the precursor and final
block copolymer reveal a successful chain extension process, which demonstrates the feasibility of performing
anionic polymerizations also at such low temperatures in the synthesizer.

However, it was found that the synthetic procedure utilized for the synthesis of PS-b-PMMA block
copolymers (Figure 2-12) in the synthesizer is even more sensitive to the presence of impurity traces in
the setup than in the case of PS-b-PI block copolymers described above. This effect has caused deficient
chain extension processes for some of these polymerization reactions performed in the parallel
synthesizer. Even though Figure 2-12 displays a complete array of polymerization reactions, only few
materials obtained in this experiment showed a successful chain extension process as depicted in
Figure 2-13 for one selected case. Other block copolymers obtained during the experiment of
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Figure 2-12, which did not show a 100% effective chain extension process, could be successfully purified
by fractionation using a preparative GPC system. These observations show that anionic polymerization
experiments performed in the parallel synthesizer might become instable and lack reproducibility under
the reaction conditions of the scheme displayed in Figure 2-12. The reasons of this instability might be
related to the presence of higher concentration of impurities either in the reagents utilized (e.g., the
removal of impurity traces is a more difficult process in the cases of THF and MMA compared to
cyclohexane as solvent or styrene and isoprene as monomers)'” or in the inert atmosphere of the
apparatus (e.g., it was observed during the experiment that due to the low temperature reaction
conditions traces of moisture present in the inert atmosphere started to condensate nearby or inside the
polymerization reactors). Obviously, larger amount of impurities in the experimental setup will lead to
unstable anionic polymerization reactions. These findings open the possibility to improve, in future
research, the inert atmosphere system of the commercially-available synthesizer (e.g., placing the
synthesizer in a more suitable glove box, for example in a MBraun™ system) and the purification
procedures of the reagents utilized, which are still an important bottleneck in anionic polymerization
experiments.

2.5 Conclusions

In this chapter, a new experimental approach for carrying out anionic polymerizations was addressed.
This approach is based on the use of a commercially available automated parallel synthesizer as tool to
increase the throughput of time-consuming and demanding synthetic techniques. For this purpose, a
convenient method to achieve the inert conditions required for obtaining reproducible experiments was
developed and performed in an automatic fashion. Examples of the capabilities of this high-throughput
technique were also shown. In this regard, a detailed kinetic study of the polymerization of styrene in
cyclohexane initiated by s-BulLi could be performed in a short time and the obtained results were in
agreement with the literature knowledge. In addition, the feasibility of synthesizing block copolymer
libraries via sequential anionic polymerization within the automated synthesizer was demonstrated,
including the synthesis of block copolymers at low reaction temperatures (-78 °C). However, for this latter
case a lack of reproducibility during the synthesis of PS-b-PMMA block copolymers could be observed.
This observation might be related to the low reaction temperature utilized in the polymerization, which
may cause the condensation of moisture traces (still present in the glove box of the synthesizer) close or
inside the reaction vessels, and therefore the unexpected termination of the polymerizations. This effect
could be minimized by placing the automated synthesizer in a better quality inert atmosphere (e.g.,
MBraun™ glove box).

In the next chapter, the developed experimental approach is utilized for the synthesis of new
polymeric materials. More specifically, the preparation of a block copolymer library of
poly(styrene-alt-diphenylethylene-block-isoprene) with varying block compositions and molecular weights,
and their micellization behavior is described. In addition, the automated parallel anionic polymerization
procedure is used for the development and optimization of a new synthetic approach that allows the
preparation of terpyridine-functionalized polymers.

2.6 Experimental part

All anionic polymerizations were performed in a Chemspeed ASW2000 synthesizer, comprising up to 20 parallel
glass reactors of 75 mL or 80 parallel glass reactors of 13 mL equipped with heating/cooling jacket. The systems has
a glove box for inert atmosphere, a vortex mixing system (0 to 1400 rpm), heating/cooling system (-90 to 150 °C) and
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a fully automated liquid handling system (Figure 2-3). Optional features of the synthesizer are the possibilities to
connect on-line gas chromatography (GC) and GPC systems.!'*"!

All solvents and monomers were distilled after the corresponding purification procedure' ™ and stored under
argon. Cyclohexane (Biosolve) was distilled from poly(styryllithium) oligomers. Tetrahydrofuran (THF) (Biosolve) was
refluxed and distilled from a deep purple sodium-benzophenone complex solution. 1,1-Diphenylethylene (DPE)
(Aldrich) was dried over sec-butyllithium (s-BuLi) and distilled from (diphenylmethyl)lithium under reduced pressure.
Styrene (Acros Organics), isoprene (Aldrich) and methyl methacrylate (MMA) (Aldrich) were refluxed over calcium
hydride (Aldrich) for 24 h, distilled under reduced pressure (styrene and MMA) and stored at —25 °C. Before the
experiments MMA was dried with a 1.9 M (triethyl)aluminum solution in toluene (Aldrich) until a persistent yellowish
green color was observed and subsequently redistilled under reduced pressure. s-BuLi (1.4 M) in cyclohexane
(Aldrich) was used as received. Methanol (Biosolve) was degassed with argon for 15 minutes just prior to use.

A typical experimental procedure for the anionic synthesis of polymers in the commercially available automated
parallel synthesizer (after the application of the inertization method developed in this work) was as follows. First, the
reactors were set at the desired temperature and the vortex system of the equipment was set to 450 rpm, thereafter
predetermined amounts of solvent and monomer were added into the reaction vessel using the automated liquid
handling system of the apparatus. Subsequently, the polymerization was initiated upon adding s-BuLi (from a vial
cooled to 5 °C). For kinetic measurements, samples (50 uL) were taken at predetermined times (using the automated
liquid handling system) from the reactors and dispensed into 1.5 mL glass vials containing 25 pL of methanol in order
to stop the polymerizations (previous to the experimentation, degassed methanol was first added into the glass vials
under argon atmosphere and then they were capped with a rubber septa). These samples were used to determine
both, monomer conversion and the molecular weight of the polymers obtained at the times predetermined. For the
synthesis of block copolymers, sequential anionic polymerizations were performed as follows and according to
reaction schemes displayed in Figures 2-9 and 2-12: predetermined amount of the first monomer was added into the
reactors of the synthesizer containing a predetermined amount of cyclohexane at 55 °C and 450 rpm of vortexing
under argon atmosphere. Addition of s-BuLi initiated the polymerization reactions of the first block. These mixtures
were reacted for 0.5 h. Thereafter, samples were withdrawn from the reactor for GPC characterization of the
corresponding precursor blocks (homopolymers). For the case of the synthesis of PS-b-PMMA block copolymers, a
1.1 molar excess (in respect to s-BuLi) of DPE was introduced into the reaction media at the desired temperature in
order to carry out the intermediate end-capping step shown in the reaction scheme in Figure 2-13; this step turned
the reaction mixtures red. Subsequently, the addition of a predetermined volume of the second monomer into the
reactors at the desired reaction temperatures started the sequential synthesis of the second block. After a pre-
determined period of time the reactions were terminated upon adding methanol. The concentration of monomers
used in the anionic polymerization reactions was 10 wt % with respect to the amount of solvent (5 mL). For the
synthesis of block copolymers, the amounts of monomers used were varied according to the desired compositions of
each block in the copolymer. The amount of initiator used in each reactor was also varied according to the molecular
weights of the polymers synthesized. The purification of the polymers was performed with two cycles of
dissolution/precipitation (chloroform/methanol). The block copolymers obtained with these procedures were dried at
40 °C under vacuum for 24 h and were subsequently characterized by GPC and 'H-NMR in order to obtain the
molecular weights and the compositions of each block, respectively.

Monomer conversions were determined on a high-throughput Interscience Trace gas chromatograph (GC)
(off-line) with a Trace Column RTX-5 connected to a PAL autosampler using 1.5 mL of THF as eluent and the solvent
of the reaction as internal standard (cyclohexane for the case of kinetic measurements).

Gel permeation chromatography (GPC) measurements were performed on a Shimadzu system (off-line) with a
SCL-10A system controller, a LC-10AD pump, a RID-6A refractive index detector and a Plgel 5 ym Mixed-D column.
The measurements were performed using a solution of 4% triethylamine and 2% isopropanol in chloroform as eluent
at a flow rate of 1 mL min™' and a column temperature of 40 °C. Molecular weights were calculated against
poly(styrene) standards.

Proton nuclear magnetic resonances (1H-NMR) were recorded on a Varian Gemini 300 spectometer using
deuterated chloroform (CDCIs) (Cambridge Isotopes Laboratories) as solvent.

[10]
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CHAPTER 3

Structure-property investigations of novel polymeric
materials synthesized by anionic polymerization

Abstract

The utilization of a commercially available automated parallel synthesizer for anionic polymerization reactions has
allowed, in a short period of time, the preparation of novel polymeric materials as well as the development of new
synthetic methods. In particular, the synthesis of well-defined poly((styrene-alt-1,1-diphenylethylene)-block-isoprene)
diblock copolymers via sequential anionic polymerization is discussed. The obtained diblock copolymers were fully
characterized and subsequently used for the preparation of block copolymer micelles in a selective solvent. The
hydrodynamic radius of the micelles in solution was determined by dynamic light scattering and the size of the core
by atomic force microscopy at dry conditions. It was found that the observed characteristics of the studied micelles
correlate to theoretical scaling predictions. Moreover, the average size of the unimers could be determined with high
precision from the obtained experimental data and theoretical knowledge. In addition, a new synthetic method was
developed for the preparation of well-defined terpyridine-functionalized poly(styrene) via anionic polymerization. This
was achieved by reacting 4'-chloro-2,2':6' 2"-terpyridine (terminating agent) with “living” polymeric carbanions
synthesized by anionic polymerization. The conversion of the polystyryllithium species into the corresponding
1,1-diphenylalkyllithium chain ends by reaction with 1,1-diphenylethylene was found to be a necessary step in order
to promote an efficient chain-end functionalization and to avoid undesired side reactions (coupling) between the
polymeric chains due to the high reactivity of the poly(styryl) anion. The obtained terpyridine-functionalized
poly(styrene)s were fully characterized and used for the preparation of metal mono- and bis-complexes
(metallo-supramolecular diblock copolymers). The developed synthetic method was also utilized for the preparation of

other terpyridine-functionalized polymeric materials such as poly(isoprene) and multi-arm star-shaped polymers.

Parts of this chapter have been published: (1) C. Guerrero-Sanchez, D. Wouters, C. A. Fustin, J. F. Gohy, B. G. G.
Lohmeijer, U. S. Schubert, Macromolecules 2005, 38, 10185. (2) C. Guerrero-Sanchez, B. G. G. Lohmeijer, M. A. R.
Meier, U. S. Schubert, Macromolecules 2005, 38, 10388. (3) C. Guerrero-Sanchez, U. S. Schubert, Polym. Mat. Sci.
Eng. 2006, 94, 226. (4) C. Guerrero-Sanchez, C. Ott, U. S. Schubert, Polym. Mat. Sci. Eng. 2007, 96, 248.
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3. Structure-property investigations of novel polymeric materials synthesized by anionic polymerization

3.1 Introduction

In the previous chapter, a new experimental approach for performing anionic polymerizations in a
parallel synthesizer was developed. This experimental method allowed synthesizing several well-defined
polymeric materials as well as carrying out detailed studies related to the anionic polymerization process
in a remarkable short period of time. The relevance of utilizing well-defined polymeric architectures for
fundamental studies in polymer science was also addressed, due to fact that the molecular characteristics
determine to a large extent the final properties of the materials. In this regard, the parallel anionic
polymerization method that was previously developed is utilized in this chapter to investigate the
synthesis of new polymeric moieties in a systematic way in order to establish structure-property
relationships of these materials. More specifically, the first part of this chapter describes the preparation
of a block copolymer library of poly(styrene-alt-1,1-diphenylethylene-block-isoprene) (P(S-alt-DPE)-b-PI)
with varying block compositions and degrees of polymerization in order to study their micellar behavior in
selective solvents. In the second part of this chapter, a new synthetic route for the preparation of
terpyridine-functionalized polymers based on the anionic polymerization mechanism is developed and
optimized within the automated parallel synthesizer. Finally, concluding remarks of the obtained results as
well as the future perspectives for the developed synthetic approaches are addressed.

3.2 Structure-property investigations of diblock copolymer micelles: Core and
corona radii with varying composition and degree of polymerization

In this section the synthesis and micellization behavior of P(S-alt-DPE)-b-PI diblock copolymers are
discussed. This system is similar to commodity elastomers of the AB- and ABA-type block copolymers
where A is formed by poly(styrene) (PS), and B by a poly(diene). The diblock copolymers were
synthesized via sequential anionic polymerization utilizing the experimental method developed in the
previous chapter (e.g., the use of a commercially available parallel synthesizer for carrying out anionic
polymerizations), which allows a systematic variation of the block composition and the degree of
polymerization of the polymeric materials. The obtained diblock copolymers were characterized by means
of gel permeation chromatography (GPC), nuclear magnetic resonance ('H-NMR) spectroscopy and
differential scanning calorimetry (DSC). Thereafter, micelles were prepared from the obtained
P(S-alt-DPE)-b-PI diblock copolymers in a selective solvent for the poly(isoprene) (Pl) blocks. The
micellar and the core radii of the self-assembled aggregates were experimentally determined by dynamic
light scattering (DLS) and by atomic force microscopy (AFM), respectively. Finally, the obtained results
are compared to theoretical scaling predictions for block copolymer micelles.

3.2.1 Introduction to block copolymer micelles and polymers containing 1,1-diphenylethylene

Block copolymers are well known for their ability to spontaneously assemble into nano-ordered
structures. On surfaces and in bulk, block copolymers with immiscible blocks may phase segregate
yielding spherical, cylindrical, and lamellar or gyroidal phase separated structures depending on the block
copolymer composition, degree of polymerization and architecture. When block copolymers with
incompatible blocks are dissolved in a thermodynamically good solvent for one block which is a bad
solvent for the other block the copolymer chains associate reversibly to form micelles or vesicles.
Recently, block copolymer micelles received increasing attention because of their possible applications
as carriers in drug delivery applications!™ and for the preparation of stabilized nanoparticles.” Depending
on the block copolymer chain architecture (e.g., linear, cyclic, comb, star)m and on the block copolymer
composition, not only spherical micelles but also cylinders, rods, vesicles and bilayers can be formed.*®!
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3. Structure-property investigations of novel polymeric materials synthesized by anionic polymerization

The preparation of micelles by direct dissolution of a block copolymer in a selective solvent is generally
not very suitable due to poor solubility of bulk block copolymers.[5] Moreover, the characteristic features of
the obtained micelles could then be determined by the bulk structure, especially in case of high glass
transition temperature (Tg) core-forming blocks. To circumvent these drawbacks, the initial dissolution of
the bulk block copolymer in a common solvent is often preferred because it allows a complete dissolution
of the sample and it erases memory effects from the starting bulk morphology. A selective solvent for the
coronal blocks is then slowly added, followed by removal of the common solvent by stripping or
dialysis.®®!

The size of the micelles may be determined experimentally,[G'B] by light scattering, small angle neutron
scattering and small angle x-ray scattering techniques, transmission electron microscopy (TEM), and
analytical ultracentrifugation and is known to depend on block copolymer composition, interaction
parameter xas between the blocks, solvent quality, temperature and, in case of block copolymers with
ionizable blocks, by pH. For both charged as well as neutral block copolymer systems models have been
developed based on mean field theories,™ Monte Carlo simulations,'” free energy calculation!'" as well
as scaling theories.['? Systematic studies showing the correlation between block copolymer composition
and the hydrodynamic radius of diblock copolymer micelles have been reported, e.g., for
poly(ethylene oxide-block-caprolactone) in water™ and poly(styrene-block-alkyl methacrylates) in
dodecane solutions.™ In those studies the hydrodynamic radius of the micelles was determined by DLS
and has been correlated to different degrees of polymerization and block compositions. The micellar core
radius was either estimated from scaling theories or determined using TEM.I'¥

For some decades the micellization behavior of commodity block copolymers has been of great
interest for scientists.? Remarkable differences have been reported for micelles of
poly(styrene-block-isoprene) (PS-b-Pl) block copolymers depending on their macromolecular architecture
(e.g., miktoarm stars vs. linear diblock copolymers or cyclic vs. linear)."” However, the effect of
incorporating different comonomers into one of the blocks on the micellar behavior of these block
copolymers has been scarcely investigated. The incorporation of different comonomers into the blocks
aims, mainly, at the improvement of their properties. In order to achieve this chemical modification, “new”
synthetic methods have appeared by polymerizing “bulky” monomers in the glassy portion (A) of the
materials, such as a-methylstyrene and 1,1-diphenylethylene (DPE)."® DPE can be copolymerized via
anionic polymerization with styrene (in an alternating fashion due to the reactivity ratios reported for these
specific monomers)“eb] and with diene monomers to lead to an important improvement on the long-term
service temperature (in the case of PS the Tg can increase from 100 °C up to 170-180 °C, depending on
the DPE content).'™ For this reason, the incorporation of “bulky” (DPE) into AB-type block copolymers as
well as their micellization behavior are addressed in this section.

3.2.2 Synthesis and characterization of poly(styrene-alt-1,1-diphenylethylene-block-isoprene)
diblock copolymers

Figure 3-1: Schematic representation of the synthesis of poly(styrene-alt-1,1-diphenylethylene-block-isoprene)
diblock copolymers via sequential anionic polymerization.
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3. Structure-property investigations of novel polymeric materials synthesized by anionic polymerization

The synthesis of the P(S-alt-DPE)-b-P| diblock copolymers was performed by sequential anionic
polymerization in the synthesizer discussed in chapter 2 (see the experimental part of this chapter for
details). The synthetic approach is depicted in Figure 3-1 whereas the characteristics of the investigated
diblock copolymers are summarized in Table 3-1.

Table 3-1: Characteristics of the poly(styrene-alt-1,1-diphenylethylene-block-isoprene) (P(S-alt-DPE)-b-PI) diblock
copolymers  synthesized via sequential anionic  polymerization and their respective precursors
poly(styrene-alt-1,1-diphenylethylene) (P(S-alt-DPE)).

Exp. Mn (kDa)/PDI  Mn (kDa)/ PDI Mol %  Microstructure Tg4 (°C) Tg: (°C)
(GPC) (GPC) ("H-NMR) ("H-NMR) (Dsc)  (Dsc
P(S-alt-DPE)  P(S-alt-DPE-b-Pl) PI 1,4-unit % PI
1 7.6/1.18 22.0/1.10 71 89 -50 175
2 6.1/1.20 33.2/1.09 83 90 -52 185
3 12.7/1.19 27.9/1.24 60 90 -47 185
4 8.5/1.36 53.3/1.11 85 88 -50 179
P(S-alt-DPE)-b -P} P(S-alt-DPE) P(S-alt-DPE)-b -P1 PS-b-PI

_J DIYN

5.75 6.25 6.75 7.25 775 8 75 7 6.5 6 5.5 5 4.5 4 8 7.5 7 6.5 6 5.5 5 4.5 4
Time (min) (ppm) (ppm)

Figure 3-2: Left: Normalized GPC traces of one of the synthesized poly(styrene-alt-1,1-diphenylethylene-block-
isoprene) (P(S-alt-DPE)-b-PI) diblock copolymer and its respective poly(styrene-alt-1,1-diphenylethylene)
(P(S-alt-DPE)) precursor (1, Table 3-1). The "H-NMR spectra (in CDCls; at 25 °C) correspond to one of the
investigated P(S-alt-DPE)-b-Pl) diblock copolymer (1, Table 3-1) (middle) and to a conventional poly(styrene-block-
isoprene) (PS-b-Pl) diblock copolymer (right) (both materials synthesized and characterized under similar conditions).

The representative GPC traces depicted in Figure 3-2 (1, Table 3-1) reveal a successful chain
extension process during the synthesis of the materials. Furthermore, single narrow molecular weight
distributions were obtained for both the poly(styrene-alt-1,1-diphenylethylene) (P(S-alt-DPE)) precursors
as well as for the P(S-alt-DPE)-b-PI diblock copolymers. These characteristics were representative for all
the materials listed in Table 3-1. The polydispersity indices (PDI) of the synthesized polymers displayed in
Table 3-1 reveal that the molecular weight distributions of the precursor blocks are slightly broader than
those of the corresponding P(S-alt-DPE)-b-Pl diblock copolymers. This effect may be related to the
presence of impurity traces during the polymerization reactions as addressed in section 2.4.2. Differences
between the 'H-NMR spectra of one of the synthesized P(S-alt-DPE)-b-PI diblock copolymers and one
“regular” PS-b-Pl diblock copolymer (both materials synthesized and characterized under similar
conditions) are also shown in Figure 3-2. The main difference between these two spectra arises in the
aromatic region. In this region, it can be seen that the incorporation of additional phenyl rings in the
styrenic block (copolymerization with DPE) shifts the aromatic signals to lower fields and leads to broader
peaks as well as to the appearance of a new signal at 5.93 ppm. The microstructure of the Pl block was
also determined by 'H-NMR and a content of 1,4-units of around 89% was found for all the investigated
samples (Table 3-1). Hence, the average number molecular weight (Mn) value of the Pl block can be
calculated from the copolymer composition as determined by 'H-NMR and from the molecular weight of
the respective diblock copolymers as determined by GPC. An alternative method to obtain the Mn value
of the PI block and the copolymer composition is from the difference between the molecular weights of
the P(S-alt-DPE)-b-PI diblock copolymer and the P(S-alt-DPE) copolymer as obtained by GPC. The
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3. Structure-property investigations of novel polymeric materials synthesized by anionic polymerization

results obtained by this latter method were found to be in agreement with those found using the "H-NMR
approach. However, note that determination of the molecular weights of block copolymers by GPC might
not be always be in agreement with other absolute characterization methods due to the fact that GPC is a
relative characterization technique based on the hydrodynamic volume of the polymers in specific
solvents, which can influenced by many variables.

Apart from microscopic methods, such as TEM or AFM, DSC is a suitable technique to detect phase
segregation in block copolymers with immiscible components where the individual Tg’s of the
corresponding blocks are sufficiently different from each other and the copolymer composition is far
enough from the extreme values. A DSC trace obtained for one of the diblock copolymers investigated
(1, Table 3-1) is shown in Figure 3-3. This trace is representative for all the materials investigated
(Table 3-1). One main transition is clearly observed around —50 °C corresponding to the Pl block whereas
a small transition could be detected around 175 °C which is related to the P(S-alt-DPE) block. It is known
that the microstructure of polydienes and polymers in general has a strong influence on the Tg of the
materials.'” For all the materials analyzed in this study the diblock copolymers showed a content of 89%
of 1,4-units and a Tg around —50 °C for the PI block, as summarized in Table 3-1 (Tg4). The Tg
corresponding to the P(S-alt-DPE) blocks is mainly ruled by the content of DPE as reported elsewhere
(Tg increases by 1.26 °C / wt% of DPE in the copolymer).!"®® For the diblock copolymers investigated the
wt % of DPE within the P(S-alt-DPE) block is 63.3 wt % (largest possible content, corresponding to a ratio
of 50 mol % of styrene and 50 mol % of DPE) in which case the Tg must be around 180 °C. Table 3-1
shows that the experimental Tg values of the P(S-alt-DPE) block (Tg,) are in agreement with the
knowledge in the literature.!"®
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Figure 3-3: DSC trace of one of the investigated poly(styrene-alt-1,1-diphenylethylene-block-isoprene)
(P(S-alt-DPE)-b-Pl) diblock copolymer (1, Table 3-1) recorded at a heating rate of 20 °C min™".

3.2.3 Micellar behavior of poly(styrene-alt-1,1-diphenylethylene-block-isoprene) diblock
copolymers

In diblock copolymer micelles, control over the micellar size can be obtained by varying the block
copolymer composition and/or the degree of polymerization. Scaling theories for micelles prepared from
linear AB block copolymers with an insoluble B block has been examined for two extreme cases.[®'®
Micelles in which the degree of polymerization for the insoluble block (Ng) is considerable smaller than the
soluble block (N,) are called “hairy” micelles while systems in which N, is smaller than Ny are called
“crew-cut” micelles (Figure 3-4).

Assuming uniformly stretched chains for the core, the radius of the core (R;) and the aggregation
number (Z) for “crew-cut’-type micelles can be predicted by:

RCoc;/-NlZ;B-a Zxy-Ng (3-1)
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where y is the A/B interfacial tension and a the segment Iength.[6’12] In the case of “hairy” micelles
(with N, > Ng*°) in a good solvent, the radius of the core (Rc), the aggregation number (Z) and the
thickness of the corona (L) scale by:

Z o« N33 Rox N3’ -a Lo N33 .N§? .4 (3-2)
Thus, the radius of the complete micelle (R = R, + L) is dominated by the degree of polymerization of

block A. This demonstrates that for “hairy” micelles the diameter is dominated by the thickness of the
corona.

Figure 3-4: Schematic representation of a “hairy” micelle (a) and a “crew-cut” micelle (b) formed by linear diblock
copolymers with a soluble A block and insoluble B block.

Table 3-2: Characteristics of the investigated micelles prepared from poly(styrene-alt-1,1-diphenylethylene-block-
isoprene) (P(S-alt-DPE)-b-PI) diblock copolymers. The sizes of the micelles were determined by AFM and DLS. Radii
of the cores (Rc) of the micelles were estimated form the observed height in AFM images (Figure 3-5). The entire
micellar radiuses (R) in n-heptane were obtained by DLS. Ng refers to the degree of polymerization of the
P(S-alt-DPE) block (insoluble block) and Na to the degree of polymerization of the Pl block (soluble block).

Exp. Mn (kDa) (GPC) Ng Ns Rc (hm) R (nm) L (nm)
P(S-alt-DPE-b-PI) (core) (corona) (AFM) (DLS) (R-R¢)

1 22.0 54 228 5.0 29.9 24.9
2 33.2 43 405 4.0 38.3 34.3
3 27.9 89 246 7.7 40.1 32.4
4 53.3 60 665 5.6 52.1 46.5

n-Heptane is known to be a good solvent for the Pl block and as a bad solvent for the P(S-alt-DPE)
block resulting in the formation of micelles in which the core is composed by P(S-alt-DPE) blocks and the
corona is consisting of extended Pl chains. For this study the degree of polymerization of the
P(S-alt-DPE) blocks (Ng) was determined from GPC data using the average of the molecular weights of
styrene and DPE (142.2 g mol™"), whereas the degree of polymerization of the PI block (N,) was
calculated from "H-NMR and GPC data of the diblock copolymers and the molecular weight of isoprene
(68.12 ¢ mol'1). The corresponding values of Ny and Np of the investigated diblock copolymers
(Table 3-1) are shown in Table 3-2.

According to the data in Table 3-2 hairy-type micelles are expected for all the investigated polymers
since N, is larger than Ng*°. The hydrodynamic diameter of the micelles was evaluated by DLS whereas
the diameter of the core was obtained from AFM. When compared to the well-known PS-b-PI diblock
copolymer micelles,'™ P(S-alt-DPE) is a relatively harder and stiffer block. This should lead to a
decreased critical micelle concentration and may affect the core size of the micelles.'"™ Because AFM
measurements were performed at room temperature (well below the Tg of the P(S-alt-DPE) core of the
micelles), the core is expected to be thermodynamically frozen" and stable during AFM imaging at dry
conditions. Figure 3-5 displays the observed intermittent contact mode height images of the dried
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micelles. From the images it can be confirmed that all micelles are spherical and have a narrow size
distribution.

.
e -

Figure 3-5: Intermittent contact mode height images of the poly(styrene-alt-1,1-diphenylethylene-block-isoprene)
diblock copolymer micelles investigated. The number in the corner of each image indicates different block copolymer
compositions according to the investigated samples (Tables 3-1 and 3-2). Lateral dimensions and the z range are 1 x
1 um2 and 25 nm, respectively for all images.

To avoid tip convolution, the diameters of the micelles were estimated by measuring the observed
height of the micelles. Because micelles typically have a Gaussian size distribution, accurate
determination of their height requires reliable averaging techniques. The average height of the micelles
was determined for each polymer composition by two methods (see Figure 3-6 for an example
(sample 3, Table 1)). In the first method, the average micellar heights are determined by evaluating many
cross sections (Figure 3-6a). The second method involves the evaluation of histograms for each image.
The histogram in Figure 3-6b depicts the relative abundance of heights. For a sample consisting of flat
particles on a flat substrate two peaks should appear with the distance between them representing the
difference in height between the particles and the background. For the micelles the histogram reveals the
presence of two broadened peaks. The peak at low height indicates the level of the mica substrate
whereas the other peak indicates the presence of micelles on the surface. A surface with spherical
particles shows a tailing peak because the highest point of the sphere is less abundant, and therefore the
distance between the peak maxima does not correspond to the sphere height. By evaluating many
histograms it was empirically found that the distance between the center of the “mica peak” and the
bending point of the “particle peak” corresponds to the average height of the particles determined by the
cross section method. It is advantageous to determine the height by this method because it is highly
reproducible and in addition it significantly reduces the required analysis time. The sizes of the cores of
the investigated micelles (samples of Table 3-1) found by AFM are summarized in Table 3-2. In contrast
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to other experimental techniques (such TEM) to determine size of the core of micelles, AFM imaging does
not require staining or ultra-high vacuum conditions and reduces the possibility of the core deformation.
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Figure 3-6: Height of the micelles can be determined in two ways. a) The height can be obtained by averaging the
results from cross sections. b) The distance between the surface peak and the bending point of the particle peak
corresponds to the average micelle height.

From the height images in Figure 3-5 it can be already observed that micelles prepared from
sample 2 (Tables 3-1 and 3-2) (containing a small fraction of core blocks) are not so well-defined. The
micellar heights (8 nm) for this sample are more broadly distributed. DLS measurements also showed that
micelles prepared from sample 2 were rather unstable. This observation can be explained by looking at
the polymer composition (Table 1). The P(S-alt-DPE) block of sample 2 is the shortest one (Ng ~ 43).
Obviously, the relatively low degree of polymerization may be the origin of the decreased micellar
stability.

DLS was used to study the micellar size in solution using the Cumulants analysis metho
Table 3-2 summarizes the hydrodynamic radiuses of the investigated micelles obtained by DLS (R), the
radiuses of the cores obtained by AFM (R¢), and the thickness of the corona (L). The thicknesses of the
coronas compared to the sizes of the cores confirm that the micelles are all of the ‘hairy’ type. At first sight
the radiuses of the micelles obtained by AFM and DLS do not correlate to the molecular weight, even
their relative order is different: by AFM the largest observed micelles are made from diblock copolymer 3,
whereas DLS indicates polymer 4 (Table 3-2). This discrepancy is explained because the radiuses
obtained by DLS are the hydrodynamic ones whereas the AFM is used to determine the height of
micelles adsorbed on a flat surface. The hydrodynamic diameter is, in case of “hairy” micelles, dominated
by the degree of polymerization of the soluble block (Pl) (Eq. 3-2). For AFM images on dried micelles, the
corona is no longer swollen by the solvent. The flexible coronal chains are expected to be oriented flat on
the surface, and therefore the height of the micelles essentially corresponds to the size of the core
(Figure 3-7).

d.[2%

DLS AFM

Figure 3-7: Schematic representation of the architectures of diblock copolymer micelles during their characterization
by: (a) Dynamic light scattering (DLS) (hydrodynamic diameter of the entire micelle in solution) and (b) atomic force
microscopy (AFM) (diameter of the core of the micelle, height).
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Indeed, it is found that the height of the micelles correlates very well to the degree of polymerization
of the core block (P(S-alt-DPE)) (Figure 3-8). According to theory[sl the diameter of the corona and the
core of the micelle can be estimated from the degree of polymerization of both blocks. In Figure 3-8 the
radiuses or the cores (R¢) and the thicknesses of the coronas (L) have been plotted against Ng>° and
N,>" x Ng¥2° respectively. Both plots clearly demonstrate a linear correlation indicating the validity of the
theoretical model as well as the applicability of using AFM-imaging to micelles in the dried state to
determine the diameter of the core.
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Figure 3-8: (Left) Radii of the micellar cores (R.) obtained by AFM have been plotted as a function of the degrees of
polymerizations of the insoluble blocks (Ng) (Eq. 3-2). (Right) Thicknesses of the micellar coronas (L= R-Rc)
obtained from data of DLS and AFM have been plotted as a function of the degrees of polymerizations of the soluble
and insoluble blocks (Na, Ng) (Eq. 3-2). Square dots represent experimental data whereas a linear fits
(R =0.999, left) (R = 0.977, right) are also plotted. See Table 3-2 for details and numerical values.

In addition, the estimation of the proportionality constants for the equations of R¢c and L (Eq. 3-2) can
be performed using the data presented in Figure 3-8. These proportionality constants may be the
equivalent to the monomer size or segment length a in Eq. 3-2 of the corresponding blocks or sections of
the micelles. Table 3-3 summarizes these calculations for the segment length of the core (a;) and for the
segment length of the corona (a;) of the investigated micelles. From Table 3-3 it can be seen that the
obtained values for the different segment lengths of the cores (a;) have a tendency to be constant with an
average value of 0.47 nm and standard deviation of 0.04. The average value of 4.7 A is a reasonable
value for an organic molecule and may correspond to the average molecular size of the involved
monomeric units (styrene and DPE). The obtained values for the different segment lengths of the coronas
(aL) revealed an average value of 0.38 nm and standard deviation of 0.02, which is also a reasonable
value for the size of a molecule of isoprene. It should be noted that experimental factors related with the
DLS measurements and the determination of the degree of polymerization of the PI block can influence
the modeling of the thickness of the corona.

Table 3-3: Obtained values of monomeric unit size or segment length, a, for the corresponding blocks of the
investigated micelles (ac = segment length of the core (poly(styrene-alt-1,1-diphenylethylene) block),
a. = segment length of the corona (poly(isoprene) block). Calculations were performed using Eq. 3-2 and data
presented in Figure 3-8.

1 2 3 4
ac (core) (nm) 046 042 052 048
a. (corona) (nm) 0.37 0.38 0.40 0.35

3.3 Synthesis of terpyridine-functionalized polymers by anionic polymerization

In section 3.2, the synthesis of a new block copolymer library via anionic polymerization in an
automated parallel synthesizer (chapter 2) was addressed. In addition, the obtained block copolymers
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were used for the preparation of self-assembled micelles which were characterized in detail. Apart from
the synthesis of well-defined block copolymers, anionic polymerization is a well-known and suitable
technique for the preparation of polymers with functional end-groups.“eb‘zﬂ Hence, the further discussion
of this section focuses on the development and optimization of a new synthetic route for the preparation
of terpyridine-functionalized polymers based on the anionic polymerization mechanism. Like in the
previous section, all the polymerization reactions of this section were performed within the synthesizer
described in chapter 2. The resulting functionalized polymeric materials were characterized by various
analytical techniques which validates the proposed synthetic approach. Moreover, some of the obtained
functionalized polymers are utilized for the preparation of metallo-supramolecular block copolymers and
other metal-coordinated structures.

3.3.1 Introduction to supramolecular and metal-containing polymers, and synthesis of
end-group functionalized polymers by anionic polymerization

Non-covalent interactions (e.g., van der Waals, hydrogen bonding, and ionic interactions) are usually
related to reversible and self-assembly processes since they are weaker than covalent bonds. Nowadays,
they are believed to be key factors for the understanding of natural systems and the development of
self-responsive processes in several branches of chemistry.” In order to synthesize novel materials,
scientists have developed several strategies for the incorporation of chemical moieties bearing
non-covalent interactions into polymeric chains.”® An extensively used non-covalent interaction in
synthetic polymers is metal coordination of polymers containing chelating ligands (e.g., phenanthroline,
bipyridine and terpyridine) in order to construct novel supramolecular architectures.**! Metal-containing
polymers have been the topic of great attention in recent years due to their wide range of potential
applications. These materials have shown interesting properties such as optical activity, electrical
conductivity, luminescence and photorefractivity.”® Metal-containing polymers have also opened a new
avenue for the formation of novel supramolecular structures: double helicates, dendrimers, ordered
architectures on surfaces and self-assembled block copolymers.??*?*! On the one hand, the
incorporation of suitable metal-complexing ligands into the polymer chains is a critical step for the
formation of well-defined materials, and on the other hand, their properties can be addressed and varied
by changing their metal ions. Bipyridine and terpyridine ligands are among the most frequently used
compounds to act as metal-complexing ligands in polymer architectures.?**"" More specifically,
terpyridine ligands self-assemble with different transition-metal ions in low oxidation states (Mn, Fe, Ru,
Os, Co, Ir, Ni, Pt, Cu, Ag, Zn, Cd and Hg) into octahedral complexes.m] For this purpose, the outer rings
cooperatively rotate along the central C-C bonds connecting the rings to create a stable binding site
through the lone pairs of three nitrogen atoms.” Bidentate ligands, such as bipyridine or phenantroline,
on the other hand give rise to two different conformations (fac and mer stereoisomers) around an
octahedral metal ion,*® which are not so easy to selectively control.®"! Several synthetic strategies for the
incorporation of terpyridine ligands into the polymer chains have been reported: end group modification,
copolymerization of terpyridine-modified monomers, functionalized initiators and end-cappers.lzec’d]
For the end group modification strategy hydroxy-terminated polymers have been employed as precursors
using etherification and urethane-formation reactions. For the implementation of the terpyridine into the
polymer via copolymerization, terpyridine-containing monomers have been utilized, e.g., applying free
radical polymerization methods.®@ Finally, functionalized initiators have been successfully applied in
cationic ring-opening polymerization, atom transfer radical polymerization and nitroxide-mediated radical
polymerization.”* However, all these procedures show some drawbacks, from rather demanding organic
synthetic procedures for the initiators or monomers to several purification steps for the polymers obtained.
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Nowadays, perfect control over molecular architecture is one of the most important goals in polymer
science because this determines to a large extent the final properties of the materials. In this context
controlled and “living” polymerization techniques allow for the synthesis of polymers with tunable chain
lengths and low PDI, as well as the possibility to build well-defined block copolymers. Even though some
of the modern controlled radical polymerization strategies have been applied for the incorporation of
metal-complexing ligands into polymer chains, “living” anionic polymerization techniques have never been
used for this purpose. As mentioned before “living” anionic polymerizations offer important advantages
over other polymerization techniques: short reaction time, good control over the molecular weight, low
polydispersity indices and sequential synthesis of block copolymers and complex polymeric
architectures.**¥ It is also well know that “living” anionic polymerization is a suitable, efficient and straight
forward technique to synthesize end-group functionalized polymers.'"®?"! Moreover, it has been reported
that the conversion of the polymeric organolithium chain ends to 1,1-diphenylalkyllithium chain ends
(by reaction with 1,1-diphenylethylene (DPE)) promotes an efficient chain-end functionalization for several
systems."®™ Among the examples of functionalized polymers via anionic polymerization are the synthesis
of 1,2-dicarboxyethyl,[34] nitroxide,** dimethylamino,[36] and 2-bromoisobutyryl[37] terminated polymers.
In sections 3.3.2 and 3.3.4, the synthesis of terpyridine-functionalized poly(styrene) (Tpy-PS) and
poly(isoprene) (Tpy-Pl), as well as other polymeric architectures (star polymers), via anionic
polymerization is investigated. This approach opens alternative routes for the preparation of terpyridine
functionalized polymers. The obtained materials have no ether/urethane linkages (present in other
synthetic procedures proposed), which may improve the chemical stability of the materials.

3.3.2 Synthesis of terpyridine-functionalized poly(styrene) by anionic polymerization and its
characterization.

The synthesis of Tpy-PS was achieved by reacting the corresponding 1,1-diphenylalkyllithium
polymeric chain ends (prepared by anionic polymerization) with 4'-chloro-2,2":6',2"-terpyridine (CI-Tpy)
according to the reaction scheme shown in Figure 3-9. All the anionic polymerization reactions were
performed in the synthesizer described in chapter 2 (see the experimental part of this chapter for details).
Figure 3-9 also displays an image of the synthesizer during the different stages of the synthesis. For the
synthetic approach proposed three main parameters were investigated: (1) the use of DPE as an
end-capper of the polystyryl anions previous the functionalization step, (2) the use of tetrahydrofuran
(THF) for dissolving CI-Tpy and (3) the use of toluene for dissolving CI-Tpy. Other experimental
parameters with less relevance for the functionalization process, such as the length of the polymer
chains, were also investigated. However, no significant influence of this latter parameter on the process
could be observed. Thus, the discussion is mainly focused on the variation of the aforementioned three
main parameters. Table 3-4 summarizes the reaction conditions investigated for the synthesis of Tpy-PS
via anionic polymerization; molecular weights and PDI values of the obtained polymeric materials and
their respective precursors are also shown.

The starting point to achieve a successful synthesis of Tpy-PS via anionic polymerization was the
investigation of the direct reaction between the anionically synthesized poly(styryllithium) moieties and
Cl-Tpy. For this situation, one could expect a direct electrophilic attack of CI-Tpy to the living polymeric
carbanions in order to yield the corresponding terpyridine-functionalized polymer and the chloride salt
(here lithium chloride). However, Figure 3-10a shows that the obtained polymer for this case revealed a
bimodal distribution in the GPC traces (gray line (13, Table 3-4)). It can be observed that one of the peaks
of this distribution appears at the same position as the un-functionalized PS precursor (methanol
terminated poly(styryllithium), black line) whereas the other one arises at a lower elution time (with about
the double number-average molecular weight of the protonated poly(styryllithium)).
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Figure 3-9: Schematic representation of the synthesis of terpyridine-functionalized poly(styrene) via anionic
polymerization as well as the respective visual impression of the reaction steps in a Chemspeed ASW2000 parallel
synthesizer.

Table 3-4: GPC results for different terpyridine-functionalized poly(styrene)s (Tpy-PS) and their respective
poly(styrene) (PS) precursors prepared by anionic polymerization according to the reaction scheme of Figure 3-9. For
the functionalization reaction (last reaction step) 4'-chloro-2,2':6',2"-terpyridine has been dissolved in tetrahydrofuran
or in toluene. The efficiency of the functionalization reaction as determined by elemental analysis is also summarized.

Exp. Mn (kDa) / End-capping Solvent for 4'- Mn (kDa) / Functionalization

PDI (GPC) PS with 1,1- chloro-2,2":6',2"- PDI (GPC) efficiency (%)
(precursor) diphenylethylene terpyridine Tpy-PS (elemental analysis)
1 1.5/1.16 Yes Tetrahydrofuran 1.8/1.11 66
2 22/1.16 Yes Tetrahydrofuran 2.3/1.15 65
3 2.71/1.12 Yes Tetrahydrofuran 2.8/1.17 63
4 3.5/1.12 Yes Tetrahydrofuran 3.7/1.14 67
5 51/1.11 Yes Tetrahydrofuran 5.3/1.15 59
6 8.5/1.09 Yes Tetrahydrofuran 8.8/1.13 60
7 7.5/1.06 Yes Toluene 7.8/1.09 91
8 7.5/1.06 Yes Toluene 7.7/1.09 95
9 10.6/1.07 Yes Toluene 11.0/1.10 97
10 10.6/1.07 Yes Toluene 11.4/1.10 97
11 18.7/1.11 Yes Toluene 20.6/1.13 96
12 18.7/1.11 Yes Toluene 20.5/1.12 99
13 10.6/1.07 No Toluene 17.0/1.32 -

The latter finding suggests the presence of undesired coupling reactions between two “living” PS
chains promoted perhaps by the presence of Cl-Tpy. In addition, the 'H-NMR characterization of this
polymer revealed the absence of the signals related to the terpyridine functional group (from
7.4 to 8.7 ppm) and only signals for the aromatic protons assigned to PS (from 6.2 to 7.4 ppm) could be
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found as shown in Figure 3-11a (13, Table 3-4). A similar experiment was performed using THF instead
of toluene for dissolving CI-Tpy in order to investigate potential solvent effects. However, GPC and
'H-NMR results revealed qualitatively the same behavior as for the case of toluene (bimodal distribution
in the GPC trace and no signals related to the terpyridine moiety in the 'H-NMR spectrum). According to
these results it can be concluded that this direct synthetic approach is not an efficient procedure to obtain
well-defined Tpy-PS via anionic polymerization.

a) Exp. 13, Table 34 k b) Exp. 7, Table 3-4 \ c) Ex'i"—?’/ \

55 575 625 6.5 6.75 725 75 6.25 6.25 6.7
Time (min) Time (min) Time (min)

Figure 3-10: Normalized GPC traces (eluent: triethylamine/2-propanol/chloroform mixture) of selected polymers of
Table 3-4. (a) Black line: Protonated poly(styryllithium) precursor; grey line: 4-Chloro-2,2":6',2"-terpyridine terminated
poly(styryllithium) precursor where no end-capping with 1,1-diphenylethylene was used (13, Table3-4). (b) and (c)
correspond to Exps. 7 and 12 (Table 3-4), respectively; black lines: Protonated poly(styryllithium) precursor; grey
lines:  4'-chloro-2,2":6',2"-terpyridine  terminated  poly(styryllithium)  precursor —where end-capping with
1,1-diphenylethylene was used.
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Figure 3-11: "H-NMR spectra of selected polymers of Table 3-4 in deuterated chloroform (CDCI3) at 25 °C.
(a) 4'-Chloro-2,2":6' 2"-terpyridine terminated poly(styryllithium) precursor where no end-capping with
1,1-diphenylethylene was used (13, Table3-4). (b) and (c) 4'-chloro-2,2':6',2"-terpyridine terminated poly(styryllithium)
precursors where end-capping with 1,1-diphenylethylene was used (7 and 12, respectively, Table 3-4).

It is well-known that the conversion of the polymeric organolithium chain ends to the corresponding
1,1-diphenylalkyllithium chain ends (by the reaction with DPE) effectively reduces the reactivity of the
respective carbanions."® It is reported that the steric hindrance provided by the addition of DPE to the
highly reactive polymeric carbanions and the fact that the resulting chemical species are energetically
more stable than their corresponding precursors avoid the broadening of the molecular weight distribution
caused by undesired coupling reactions between two or more “living” polymeric chain ends.!"®*** Hence,
the use of DPE to stabilize the highly reactive poly(styryl) anions, in order to promote an efficient
functionalization reaction, was proposed as a next step towards the synthesis of well-defined Tpy-PS via
anionic polymerization. This proposed approach is summarized schematically in Figure 3-9. GPC results
revealed that for the cases where DPE is used for end-capping the highly reactive poly(styryl) anions, the
resulting polymers show narrow and mono-modal molecular weight distributions, and that their respective
elution times are almost identical to those corresponding to their protonated PS precursors. These
findings can be observed in the GPC traces of Figure 3-10b and 3-10c (7 and 12, respectively,
Table 3-4), which are characteristic examples for the rest of the experiments of Table 3-4 where DPE was
used to stabilize the highly reactive poly(styryl) anions before the functionalization reaction with CI-Tpy.
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The effect of the use of DPE to stabilize the highly reactive poly(styryl) anions during the
functionalization process can be also observed in the 'H-NMR spectra of the obtained products. Parts b
and ¢ of Figure 3-11 show the 'H-NMR spectra of the polymers obtained from 7 and 12 (Table 3-4),
respectively. In these "H-NMR spectra it can be observed that where DPE is used in an intermediate
synthetic step during the functionalization procedure, four signals related to the protons of the terpyridine
functional group arise from 7.4 to 8.7 ppm besides the signals of the aromatic protons corresponding to
the PS (from 6.2 to 7.4 ppm). A tiny shoulder at 7.3 ppm which is related to the fifth signal of the
terpyridine functional group can also be observed. However, this signal is less clear due to its overlap
with the aromatic signals of PS and the signal of deuterated chloroform solvent (CDCI3) used during the
measurements.

Note that the "H-NMR signals related to the terpyridine moiety become less intense as the molecular
weight of the polymer increases for the different PS synthesized. For instance, the signals related to the
terpyridine functional group are still visible in the 'H-NMR spectra of Figure 3-11c despite the relatively
high molecular weight of sample 12 (20.5 kg mol™") (Table 3-4). This is not the case where DPE was not
used during the functionalization process to prevent undesired coupling reactions between the polymeric
chains, even in samples with a relatively lower molecular weight than sample 12 (Table 3-4). This effect is
observed in Figure 3-11a for sample 13 (Table 3-4). In addition, the 'H-NMR spectra of the synthesized
polymers in Table 3-4 were also used to estimate their molecular weight by integrating and correlating the
signals corresponding to the terpyridine functional group with the signals of the aromatic protons of the
PS backbones. Calculations of the molecular weights by this method were in good agreement to those
obtained by GPC and summarized in Table 3-4.

Matrix-assisted laser desorption / ionisation time of flight mass spectrometry (MALDI-TOF-MS) is a
suitable technique to perform end-group analysis of functionalized polymers and to determine absolute
molecular weights.[38] In this regard, Figure 3-12 shows the MALDI-TOF-MS spectrum of polymer 3
(Table 3-4). The spectrum clearly reveals the presence of chemical species matching with the mass of
several chain lengths of Tpy-PS and the presence of only one molar mass distribution. Moreover, the
distance between each peak of the spectrum corresponds to the mass of styrene (104 Da). For instance,
the expected mass of a Tpy-PS with 29 styrenic units is 3485 Da, which can be found in the
MALDI-TOF-MS spectrum of the polymer 3 (Table 3-4) in Figure 3-12. This finding clearly proves that the
synthesis of well-defined Tpy-PS by anionic polymerization is feasible. In addition, the molecular weights
of the polymers determined by MALDI-TOF-MS were again in agreement with those found by GPC

Table 3-4) and "H-NMR spectroscopy.
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Figure 3-12: MALDI-TOF-MS spectrum a 4'-chloro-2,2":6',2"-terpyridine terminated poly(styryllithium) precursor
end-capped with 1,1-diphenylethylene (3, Table 3-4).
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For all the synthesized Tpy-PS (except for polymer 13 (Table 3-4) where the undesirable coupling
reactions occurred) the content of nitrogen in the polymers was determined by elemental analysis. Hence,
the efficiency of the functionalization reaction could be quantified using these measurements (see
experimental part for a detailed explanation). Calculation of the expected content of nitrogen in the
polymers (theoretical value) was performed utilizing the molecular weight found by GPC (Mn values of
Tpy-PS in Table 3-4). For example, for polymer 3 (Table 3-4) the Mn determined by GPC was
2.8 kg mol™", the closest molecular weight to this value corresponds to a Tpy-PS (final specie of the
reaction scheme in Figure 3-9) with 22 styrenic repeating units (molecular weight of 2.761 kg mol™") and,
hence, the expected nitrogen content is 1.52% for this chemical moiety. Figure 3-13 shows the efficiency
(measured by this latter method) of the functionalization process for the cases where THF was used for
dissolving CI-Tpy (1 to 6, Table 3-4) and for the cases where toluene was used for dissolving CI-Tpy
(7 to 12, Table 3-4). On the one hand, Figure 3-13a reveals that in the cases where THF is used for
dissolving CI-Tpy the measured efficiencies of the functionalization process range from 60% to 70%. It is
difficult to conclude at this stage whether the relatively low measured efficiencies in theses cases are due
to the relatively high polarity of THF that could modify the functionalization mechanism (chemical effect),
or to impurity traces in the solvent that could terminated the “living” polymeric anions before the
functionalization reaction (even though the used THF was purified with standard procedures reported in
literature (distilled from a deep purple sodium-benzophenone complex solution)). In this regard, further
experiments would be required in order to reach a definitive conclusion about the observed effect. On the
other hand, in the cases where CI-Tpy is dissolved in a less polar solvent than THF, such as toluene, the
measured efficiencies of the functionalization process increase considerably up to values close to 100%

as observed in Figure 3-13b.
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Figure 3-13: Efficiency of the functionalization reactions investigated (synthesis of terpyridine-functionalized
poly(styrene) via anionic polymerization where end-capping with 1,1-diphenylethylene is used (1 to 12, Table 3-4))
measured by elemental analysis (E. A.) (content of nitrogen (N) in the polymers and their respective molecular
weights (Mn) are utilized to determine the efficiency). (a) 4'-Chloro-2,2":6' 2"-terpyridine (CI-Tpy) was dissolved in
tetrahydrofuran (THF) during the functionalization process (1 to 6, Table 3-4). (b) 4'-Chloro-2,2".6' 2"-terpyridine
(CI-Tpy) was dissolved in toluene during the functionalization process (7 to 12, Table 3-4).

A titration with metal ions to the polymers followed by ultraviolet-visible spectroscopy (UV-Vis)
represents an additional analytic technique to characterize and quantify the degree of terpyridine
functionalization in polymeric materials.®® For this purpose, solutions of the Tpy-PS synthesized were
titrated with iron(ll) chloride (FeCl,) (see experimental part for details about this analytic technique).
Hence, an increase of the metal-to-ligand charge-transfer (MLCT) band of the iron(ll)-terpyridine complex
at 565 nm is expected. Figure 3-14a displays the UV-Vis spectra obtained during the titration process of
polymer 7 (Table 3-4), where the absorption increase in the MLCT band at 565 nm can be observed as
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the titration is carried out. In this analysis, the titration process can be also monitored by following the
increase of the MLCT band at 329 nm. For this case, a plateau is reached after a linear increase upon
adding of FeCl, indicating that the complexation process is complete. These observations are shown in
Figure 3-14b for the UV-Vis titration of polymer 7 (Table 3-4), where the absorption of the MLCT band at
329 nm is plotted as a function of the equivalents of iron(ll). The equivalence point was observed
approximately at a ligand-to-metal ratio of 2:1, indicating a fully quantitative complexation. Based on
these UV-Vis titration measurements, it is also possible to estimate the efficiency of the functionalization
process in a similar way as discussed above for the elemental analysis approach. In this regard, the
estimations of the functionalization efficiencies of the Tpy-PS synthesized based on the obtained results
of the UV-Vis titrations were very similar to those values found where the elemental analysis technique
was used (Figure 3-13). These findings are an additional proof that the efficiency of the investigated
functionalization process was around 60-70% where THF is used for dissolving CI-Tpy, and close to
100% in the case of toluene.
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Figure 3-14: UV-Vis titration with FeCl, to a solution of terpyridine-functionalized poly(styrene) synthesized via
anionic polymerization where end-capping with 1,1-diphenylethylene is used (7, Table 3-4). (a) The spectra show the
absorption increase of the metal-to-ligand charge-transfer (MLCT) bands at 329 and 565 nm as the titration is carried
out. (b) The absorption of the metal-to-ligand charge-transfer (MLCT) band at 329 nm is plotted as a function of the
equivalents of iron(ll) (the equivalence point was observed approximately at a ligand-to-metal ratio of 2:1, which
indicates a fully quantitative complexation).

The change of color of the reaction mixtures during the synthesis of Tpy-PS via anionic
polymerization (see Figure 3-9) is also an interesting observation which is worth discussing. This
phenomenon was studied by UV-Vis spectroscopy. Figure 3-15 displays the changes in absorption of the
spectra of the reaction mixtures at different stages during the functionalization procedure. In Figure 3-15
the characteristic peak of poly(styryllithium) arising at 338 nm (orange-yellow color solutions in
Figure 3-9)“”! can be observed. Furthermore, a new absorption band appears at 617 nm upon adding
Cl-Tpy (in solution) into the reaction mixture, which corresponds to the deep blue colored solution
(Figure 3-9), whereas the absorption bands related to the precursor species (poly(styryllithium) and
poly(styryllithium) with a DPE chain end (red colored solution in Figure 3-9), UV-Vis spectrum not shown
in Figure 3-15)) vanish. A UV-Vis spectrum of a recovered Tpy-PS in chloroform (colorless solution) is
also shown in Figure 3-15 for comparison. It is thought that the observed deep blue color during the
functionalization procedure originates from the electrophilic attack of CI-Tpy to the “living” polymeric
anions. It is worth mentioning that this color also appeared in the reaction mixtures in the cases where
DPE was not used for stabilization of the highly reactive poly(styryl) anions (13, Table 3-4 (Figures 3-10a
and 3-11a)).
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Figure 3-15: UV-Vis spectra for different chemical species present during the synthesis of terpyridine-functionalized
polystyrene via anionic polymerization where end-capping with 1,1-diphenylethylene is used. Dashed line:
Poly(styryllithium)  precursor. Black line: Poly(styryllithium) precursor converted into the respective
1,1-diphenylalkyllithium reacting with 4'-chloro-2,2":6',2"-terpyridine. These two samples were taken directly from the
inert reaction media in cyclohexane. Grey line: An isolated terpyridine-functionalized polystyrene after the reaction
completion (in chloroform).

3.3.3 Synthesis of metallo-supramolecular polymeric complexes based on
terpyridine-functionalized poly(styrene)

The discussion presented in this section focuses on the synthesis of metallo-supramolecular
polymeric complexes using the previously discussed Tpy-PS. In addition to provide further
characterization for the materials synthesized in section 3.3.2, the main goal of the present discussion is
to briefly address applications of the terpyridine-functionalized polymers and to demonstrate that the
Tpy-PS synthesized via anionic polymerization have comparable properties to similar polymers obtained
by other synthetic approaches. Note that the scope of this contribution is mainly to establish an alternative
route for the synthesis of terpyridine-functionalized polymers via anionic polymerization, hence a detailed
description regarding the characteristics of metallo-supramolecular polymeric complexes (stability,
synthesis, purification procedures, characterization, etc.) is not addressed here and can be found
elsewhere.®™ The Tpy-PS described in section 3.3.2 could be used as precursor materials for the
preparation of novel block copolymer libraries as described in literature.*"! Thus, the ability of the
synthesized Tpy-PS to form mono- and bis-complexes with other terpyridine-functionalized polymeric
building blocks is explored in this section. The synthetic procedure utilized for the preparation of the
metallo-supramolecular polymeric mono- and bis-complexes with ruthenium (Ru) ions is summarized in
the reaction scheme displayed in Figure 3-16 and is described in detail in the experimental part. The
preparation of a metallo-supramolecular block copolymer was achieved by reacting one of the Tpy-PS
synthesized in section 3.3.2 (8, Table 3-4) with a terpyridine-functionalized poly(ethylene oxide)
ruthenium tri-chloride (RuCls) mono-complex (Mn = 3.1 kg mol™)."*? In Figure 3-17a a GPC trace
corresponding to the metallo-supramolecular block copolymer obtained is shown. For the synthetic
approach followed, a purification step, by preparative size exclusion chromatography, is normally
necessary in order to remove the un-reacted precursors (terpyridine-functionalized polymeric RuCls;
mono-complexes and/or terpyridine-functionalized homopolymers).*® The GPC traces of the precursors
materials (terpyridine-terminated poly(ethylene oxide) RuCl; mono-complex (Mn = 3.1 kg mol'1) and
Tpy-PS (8, Table 3-4)) of the metallo-supramolecular diblock copolymer are also displayed in
Figure 3-17a. The differences between the elution times in the GPC traces of the terpyridine-terminated
poly(ethylene oxide) RuCl; mono-complex (Mn = 3.1 kg mol'1) and the Tpy-PS (8, Table 3-4) precursors
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observed in Figure 3-17a can be explained by their respective hydrodynamic volumes in the eluent of the
GPC equipment (N, N-dimethylformamide).*® This GPC system, for instance, shows lower retention times
for PS standards than for poly(ethylene oxide) standards of the same molecular weight due to the smaller
hydrodynamic volume of PS in N,N-dimethylformamide when compared to the case of poly(ethylene
oxide).*?

RuCl;, 130 °C, 6 h

Figure 3-16: Schematic representation of the synthesis of metallo-supramolecular polymeric complexes. Upper path
represents the synthesis of a terpyridine-functionalized poly(styrene) ruthenium tri-chloride mono-complex. The lower
path shows the preparation of a metallo-supramolecular block copolymer (bis-complex) using
terpyridine-functionalized poly(styrene) (8, Table 3-4) and terpyridine-functionalized poly(ethylene oxide) ruthenium
tri-chloride (RuCls) mono-complex (Mn = 3.1 kg mol”")"*¥ as precursors.
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Figure 3-17: (a) Normalized GPC traces (eluent: 5 mM NH4PFs in N,N-dimethylformamide). Dashed line:
Metallo-supramolecular block copolymer ruthenium (ll) bis-complex (poly(styrene)-block-poly(ethylene oxide)) after
purification by preparative size exclusion chromatography. Open circles: Terpyridine-functionalized poly(styrene)
precursor (8, Table 3-4). Solid line: Terpyridine-functionalized poly(ethylene oxide) ruthenium tri-chloride
mono-complex (Mn = 3.1 kg mol'1).[42] (b) "H-NMR spectra in deuterated chloroform (CDCl3) at 25 °C of the
metallo-supramolecular block copolymer ruthenium (Il) bis-complex (poly(styrene)-block-poly(ethylene oxide)) after
purification by preparative size exclusion chromatography (precursors: A terpyridine-functionalized poly(styrene)
(8, Table 3-4) and a terpyridine-functionalized poly(ethylene oxide) ruthenium tri-chloride mono-complex
(Mn = 3.1 kg mol”").*%

The block compositions of the metallo-supramolecular block copolymer (poly(styrene)-[Rul-
poly(ethylene oxide)) obtained can be determined from the 'H-NMR spectrum displayed in Figure 3-17b
by correlating the signals corresponding to the protons of the backbones of each block (aromatic protons
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of the styrenic block between 6.5 and 7.5 ppm and the protons from the O-CH, group of the
poly(ethylene oxide) at 3.7 ppm). For the case displayed in Figure 3-17, the block copolymer composition
revealed a content of 46% of poly(ethylene oxide) which is in agreement with the expected value. Note
that the "H-NMR spectrum of Figure 3-17b also shows a shifting of the signals related to the terpyridine
group from 7.5 to 8.5 ppm with respect to those observed, for example, in Figure 3-11b for Tpy-PS with
uncomplexed terpyridine end-groups. This finding is also an indication of a successful complex formation

as reported in the literature.*®
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Figure 3-18: UV-Vis spectra of the metallo-supramolecular polymeric complexes synthesized. Gray line:
A terpyridine-functionalized poly(styrene) ruthenium tri-chloride mono-complex (precursor: Sample 7, Table 3-4).
Black line: Metallo-supramolecular block copolymer ruthenium (ll) bis-complex (poly(styrene)-block-poly(ethylene
oxide)) after purification by preparative size exclusion chromatography (precursors: A terpyridine-functionalized
poly(styrene) (8, Table 3-4) and a terpyridine-functionalized poly(ethylene oxide) ruthenium tri-chloride mono-complex
(Mn = 3.1 kg mol”").*%

Finally, UV-Vis measurements of the obtained polymeric complexes were recorded and are shown in
Figure 3-18. The spectrum corresponding to the Tpy-PS RuCl; mono-complex reveals a MLCT band at
400 nm, whereas this band disappears in the spectrum of the self-assembled metallo-supramolecular
block copolymer Ru(ll) bis-complex, and a new band arises at 485 nm.

3.3.4 Synthesis of other terpyridine-functionalized polymeric moieties by anionic
polymerization

In section 3.3.2 a new synthetic approach for the preparation of Tpy-PS via anionic polymerization
was developed and the obtained polymers were characterized in detail. In addition, the synthesized
Tpy-PS were utilized as precursor materials for the preparation of novel metallo-supramolecular polymeric
complexes in section 3.3.3. In this section, the functionalization procedure developed, based on anionic
polymerization, is investigated for the synthesis of terpyridine-functionalized poly(isoprene)s (Tpy-Pl) and
poly(methyl methacrylate)s (Tpy-PMMA).

Regarding the preparation of Tpy-PI via anionic polymerization four different reaction conditions were
investigated which are summarized in the reaction scheme of Figure 3-19. The first two approaches were
carried out using similar reaction conditions as for the functionalization of PS (section 3.3.2, Figure 3-9).
This is using cyclohexane as reaction media at 20 °C; the effect of including DPE in order to stabilize the
poly(isoprenyl) anions during the functionalization process was also briefly investigated (Figure 3-19).
However, it has been reported that some functionalization reactions of polydienes via anionic
polymerization can be achieved with higher yields when they are performed in non-polar solvents at low
temperature.[35] Therefore, two more reaction conditions for the synthesis of Tpy-Pl via anionic
polymerization were also investigated. For these cases, the functionalization reactions were performed in
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n-heptane as reaction medium at -60 °C, with and without the use of DPE during the functionalization
procedure (Figure 3-19). Table 3-5 summarizes the investigated reaction conditions as well as the
obtained GPC results of the synthesized Tpy-PI and their respective precursors.

cyclohexane or X
n-heptane O
20°C,6h L cyclohexane: 20 °C or
20°C,0.5h n-heptane: -60 °C,
overnight

cyclohexane: 20 °C or
n-heptane: -60 °C,
overnight

Figure 3-19: Left: Schematic representation of the investigated methods for the synthesis of
terpyridine-functionalized poly(isoprene) via anionic polymerization with and without using 1,1-diphenylethylene for
the stabilization of the poly(isoprenyl) anions. Right: An image of a Chemspeed ASW2000 parallel synthesizer during
the functionalization process at —60 °C.

Table 3-5: GPC results for different terpyridine-functionalized poly(isoprene)s (Tpy-Pl) and their respective
poly(isoprene) (PIl) precursors prepared by anionic polymerization according to the reaction scheme of Figure 3-19.
For the functionalization reaction (last reaction step) 4'-chloro-2,2'":6',2"-terpyridine has been dissolved in toluene.

Exp. Mn (kDa)/PDI Reaction medium Temperature of End-capping with Mn (kDa) / PDI
PI (precursor) (solvent) functionalization (°C) 1,1-diphenylethylene Tpy-PI
1 11.5/1.08 Cyclohexane 20 No 12.1/1.16
2 6.0/1.10 Cyclohexane 20 Yes 6.6/1.22
3 9.2/1.10 n-Heptane -60 No 11.0/1.16
4 9.1/1.07 n-Heptane -60 Yes 10.0/1.18

All the protonated poly(isoprene)s (Pl) (precursor samples, before functionalization) revealed
mono-modal and narrow molecular weight distributions (PDI were in the range between 1.07 and 1.10).
Moreover, the expected molecular weights (according to the monomer/initiator ratio) of the polymers were
in agreement with the found values by GPC.

Regarding the cases where cyclohexane at 20 °C (Figure 3-19) was used to synthesize Tpy-PI via
anionic polymerization (1 and 2, Table 3-5) (similar conditions as in the case of Tpy-PS, section 3.3.2),
'H-NMR measurements showed that a relatively low degree of functionalization was achieved.
Figure 3-20 (1 and 2, Table 3-5) reveals the presence of relatively weak signals of the aromatic protons
related to the terpyridine group in the 'H-NMR spectra (from 7.5 to 8.8 ppm) in both cases investigated
(with and without using DPE as end-capper of the polymeric anions during the functionalization process).
In addition, GPC traces of these latter experiments showed that a few un-desired coupling reactions
occurred between the “living” polymer chains in both cases since the molecular weight distributions of the
Tpy-Pl are bimodal (gray lines, Figure 3-21). In Figure 3-21 the main peaks in the distributions of Tpy-PI
can be observed at the same position as the un-functionalized Pl precursors (methanol-terminated
poly(isoprenyllithium), black lines) whereas small peaks arise at lower elution times (with about the double
number-average molecular weight of the PI precursors). As observed in Figure 3-21, this latter effect was
more pronounced in the case where DPE was used in the functionalization process (2, Table 3-5).

46



3. Structure-property investigations of novel polymeric materials synthesized by anionic polymerization

a) Exp. 1, Table 3-5 b) Exp. 2, Table 3-5
s 85 8 15 7 b a5 & 75 7
(ppm) (ppm)
9 8.5 8 7.5 7 6.5 6 5.5 5 4.5 9 8.5 8 7.5 7 6.5 6 5.5 5 4.5
(ppm) (ppm)

Figure 3-20: "H-NMR spectra in deuterated chloroform (CDCI3) at 25 °C of terpyridine-functionalized poly(isoprene)s
synthesized by anionic polymerization in cyclohexane at 20 °C (1 and 2, Table 3-5). (a) No end-capping with
1,1-diphenylethylene was used (1, Table3-5). (b) End-capping with 1,1-diphenylethylene was used (2, Table 3-5).
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Figure 3-21: Normalized GPC traces (eluent: triethylamine/2-propanol/chloroform mixture) of terpyridine-
functionalized poly(isoprene)s synthesized by anionic polymerization in cyclohexane at 20 °C (1 and 2, Table 3-5). (a)
Black line: Protonated poly(isoprenyllithium) precursor; grey line: 4'-Chloro-2,2":6'2"-terpyridine terminated
poly(isoprenyllithium) precursor without end-capping with 1,1-diphenylethylene (1, Table3-5). (b) Black line:
Protonated poly(isoprenyllithium) precursor; grey line: 4'-Chloro-2,2":6',2"-terpyridine terminated poly(isoprenyllithium)
precursor where end-capping with 1,1-diphenylethylene was used (2, Table 3-5).

Regarding the cases where n-heptane at -60 °C (Figure 3-19) was investigated as reaction media for
the synthesis of Tpy-PI by anionic polymerization (3 and 4, Table 3-5), 'H-NMR measurements showed
higher degrees of functionalization for these reaction conditions in comparison to the cases where
cyclohexane at 20 °C was used. For both investigated reaction conditions (with and without using DPE
during the functionalization process), 'H NMR spectra (Figure 3-22) revealed the presence of clear
signals related to the aromatic protons of the terpyridine functional group (region from 7.5 to 8.8 ppm). In
addition to the signals of the protons related to the double bonds of Pl (between 4.6 and 5.6 ppm),
Figure 3-22b also shows the presence of signals related to the aromatic protons of DPE around 7.3 ppm
for the case when it was used as an end-capper (4, Table 3-5). However, the obtained GPC traces of the
Tpy-Pl synthesized in these two experiments still revealed that a few undesired coupling reactions
occurred between the “living” polymeric anions as observed in Figure 3-23 (gray traces). The undesired
coupling reactions in these latter cases are slightly less pronounced than in the cases where cyclohexane
at 20 °C was used (1 and 2, Table 3-5). Moreover, according to the obtained 'H NMR and GPC results
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shown in Figures 3-22 and 3-23, it is thought that the use of DPE as an end-capper of the poly(isoprenyl)
anions has no significant influence on the functionalization process of Pl where the reactions are carried
out in n-heptane at —60 °C (3 and 4, Table 3-5).

a) Exp. 3, Table 3-5 b) Exp. 4, Table 3-5
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Figure 3-22: "H-NMR spectra in deuterated chloroform (CDCIs) at 25 °C of terpyridine-functionalized poly(isoprene)s
synthesized by anionic polymerization in n-heptane at -60 °C (3 and 4, Table 3-5). (a) No end-capping with
1,1-diphenylethylene was used (3, Table3-5). (b) End-capping with 1,1-diphenylethylene was used (4, Table 3-5).
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Figure 3-23: Normalized GPC traces (eluent: triethylamine/2-propanol/chloroform mixture) of terpyridine-
functionalized poly(isoprene)s synthesized by anionic polymerization in n-heptane at —-60 °C (3 and 4, Table 3-5). (a)
Black line: Protonated poly(isopryllithium) precursor; grey line: 4'-Chloro-2,2":6'2"-terpyridine terminated
poly(isopryllithium) precursor where no end-capping with 1,1-diphenylethylene was used (3, Table3-5).
(b) Black line: Protonated poly(isopryllithium) precursor; grey line: 4'-Chloro-2,2":6',2"-terpyridine terminated
poly(isopryllithium) precursor where end-capping with 1,1-diphenylethylene was used (4, Table 3-5).

In addition to the investigations of the synthesis of Tpy-PI, anionic polymerization is also known to be
a suitable technique to synthesize poly(methyl methacrylate) (PMMA) in a controlled manner. However,
the functionalization of PMMA with terpyridine moieties via anionic polymerization could not be
successfully achieved where THF or toluene were used as a reaction media at =78 °C and at room
temperature, respectively. These attempts also failed where DPE was used as an end-capper during the
functionalization procedure. Although, the GPC traces remained practically unmodified upon the addition
of CI-Tpy in comparison to the traces of the precursor polymers, 'H-NMR measurements of the polymers
synthesized revealed no signals related to the terpyridine group in region of the spectrum between
7.5 to 8.8 ppm. Furthermore, the characteristic deep blue color shown by the reaction mixtures during the
preparation of Tpy-PS (Figure 3-9) and Tpy-PI (Figure 3-19) was not observed for the cases of PMMA
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investigated. This finding might be related to the difference in reactivity of PMMA anions when compared
to the cases of poly(styryl) or poly(isoprenyl) anions.

Apart from the use of CI-Tpy for the functionalization of polymers with terpyridine moieties via anionic
polymerization, 4'(4-bromomethyl phenyl)-2,2":6',2"-terpyridine (Br-Tpy) was also utilized in this context.
Additional anionic polymerization experiments were carried out in order to investigate whether the use of
Br-Tpy as a terminating agent in the proposed synthetic approach would also yield well-defined
functionalized polymers, and perhaps to improve the functionalization process. For theses additional
experiments, the functionalization reactions investigated are summarized schematically in Figure 3-24.

a)

cyclohexane,

50°C,0.5h

P,

20°C,05h -60 °C, overnight

X

wermght

Figure 3-24: Schematic representation of the investigated methods using 4'(4-bromomethyl phenyl)-2,2".6'2"-
terpyridine as a terminating agent for the synthesis of terpyridine-functionalized polymers via anionic polymerization.
(a) Terpyridine functionalization of poly(styrene) with and without using 1,1-diphenylethylene for the stabilization of
poly(styryl) anions. (b) Terpyridine functionalization of poly(styrene) with and without using 1,1-diphenylethylene for
the stabilization of poly(isoprenyl) anions.

Br

Unfortunately, the results obtained from the experiments where Br-Tpy was used as a terminating
agent for the functionalization of polymers via anionic polymerization (Figure 3-24) have revealed that this
compound is less efficient for the preparation of well-defined functionalized polymers than its analogous
Cl-Tpy. For instance, it was observed from the GPC results that for the functionalization reactions
investigated (Figure 3-24) the molecular weight distributions of the synthesized materials become bimodal
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and broader than their corresponding protonated precursor polymers for both, PS and PI, cases. In the
cases where DPE was used for stabilizing the respective polymeric anions (Figure 3-24) the molecular
weight distributions of the polymer obtained become also bimodal and broader than its respective
un-functionalized precursor polymers for both, PS and PI, cases. Moreover, clear signals related to the
protons of the terpyridine group (region from 7.5 to 8.8 ppm) could not be observed in the 'H-NMR
spectra of the polymers synthesized (Figure 3-24) (being this effect more remarkable in the cases of PS
than in the cases of PI).

According to the results presented in this section, it is clear that further optimization (in terms of
synthesis and characterization) has to be carried out for the functionalization cases investigated in order
to achieve the preparation, for instance, of well-defined Tpy-PI by anionic polymerization with comparable
properties to those Tpy-PS addressed in section 3.3.2.

3.3.5 Synthesis of terpyridine-functionalized star-shaped polymers by anionic polymerization
7
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Figure 3-25: Schematic representation of the investigated method for the synthesis of terpyridine-functionalized
multi-arm star polymers via anionic polymerization in cyclohexane at 50 °C using the “arm-first” approach.WJ

In addition to the synthesis of well-defined linear polymers and block copolymers, anionic
polymerization is a suitable technique for the synthesis of other polymeric architectures such as
star-shaped polymers.m In this regard, the synthesis of terpyridine-functionalized multi-arm star-shaped
polymers via anionic polymerization utilizing the “arm-first” approach™ was briefly investigated according
to the reaction scheme shown in Figure 3-25.

In case of the synthesis of terpyridine-functionalized multi-arm star-shaped polymers utilizing the
“arm-first” approach, the reaction was not performed in the synthesizer described in chapter 2 due to the
fact that a suitable stirring was required, which could not be efficiently supplied by the vortex system of
the synthesizer used up to now. The synthetic approach utilized (Figure 3-25) requires suitable and
efficient mixing of the reaction solutions to avoid an excess of cross-linking in the polymerization
system.”‘” Hence, the polymerization was performed in conventional laboratory glassware with magnetic
stirring (see experimental part for details). As depicted in the reaction scheme of Figure 3-25, linear
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poly(styryl) carbanions precursors must be synthesized in a first step before the synthesis of the multi-arm
star polymer. The obtained linear PS chains yielded a Mn = 3.5 kg mol™" and a PDI = 1.12 as revealed by
GPC measurements. The expected Mn of this linear polymer (according to the utilized monomer/initiator
ratio) was in agreement with the obtained value from GPC. In a subsequent reaction step, the poly(styryl)
carbanions obtained are cross-linked upon the addition of p-divinylbenze (DVB) into the reaction mixture
in order to form the multi-arm polymer with reactive sites (carbanions). These reactive carbanions are
utilized in a last reaction step to incorporate terpyridine moieties into the star-shaped polymers (as
depicted in Figure 3-25). The terpyridine-functionalized multi-arm star-shaped PS obtained showed a
Mn = 42.0 kg mol™" and a PDI = 1.25. Figure 3-26a displays the GPC traces of the precursor PS as well
as of the obtained terpyridine-functionalized multi-arm star polymer. It is know from literature™¥ that in the
investigated synthetic approach the number of branches or arms of the prepared stars, and therefore the
number of “living” active sites available for functionalization with terpyrine moieties, is difficult to determine
a priori since it depends on several reaction parameters, such as the mole ratio of unsaturated monomer
added per living site (e.g., R = [DVB] / [sec-butyllithium]), the overall concentration, the nature of the
solvent, and the efficiency of the utilized mixing system. It is also known that GPC is not the most suitable
method for determining the molecular weight distribution of star-shaped molecules since the
hydrodynamic volume of star-shaped molecules varies only slightly with the number of branches.”*"!
Therefore, the aforementioned Mn and PDI values corresponding to the terpyridine-functionalized
multi-arm star PS must not be considered as absolute values. It has also been addressed that the
protection exerted by the branches on the cross-linked cores is very efficient and no gelation has been
observed, even in cases where the amount of DVB utilized was rather high (up to 40% of the total weight
of the star polymer).mb] For the synthetic approach investigated and depicted in Figure 3-25, it is clear
that the terpyridine functional groups are incorporated at the core of the multi-arm star PS. Theoretically
(in absence of impurities or unexpected termination reactions), the number of terpyridine units attached to
the stars must be determined by the number of branches, which can be estimated by obtaining the
absolute molecular weight of the polymer, for example, by viscosimetry.
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Figure 3-26: Characterization measurements of the terpyridine-functionalized multi-arm star-shaped poly(styrene)
synthesized by anionic polymerization in cyclohexane at 50 °C using 1,1-diphenylethylene to stabilize the poly(styryl)
anions and 4'-chloro-2,2":6' 2"-terpyridine as a terminating agent (Figure 3-25). (a) Normalized GPC traces (eluent:
triethylamine/2-propanol/chloroform mixture); black line: Protonated poly(styryllithium) precursor (Mn = 3.5 kg mol ™,
PDI = 1.12); grey line: terpyridine-functionalized multi-arm star poly(styrene) (Mn = 42.0 kg mol”!, PDI = 1.25).
(b) "H-NMR spectra in deuterated chloroform (CDCls) at 25 °C of the synthesized terpyridine-functionalized multi-arm
star-shaped poly(styrene). (c) UV-Vis spectrum of a complex formed by the synthesized terpyridine-functionalized
multi-arm star-shaped poly(styrene) and iron(ll) metal ions in chloroform (the spectrum shows the presence of
metal-to-ligand charge-transfer (MLCT) bands at 329 and 565 nm).

'H-NMR analysis of the prepared terpyridine-functionalized multi-arm star PS revealed the presence
of a broad signal in the region of the spectrum from 7.5 to 8.8 ppm (Figure 3-26b), which is thought to be
related to the protons of the terpyridine units. The broadness of this signal may correspond to the facts
that several terpyridine units have been attached and are inside a single star-shaped polymeric unit
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(see Figure 3-25) For these reasons, it is thought that due to the steric hindrance inside the stars the
terpyridine groups do not have sufficient space to move, and therefore the presence of single sharp
peaks in the "H-NMR spectrum must not be expected. It is also known, as addressed in
sections 3.3.2 and 3.3.3, that terpyrine moieties self-assemble to form complexes in the presence of
different transition metal ions.”®*) In this regard, a colorless solution of the terpyridine-functionalized
multi-arm star PS obtained (after the respective purification procedure) in chloroform turned immediately
purple upon adding a predetermined amount of iron(ll) ions (FeCl, solution in methanol). The UV-Vis
spectrum of the resulting solution is shown in Figure 3-26¢ and reveals a MLCT band at 329 and 565 nm
related to the presence of iron(ll) terpyridine complexes. This demonstrates the feasibility of synthesizing
terpyridine-functionalized multi-arm star-shaped polymers by anionic polymerization.

3.4 Conclusions

In this chapter the synthesis and characterization of well-defined diblock copolymers of the type
poly(styrene-alt-1,1-diphenylethylene-block-isoprene) via sequential anionic polymerization in a parallel
synthesizer were discussed. The obtained diblock copolymers were utilized for the preparation of
self-assembled polymeric micelles using a selective solvent for one of the blocks. The hydrodynamic
radius of the micelles could be determined by DLS whereas the size of the micellar core was obtained by
AFM measurements at dry conditions. Theory states that the core size, corona thickness and overall
micellar diameter depend on the degree of polymerization of both blocks. For so-called “hairy” micelles
the overall micellar diameter in solution is mainly dominated by the thickness of the corona. It was found
that the observed characteristics of the studied micelles correlate very well to theoretical scaling
predictions. Moreover, the average size of the monomeric units could be estimated from the obtained
experimental data and the theoretical knowledge.

In addition to the preparation of a “new” diblock copolymer library, the use of the parallel synthesizer
allowed the development of an alternative synthetic route for the preparation of well-defined
terpyridine-functionalized poly(styrene). Starting from the synthesis of “living” poly(styrene) via anionic
polymerization in cyclohexane, an intermediate end-capping step of the highly reactive poly(styryl) anions
with 1,1-diphenylethylene was found to be necessary to promote an suitable terpyridine functionalization
process of the polymeric chains and to avoid undesired side (coupling) reactions between the polymeric
chains due to the high reactivity of the poly(styryl) anions. Moreover, the functionalization process is
highly efficient when toluene is used as a solvent for 4'-chloro-2,2".6',2"-terpyridine (terminating agent).
The functionalized polymers were fully characterized by means of GPC, 'H-NMR, elemental analysis,
MALDI-TOF-MS, and UV-Vis spectroscopy. The materials obtained by this new synthetic approach
revealed the typical characteristics of terpyridine-functionalized polymers (e.g., formation of metal
complexes and self-assembled diblock copolymers) obtained by other preparation methods. Furthermore,
the preparation of terpyridine-functionalized poly(styrene) ruthenium mono- and bis-complexes
(metallo-supramolecular diblock copolymers) was also achieved using the synthesized polymers. This
synthetic route offers some advantages in comparison to the existing methods (e.g., direct
functionalization, short reaction times, full control over the molecular weight of the polymers, polymers
with low polydispersity indices, high efficiency of functionalization) and can be scaled-up due to the fact
that anionic polymerization is a well-established industrial process. Finally, the developed synthetic
method was used to investigate the possibility of functionalize other polymeric species with terpyridine
units, such as poly(isoprene) and multi-arm star-shaped polymers. The terpyridine-functionalization for
these latter cases was feasible with the proposed synthetic approach. However, further experimentation
in these cases will be necessary in order to optimize the reaction conditions and to improve the
functionalization process. Future experimentation using the developed synthetic method may focus on the
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direct synthesis of terpyridine-functionalized block copolymers (covalently linked) and of
terpyridine-telechelic polymers by using bi-functional anionic initiators as those reported in literature.!'”**

In the next chapter, the introduction of new ionic systems (ionic liquids) into the polymer field is
addressed. Hence, ionic liquids are utilized as novel reaction media for different polymerization
processes, which includes other “living” ionic polymerization (cationic ring opening polymerization), and
heterogeneous and homogeneous free radical polymerization reactions.

3.5 Experimental part

3.5.1 Experimental part for the synthesis and characterization of diblock copolymer micelles
based on poly(styrene-alt-1,1-diphenylethylene-block-isoprene)

Diblock copolymer synthesis. Purification of all used chemical reagents was performed as addressed in
chapter 2. Sequential anionic polymerizations for the synthesis of P(S-alt-DPE)-b-P| were performed in a Chemspeed
ASW2000 automated synthesizer (see chapter 2 for a full description of this experimental technique).
In a characteristic procedure (Figure 3-1), the anionic synthesis of the diblock copolymers was performed as follows:
A predetermined amount of 1,1-diphenylethylene (DPE) was added into the 13 mL reactors of the synthesizer
containing 5 mL of cyclohexane. The reactions were set to 50 °C and 450 rpm of vortexing under argon atmosphere.
Addition of sec-butyllithium into the reactors transformed the DPE into the corresponding 1,1-diphenylalkyllithium
resulting in the characteristic red color. After 0.5 h, an equimolar amount of styrene (with respect to DPE) was added
into the reaction media. This mixture was allowed to react for 2 h. Thereafter, samples were withdrawn from the
reactors for GPC characterization of the respective P(S-alt-DPE) precursor blocks. Addition of a predetermined
volume of isoprene into the reactors started the sequential synthesis of the second block. After 4 h at 25 °C the
reactions were terminated upon adding methanol. The total concentration of three monomers (DPE, styrene, and
isoprene) used in the anionic polymerization reactions was 10 wt % with respect to the amount of solvent (5 mL of
cyclohexane). Hence, the amount of each monomer used was varied according to the compositions of each block
desired in the copolymer, but keeping the styrene/DPE molar ratio constant and equal to 1 for all the cases
investigated. The amount of initiator used in each reactor was also varied according to the molecular weights of the
polymers synthesized. Purification of the polymers was performed with two cycles of dissolution/precipitation
(chloroform/methanol). The obtained block copolymers were dried at 40 °C under vacuum for 24 h and were
subsequently characterized by GPC, 'H-NMR spectroscopy and DSC in order to obtain the molecular weights and
the compositions of each block, respectively.

Preparation of the diblock copolymer micelles. Preparation of micelles from the synthesized diblock
copolymers were performed using methods reported in literature.” The diblock copolymers were dissolved in a
common solvent (chloroform, good solvent for both blocks) (1 g L_1) at room temperature. Subsequently, a selective
precipitant for the styrenic block (n-heptane) was gradually added to reach a concentration of 10 wt % of the common
solvent (chloroform). The removal of chloroform from the mixtures was achieved by stirring and heating the
dispersions at 60 °C in an oil bath for 1 h. The obtained diblock copolymer micellar dispersions were finally diluted
with an excess of n-heptane (up to 10 fold excess). These dispersions were subsequently characterized by DLS (in
n-heptane) and AFM (at dry conditions) in order to determine the hydrodynamic diameters and the diameters of the
cores of the micelles. It was found that some of the micellar solutions were unstable in time (especially sample 2,
Table 3-1). DLS measurements revealed that when using not freshly prepared micellar solutions bimodal distributions
are obtained suggesting the collapse or aggregation of the micelles. Therefore, the herein reported DLS
measurements were recorded on freshly prepared micellar solutions and, additionally, the solutions were filtered two
times on 200 nm syringe filters immediately after the removal of chloroform in order to avoid the formation of micellar
aggregates.
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Characterization techniques.

Gel permeation chromatography (GPC) measurements were performed on a Shimadzu system with a SCL-10A
system controller, a LC-10AD pump, a RID-6A refractive index detector and a Polymer Laboratories Plgel 5 ym
Mixed-D column. A solution of 4% triethylamine and 2% isopropanol in chloroform was used as eluent at a flow rate
of 1 mL min”' and a column temperature of 40 °C. Molecular weights were calculated against poly(styrene)
standards.

Proton nuclear magnetic resonance (1H-NMR) measurements were recorded at 25 °C on a Varian Gemini 400
spectrometer using deuterated chloroform (Cambridge Isotopes Laboratories). The 1,4-unit contents of the Pl blocks
were calculated from the relative intensity of the signal at 5.1 ppm (-CH= of 1,4-unit) and the signals at
4.68 and 4.75 ppm (=CH; of 3,4-unit and =CH; of 1,2-unit). The copolymer compositions were calculated from the
relative intensities of the signals for the 1,4-unit, 1,2-unit and 3,4-unit of PI blocks and from the meta and para
hydrogens of the aromatic rings at 6.93 ppm of the P(S-alt-DPE) blocks.

Differential scanning calorymetry (DSC) measurements were performed on a Netzsch DSC 204 F1 instrument
calibrated with indium. Multiple heating and cooling scans were generated over a temperature range of
—150 to 230 °C using scan rates of 10, 20 and 40 °C min~" with nitrogen as the purge gas. The Tg values were noted
at the inflection points of the heat capacity jump.

Dynamic light scattering (DLS) experiments were performed at 25 °C at 90° on a Malvern CGS-3 apparatus
equipped with a 633 nm laser. The used values of the refractive index and viscosity of n-heptane were 1.385 and
3.94 Pa s, respectively.

For the atomic force microscopy (AFM) experiments, samples were prepared by spin casting of 100-fold diluted
micellar solutions (in order to obtain near monolayer coverage) onto freshly cleaved mica substrates. The samples
were prepared and imaged within 30 minutes to reduce the possibility of micelle deformation and/or aggregation.
Imaging was performed in intermittent contact mode on a Multimode SPM (Digital Instruments, Santa Barbara, CA)
using NSC36-type tips (~1 N m~', Mikromasch, Spain). The height of the micelles was determined from histograms
after zero"-order leveling of the images.

3.5.2 Experimental part for the synthesis of terpyridine-functionalized polymers by anionic
polymerization and their characterization

Reagents and solvents. Purification of all used chemical reagents was performed as addressed in chapter 2.
In addition, n-heptane (Biosolve) and toluene (Biosolve) were distilled from poly(styryllithium) oligomers and stored
under an argon atmosphere at room temperature. p-Divinylbenzene (DVB) was purified in a similar way as the
styrene monomer (see chapter 2). 4'-Chloro-2,2".6',2"-terpyridine (CI-Tpy) and 4'(4-bromomethyl phenyl)-2,2".6',2"-
terpyridine (Br-Tpy) were purified by repeated sublimation. N,N-Dimethylformamide (anhydrous, Biosolve) and
N,N-dimethylacetamide (anhydrous, Aldrich) were dried over molecular sieves and degassed with argon for 15 min
prior to use. All other solvents and reagents were used as received: Chloroform (Biosolve), ruthenium tri-chloride
(RuCls) (anhydrous, Aldrich), iron(ll) chloride (FeCl,) (anhydrous, Aldrich) and silver tetrafluoroborate (AgBF.)
(Aldrich).

Polymerization and functionalization reactions. Anionic polymerizations were performed in a Chemspeed
ASW2000 synthesizer (see chapter 2 for a full description of this experimental technique). Reaction schemes of the
investigated terpyridine-functionalization processes in this chapter and images of the Chemspeed ASW2000
automated parallel synthesizer during the different stages of the reactions are shown in Figures 3-9, 3-19 and 3-24.
A characteristic functionalization procedure, for example for the synthesis of terpyridine-functionalized poly(styrene)s
via anionic polymerization in cyclohexane, was performed as follows: an amount of styrene (10 wt % of monomer with
respect to the amount of solvent) was added into the 13 mL reactors of the synthesizer containing 5 mL of
cyclohexane (solvent) at 50 °C and 450 rpm of vortexing under argon atmosphere. Upon adding sec-butyllithium into
the reactors the polymerization started and the reaction mixtures yielded the characteristic orange-yellow color of
poly(styryl) anions (the amount of initiator used in each reactor was varied according to the molecular weights of the
precursor polymers synthesized). After 0.5 h of reaction time, a 1.2 molar excess (with respect to the amount of
sec-butyllithium) of 1,1-diphenylethylene (DPE) was introduced into the reaction media turning the solutions red.
An intermediate step at this stage consisted in withdrawing aliquots of the reaction mixture for GPC characterization
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of the un-functionalized poly(styrene) precursors. After another 0.5 h, predetermined volumes (1.2 molar excess with
respect to the amount of sec-butyllithium) of a solution of CI-Tpy in THF or toluene (0.1 mol L™") were added into the
reactors. Immediately the reactions showed a deep blue color. Subsequently, the reaction mixtures were kept under
argon atmosphere overnight at room temperature. Methanol was added into the reaction mixtures to finalize the
functionalization process (the deep blue color of the mixtures disappeared upon adding methanol). Finally,
purification of the polymers was performed with three cycles of dissolution/precipitation steps (chloroform/methanol)
in order to remove un-reacted CI-Tpy molecules. The obtained materials were dried at 40 °C under vacuum for 24 h
and were subsequently characterized. For the synthesis of terpyridine-functionalized multi-arm star polymers based
on styrene and DVB (Figure 3-25), anionic polymerizations were carried out in a 100 mL round bottom schlenk-type
glass flask using inert atmosphere techniques (see chapter 2 for experimental details). All utilized glassware was
previously heated above 150 °C, subjected to several cycles of subsequent filling with argon and high-vacuum, and
kept under argon prior use. The procedure for this synthetic approach (Figure 3-25) was performed as follows: an
amount of styrene was added into the schlenk-type flask containing 25 mL of cyclohexane at 50 °C under vigorous
magnetic stirring and an argon atmosphere. The concentration of styrene in the previous mixture was 0.34 mol L™
The addition of sec-butyllithium into the reactor started the polymerization yielding the characteristic orange-yellowish
color of a poly(sytryllithium) solution (the amount of initiator used in this case was calculated according to the desired
molecular weight of the precursor “arms” of star-shaped polymer). The concentration of sec-butyllithium in the
reaction mixture was 0.01 mol L™". After 0.5 h of reaction time a sample was withdrawn from the flask for GPC
characterization of this linear polystyrene. Subsequently, an amount of DVB was added into the flask to reach a
concentration of DVB of 0.03 mol L™ in the reaction mixture. At this point the solution became pale red. This reaction
step proceeded for another 0.5 h at 50 °C. At this stage, a 1.25 molar excess (respect to sec-butyllithium) of DPE was
introduced into the reaction media turning the solution slightly more red than in the previous step; this reaction step
proceeded for another 0.5 h at 50 °C. Thereafter, the functionalization step started with the addition of a solution of
Cl-Tpy in toluene (0.1 mol L‘1) into the reactor (1.25 molar excess of CI-Tpy with respect to the amount of
sec-butyllithium). This last reaction step continued overnight at 50 °C. Immediately after the addition of the CI-Tpy
solution, the reaction mixture revealed a deep blue color as observed for the before addressed functionalizations of
the analogous linear terpyridine-functionalized poly(styrene)s. Finally, methanol was added into the flask to ensure
the termination of the reaction. Purification of the obtained star polymer was carried out as previously described for
the cases of linear functionalized polymers.

Synthesis of metallo-supramolecular polymeric complexes. Complexation reactions using some of the
synthesized terpyridine-functionalized poly(styrene)s were performed as follows. Ruthenium ftri-chloride
mono-complexes were obtained by heating a solution of RuCls in N,N-dimethylacetamide at 130 °C in an oil bath with
magnetic stirring followed by the drop wise addition of a solution of terpyridine-functionalized polystyrene in
N, N-dimethylacetamide in order to obtain a two fold molar excess of RuCls with respect to the polymer. The synthesis
of a metallo-supramolecular block copolymer ruthenium(ll) bis-complex (poly(styrene)-block-poly(ethylene oxide))
was achieved as follows: A solution of a terpyridine-functionalized poly(ethylene oxide) ruthenium tri-chloride
mono-complex (Mn = 3.1 kg mol_1)[42] in N,N-dimethylformamide was heated at 130 °C in an oil bath with magnetic
stirring in the presence of three equivalents of AgBFs. Subsequently, a solution of terpyridine-functionalized
polystyrene (in N,N-dimethylformamide) was added drop wise to obtain a 1.2 fold molar excess of
terpyridine-functionalized poly(styrene) with respect to the poly(ethylene oxide) mono-complex. For both, mono and
bis-complexation experiments, the total concentration of the polymer was 10 wt % and a reaction time of 6 h was
utilized.

Characterization techniques.

GPC and 'H-NMR measurements were performed on the same systems as described in section 3.5.1. For the
GPC characterization, aliquots from the reactors of the synthesizer were withdrawn (see chapter 2 for experimental
details) before and after the addition of CI-Tpy solutions into the reaction mixtures containing the polymeric anions.
All protonated precursor polymers (before functionalization) showed narrow molecular weight distributions and their
calculated molecular weights (according to the monomer/initiator ratio) were in agreement with the experimental
values obtained by GPC.
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MALDI-TOF-MS analysis was performed on a Voyager-DET'\’I PRO BiospectrometryT'vI workstation (Applied
Biosystems) in linear operation mode. Spectra were obtained in positive ion mode and ionization was performed with
a 337 nm pulsed nitrogen laser. Data were processed using the Data EprorerTM software package (Applied
Biosystems).

An additional GPC system (Waters) equipped with photo diode array and refractive index detectors, and a
column of poly(styrene/divinylbenzene) cross-linked beads was used for the characterization of the
metallo-supramolecular polymeric complexes.[43] A solution of 5 mM of NH4PFs in N,N-dimethylformamide was used
as eluent at a flow rate of 0.5 mL min”™". The column temperature during the measurements was 50 °C. It is known
that (GPC) analysis of bi- and terpyridine metallo-supramolecular polymeric complexes is not a straight forward
measurement due to the interactions of the charged compounds with the materials of GPC columns.®® The
determination of the elution time in GPC is, mainly, related to the hydrodynamic volume of the polymeric chain, which
is predominately influenced by the measuring conditions (e.g., type of polymer, solvent, temperature). For this
reason, polymers of different nature but with similar molecular weights can show different hydrodynamic volumes
under specific conditions. This effect was observed for the GPC traces of Figure 3-17a where a
terpyridine-functionalized poly(styrene) (8, Table 3-4) revealed a longer elution time than a terpyridine-functionalized
poly(ethylene oxide) ruthenium tri-chloride mono-complex (Mn = 3.1 kg mol'1)[42] even though the molar mass of the
poly(styrene) is larger. In order to clarify this effect Figure 3-27 shows GPC traces (eluent: 5 mM of NH4PFs in
N,N-dimethylformamide) of a series of terpyridine-functionalized poly(styrene)s, of a series of
terpyridine-functionalized poly(ethylene oxide) ruthenium tri-chloride mono-complexes, and of a series of
metallo-supramolecular block copolymer ruthenium(ll) bis-complexes (poly(styrene)-block-poly(ethylene oxide)). In
Figure 3-27 it can be observed that poly(styrene)s reveal longer elution times (Figure 3-27a) than poly(ethylene
oxide)s (Figure 3-27b) in the utilized GPC system, even though the molecular weigths of the poly(styrene)s are
considerably larger. For the case of the metallo-supramolecular block copolymer ruthenium(ll) bis-complexes
(poly(styrene)-block-poly(ethylene oxide)) the elution time will depend, mainly, on the type and composition of the

precursor blocks (Figure 3-27c).
b)
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Figure 3-27: Normalized GPC traces (eluent; 5 mM of NH4PFs in N,N-dimethylformamide). (a) Terpyridine-
functionalized poly(styrene)s: Mn = 7.7 kg mol” ! (open circles), Mn = 11.0 kg mol™ (solid line), Mn = 20.5 kg mol™
(dashed line) and Mn = 31.4 kg mol’ (crosses). (b) Terpyridine-functionalized poly(ethylene oxide) ruthenium
tri-chloride mono-complexes: Mn = 3.1 kg mol”’ (solid line), Mn = 9.9 kg mol™’ (open circles) and Mn = 16.5 kg mol™
(dashed line). (c) Self-assembled metallo-supramolecular block copolymer ruthenium(ll) bis-complexes
(poly(styrene)-block-poly(ethylene oxide)): PS = 2.1 kg mol "+ PEO = 3.1 kg mol™’ (solid line),
PS = 7.7 kg mol" + PEO = 3.1 kg mol" (dashed line), PS = 31.4 kg mol”' + PEO = 9.9 kg mol" (crosses),
PS = 31.400 kg mol”" + PEO = 16.5 kg mol" (open triangles) and self-assembled metallo-supramolecular chain
extended polymer ruthenium(ll) bis-complex (poly(ethylene oxide)-block-poly(ethylene oxide)):
PEO = 3.1 kg mol”" + PEO = 3.1 kg mol"" (open circles).

UV-Vis spectroscopy was carried out on a Perkin Elmer Lambda 45 UV-VIS spectrometer using quartz cuvettes
(1 cm path length). The UV-Vis titrations of the synthesized terpyridine-functionalized poly(styrene)s were performed
as follows: The different terpyridine-functionalized poly(styrene)s were dissolved in chloroform to obtain a solution of
175 mg L™". A solution of FeClz in methanol (65 mg L'1) was freshly prepared and used for the titration of 100 mL of
previously prepared polymeric solutions in chloroform. Steps of 0.2 mL of the solution of FeCl, were used during the
titration processes, which was monitored by UV-Vis spectroscopy. After each step (additions of the solution of FeCly)
the polymeric solutions were vigorously stirred for 3 minutes in order to reach the equilibrium for the formation of the
metal complexes and a UV-Vis measurement was recorded for each step. After each addition of FeCl, during the
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titration, an increment of the metal-to-ligand charge-transfer of the iron(ll) complex at 565 nm and 329 nm was
observed as expected for this type of complexation processes.[39] Thereafter, a plateau for the signals at 565 nm and
329 nm was reached after a linear increase upon the addition of FeCl, indicating the completion of the formation of
the metallo-supramolecular polymeric complexes (purple solution). The equivalence point of each titration was
observed around a ligand-to-metal ratio of 2:1, which indicated quantitative complexation processes. The quantitative
determination of the ligand-to-metal ratio of 2:1 and the efficiency of the terpyridine-functionalization reaction obtained
by the UV-Vis titration technique were estimated as follows: Figure 3-28a summarizes the UV-Vis titration process for
one of the synthesized terpyridine-terminated poly(styrene) (8, Table 3-4). Figure 3-28b shows the volume of solution
of FeCl, (2.2 mL, 65 mg L™") necessary to reach the equivalent point for a full complexation of the polymeric solution
(100 mL, 175 mg L'1). Subsequently, from this latter data and the molar mass of FeCl, (126.75 g mol'1), the molar
amount of FeCl, required for a full complexation of the polymeric solution can be estimated, which was found to be
1.128 x 10°° mol for the investigated case (8, Table 3-4). This value must correspond to the molar amount of polymer
for a ligand-to-metal ratio of 2:1 (2.256 x 10°® mol, two times the experimentally found molar amount of FeCl). On the
other hand, the molar amount of polymer in the titrated solution (100 mL, 175 mg L_1) can be estimated using the
obtained molecular weight (by GPC) of the analyzed polymer (8, Table 3-4, Mn = 7.7 kg mol™"). In this latter case, the
molar amount of polymer corresponds to 2.272 x 10 mol. Finally, the efficiency of the functionalization reaction can
be estimated by comparison of the molar amounts of polymer obtained in the titration experiment and in the prepared
solution of terpyridine-functionalized polymer. For the investigated case (8, Table 3-4) the results revealed the
presence of 99% terpyridine-functionalized polymeric chains. This was also in agreement with the efficiency found by
elemental analysis (95% of functionalized polymer chains) for the same sample (8, Table 3-4).
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Figure 3-28: UV-Vis titration with FeCl, of a terpyridine-functionalized poly(styrene) synthesized via anionic
polymerization where end-capping with 1,1-diphenylethylene is used (8, Table 3-4). (a) The spectra show the
absorption increase of the metal-to-ligand charge-transfer (MLCT) bands at 329 and 565 nm as the titration is carried
out. (b) The absorption of the metal-to-ligand charge-transfer (MLCT) band at 329 nm is plotted as a function of the
amount of iron(ll) (the equivalence point was observed approximately at a ligand-to-metal ratio of 2:1, which indicates
a fully quantitative complexation).

Elemental analyses were recorded on a Euro elemental analyzer from EuroVector. The degree of
functionalization of the prepared terpyridine-functionalized poly(styrene)s was determined using the nitrogen content
values obtained from elemental analysis (or using the experimental results obtained in the UV-Vis titration
measurements) and the molecular weight of the respective polymers as determined by GPC or MALDI-TOF-MS. If
the average number molecular weight (Mn) of terpyridine-functionalized polymers is determined by methods such as
GPC and/or MALDI-TOF-MS one can estimate the average number of repeating monomeric units of the polymeric
chains, and therefore the average theoretical content of nitrogen atoms in the terpyridine-functionalized polymers can
be calculated for different repeating monomeric units. Note that for the terpyridine-terminated polymers with a high
molecular weight (more repeating monomeric units) the average theoretical content of nitrogen atoms in the polymer
becomes smaller (since the polymeric chain becomes larger and there is only one terpyridine functional group
attached to each chain). The average theoretical content of nitrogen of terpyridine-functionalized polymers can be
easily estimated using commercially available software (e.g, Isis Draw™ and Chem Draw™) if the number of
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repeating units is previously known. The exact determination of the number of the repeating monomeric units will,
mainly, depend on the method of characterization used for the determination of the molecular weigth of the polymer.
The GPC system using a solution of 4% triethylamine and 2% isopropanol in chloroform described above is a suitable
technique for this purpose in the cases of un-complexed terpyridine-functionalized polymers. However, frequently the
obtained Mn values of the polymers do not match exactly with the number of repeating monomeric units. For these
cases the closest values of the repeating monomeric units to the experimentally obtained molecular weights were
considered. An example of this estimation for polymer 3 (Table 3-4) is as follows: A Mn = 2.8 kg mol™" was obtained
by GPC for polymer 3 (Table 3-4), thus the closest theoretical molecular weight to this value corresponds to a
terpyridine-functionalized poly(styrene) (final compound in the reaction scheme of Figure 3-9) with 23 styrenic units
(molecular weight of 2.865 kg mol'1). Hence, the expected average content of nitrogen in the polymer is 1.47%. Table
3-6 shows detailed calculations for the theoretical average content of nitrogen of the terpyridine-functionalized
polymers of Table 3-4, the experimental values obtained of the content of nitrogen found by elemental analysis, and
the estimated efficiency values of the functionalization reactions. The data presented in Table 3-6 were utilized for the
preparation of Figure 3-13.

Table 3-6: Detailed calculation for the functionalization efficiency of the terpyridine-functionalized poly(styrene)s
synthesized via anionic polymerization (Table 3-4).

Exp. Mn (kDa) Repeating Theoretical Mn  Theoretical Measured content Functionalization
Tpy-PS monomeric (kg mol'1) (closest content of of nitrogen (%) efficiency (%)
(GPC) units of Tpy-PS value to measured nitrogen (elemental
Mn (GPC)) (%) analysis)
1 1.8 13 1.823 2.30 1.52 66
2 23 18 2.344 1.79 1.17 65
3 2.8 23 2.865 1.47 0.92 63
4 3.7 31 3.698 1.14 0.76 67
5 53 46 5.260 0.80 0.47 59
6 8.8 80 8.801 0.48 0.29 60
7 7.8 70 7.760 0.54 0.49 91
8 7.7 69 7.656 0.55 0.52 95
9 11.0 101 10.989 0.38 0.37 97
10 11.4 105 11.405 0.37 0.36 97
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CHAPTER 4

lonic liquids as novel reaction media for polymer
synthesis

Abstract

lonic liquids are explored as reaction media to perform polymerization reactions by different reaction
mechanisms (cationic ring opening and free radical) and methods (homogeneous and heterogeneous). In addition, a
combination of microwave irradiation, as an efficient and alternative heating source, with the highly ionic reaction
medium supplied by ionic liquids is also investigated. The results revealed that polymerization reactions performed
under microwave irradiation in the presence of ionic liquids show higher heating rates than their corresponding bulk
and solution (in conventional organic solvents) polymerization processes with conventional heating. Moreover, in
some of the investigated polymerization reactions, the use of ionic liquids as reaction media has also revealed
increased polymerization rates in comparison to the reactions performed in conventional VOCs and, in some cases,
even in bulk conditions. The efficient use of water-soluble ionic liquids as stabilizing agents for the synthesis of
polymers by suspension polymerization reactions is also addressed in detail. It was found that due to the surface
active properties shown by water-soluble ionic liquids, the average particle size (from the macro- to the nanoscale)
and the surface area of synthesized polymer beads can be “tuned” by adjusting the concentration and the aliphatic
side-chain length of the ionic liquids in the aqueous phase of the suspension polymerizations. In all the
polymerization cases investigated, it is demonstrated that the synthesis of polymers can be performed efficiently and
under a “green” approach by utilizing water as a co-solvent to perform the polymer isolation and ionic liquid recycling.
Furthermore, it is demonstrated that the recovered ionic liquid can be used to perform additional polymerization
reactions yielding materials with comparable properties to those obtained in previous cycles. The polymerization
methods proposed here open opportunities for the development of more efficient and cleaner processes in polymer

synthesis.

Parts of this chapter have been published: (1) C. Guerrero-Sanchez, U. S. Schubert, Polym. Prepr. 2004, 45, 321. (2)
C. Guerrero-Sanchez, F. Wiesbrock, U. S. Schubert, ACS Symp. Ser. 2005, 913, 37. (3) C. Guerrero-Sanchez, R.
Hoogenboom, U. S. Schubert, Chem. Commun. 2006, 3797. (4) C. Guerrero-Sanchez, T. Erdmenger, P. Sereda, D.
Wouters, U. S. Schubert, Chem. Eur. J. 2006, 12, 9036. (5). C. Guerrero-Sanchez, M. Lobert, R. Hoogenboom, U. S.
Schubert, Macromol. Rapid Commun. 2007, 28, 456.
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4.1 lonic liquids and their use as reaction media in polymer synthesis

In chapter 3, an important ionic mechanism in polymer synthesis (anionic polymerization) was utilized
in combination with high-throughput experimental approaches for the preparation of novel polymeric
materials including block copolymers and terpyridine-functionalized polymers. In the current and the next
chapters the use of other ionic systems, namely ionic liquids (ILs), in polymer and materials research is
addressed. Hence, ionic liquids are utilized as novel reaction media to perform different polymerizations
and they are applied as novel ingredients for the preparation of advanced polymeric systems and
materials composites. The main reason for introducing ILs into materials research is to take advantage of
their novel properties in order to develop more efficient processes and new compounds.

Table 4-1: Properties of the ionic liquids utilized in this work (as obtained from different suppliers and literature, or
determined experimentally in this work) (*Property not determined).

lonic liquid Densité/ Melting Viscosity = Conductivity = Miscibility
(g cm™) point (°C) (mPas) (mS cm™) with H,0
1-Ethyl-3-methyimidazolium diethylphosphate (1) 1.14 * * * Yes
1-Butyl-3-methyimidazolium hexfluorophosphate (2) 1.36 11 200 1.34 No
1-Hexyl-3-methyimidazolium chloride (3) 1.04 <-65 7830 0.30 Yes
1-Butyl-3-methyimidazolium 1.30 17 110 0.37 Yes
trifluoromethanesulfonate (4)
1-Butyl-3-methyimidazolium tetrafluoroborate (5) 1.21 =71 120 3.53 Yes
AMMOENG 100™ (6) 1.10 <-65 1670 * Gel
1-Ethyl-3-methyimidazolium ethylsulfate (7) 1.24 < -65 110 3.95 Yes
Trihexyltetradecylphosphonium chloride (8) 0.89 =70 2450 * No
1-Ethyl-3-methyimidazolium tosylate (9) * -15 * 18.9 (1 M in H20) Yes
1-Butyl-3-methyimidazolium chloride (10) * 57 * 46.3 (1 M in H,0) Yes
1-Decyl-3-methyimidazolium chloride (11) 0.99 4 24220 * Yes
1-Hexadecyl-3-methyimidazolium chloride (12) * 41 * * Yes

ILs, substances composed entirely of ions, which are in a liquid state at temperatures below 100 °C,
appeared in recent years as novel compounds, and are already used in different industrial processes[”
(for a recent overview about ILs see refs.'"*"). Many properties of ILs (e.g., viscosity, solubility, electric
conductivity, melting point, etc.) can be tuned by varying the composition of their ions. Furthermore, ILs
are considered to be very stable and “environmentally friendly” compounds due to their negligible vapor
pressure (see ref.l"! for a detailed description of this property of ILs), negligible flammability (see ref." for
a detailed description of this property of ILs), and liquid state in a broad temperature range.[” Nowadays,
around 300 ILs are commercially available (and a considerable number of new ILs can be readily
synthesized),l'¥ covering a wide range of properties. However, the relatively unknown toxicity™™ and
relatively high cost are still the main drawbacks of ILs. Table 4-1 lists the ILs utilized in the present
investigations as well as some of their properties, whereas Figure 4-1 displays schematic representations
of their chemical structures. ILs 1 to 9 (Table 4-1, Figure 4-1) have been obtained from commercial
suppliers, whereas ILs 10 to 12 have been synthesized under microwave irradiation (see experimental
part for details). In addition, Figure 4-2 shows the thermal stability of some of the ILs investigated as
determined by thermo-gravimetrical analysis.

The governmental policies for the control of emissions of different substances which are released into
the environment will become more restrictive as pollution increases world-wide. Due to this increase in
the environmental awareness, it is a matter of great concern for scientists to design more efficient and
cleaner technologies in chemical manufacturing. Hence, the development of more efficient and
environmentally friendly processes is becoming a common practice in these days. These processes must
be designed on the basis of two main characteristics: depletion of emissions related to harmful volatile
organic compounds (VOCs) and energy saving to avoid the excessive emissions of carbon dioxide (CO,)
(at least, as long as industry depends on the combustion of fossil fuels as a main source of energy).

62



4. lonic liquids as novel reaction media for polymer synthesis

1 o/_ = —
[\N\:INV\] o=:z—o'
_/
2 B F\ F
[\N\:IN*/\/\] E;/P\-;F A OO [c1 ]
3 L
[\N\/:\\INV\/\/\][ c1']
f\n’\\ﬁ/\/\] ;—I—E—O_ 9_ -
= 14 ~ s .
. 0 O
[N~ 0
6 i FFOCOS ) [\N\;IN/\/\][cl_]
{ - "
R e e I
7 m+n=4-14 12 o,
\N\:/ N+/\:| |: /\o—:csi—o':| [\N\=\/N/\/\/\/\/\/\/\/\][C1 ]
)

Figure 4-1: Schematic representation of the chemical structures of the ionic liquids utilized in this work (see
Table 4-1). (1) 1-Ethyl-3-methyimidazolium diethylphosphate. (2) 1-Butyl-3-methyimidazolium hexfluorophosphate.
(3) 1-Hexyl-3-methyimidazolium chloride. (4) 1-Butyl-3-methyimidazolium trifluoromethanesulfonate. (5) 1-Butyl-3-
methyimidazolium tetrafluoroborate. (6) AMMOENG 100™. (7) 1-Ethyl-3-methyimidazolium ethylsulfate. (8)
Trihexyltetradecylphosphonium chloride. (9) 1-Ethyl-3-methyimidazolium tosylate. (10) 1-Butyl-3-methyimidazolium
chloride. (11) 1-Decyl-3-methyimidazolium chloride. (12) 1-Hexadecyl-3-methyimidazolium chloride.
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Figure 4-2: Thermal stability of some of the ionic liquids (ILs) of Table 4-1 as determined by thermo-gravimetric
analysis. (1) 1-Ethyl-3-methyimidazolium diethylphosphate. (2) 1-Butyl-3-methyimidazolium hexfluorophosphate.
(3 1-Hexyl-3-methyimidazolium chloride. (4) 1-Butyl-3-methyimidazolium trifluoromethanesulfonate.
(5) 1-Butyl-3-methyimidazolium tetrafluoroborate. (6) AMMOENG 100™. (7) 1-Ethyl-3-methyimidazolium ethylsulfate.
(8) Trihexyltetradecylphosphonium chloride.

Research on chemical and polymer manufacturing has focused on the investigation of different
approaches for diminishing the emission of VOCs including: (1) Solvent-free processes and the use of
(2) water, (3) supercritical CO, and, more recently, (4) ILs as reaction media.'! The polymer industry uses
the two first alternatives with a satisfactory performance.[zl Solvent-free processes may be considered as
an “ideal” and cleanest way of chemical manufacture. However, in the polymer industry bulk processes
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require an enormous amount of energy and high temperatures in order to overcome the problems related
to transportation of the highly viscous polymer melts, which in some cases provokes side-reactions and/or
degradation of the products.[e’] In addition, the use of water is not a suitable approach in
moisture-sensitive systems, such as ionic polymerizations.”! For these reasons, solution polymerization
processes in VOCs are still commonly used due to the intrinsic drawbacks of these first two
approaches.[3'4] During the last decade, the use of supercritical CO, arose as an alternative replacement
of VOCs in polymer synthesis and processing. CO, is a readily available, inexpensive, nontoxic, and
nonflammable natural product; therefore an environmentally benign reaction media. Heterogeneous
polymerizations in liquid and supercritical CO, have been studied intensively.[5] However, a main
drawback of the use of CO, as a reaction medium is the utilization of highly pressurized equipments in
order to reach the required critical conditions (73.8 bar at 31.1 °C).”!

More recently, ILs have been used as reaction media for the preparation of polymers by several
synthetic mechanisms.”! ILs have shown some advantages for this purpose. For instance, some free
radical polymerizations (FRP) conducted in ILs have shown an increased polymerization rate and yielded
polymers with higher molar masses in comparison to the respective cases in VOCs.®? The feasibility to
synthesize block copolymers in ILs by a free radical mechanism has been also described.®®® In the
cases of copolymerizations carried out in ILs, the comonomers can show significantly different reactivity
ratios from those reactions performed in bulk or in VOCs, which allowed the preparation of “new”
statistical copolymers.[ef’gl ILs as reaction media to perform other polymerizations (e.g., controlled free
radical polymerizations (CRP) and “living” cationic polymerizations) have been also investigated
recently.[e’h"] Despite this progress, clear understanding of how to efficiently use ILs and avoid completely
the utilization of VOCs in specific polymer systems is still lacking, since many factors must be optimized
including polymer isolation, IL recycling, toxicity, cost, etc. In far too many cases, suitable approaches for
the isolation of the obtained polymers and the recycling of the used ILs have been not developed and
workers resort to VOCs to recover the product, which obviates the advantage of ILs as replacements for
VOCs. Only few examples in literature address the problems of polymer isolation and ionic liquid recycling
avoiding entirely the use of VOCs. For instance, a polymerization reaction where the monomer is soluble
but not the polymer in a water-soluble IL (WSIL) has been reported for the cationic ring opening
polymerization (CROP) of 3-ethyl-3-hydroxymethyloxetane, whereby the polymerization starts as a
homogeneous process but the polymer then precipitates during the course of the reaction.””® Thereafter, it
is suggested but not demonstrated that the polymer can be isolated and the WSIL recovered by washing
the reaction mixture with water. Other examples have also described heterogeneous polymerization
systems in ILs based on free radical mechanisms.”’

Regarding the development of more efficient processes in terms of energy, in recent years chemists
and engineers have investigated microwave irradiation as an efficient and alternative source of energy in
several chemical processes, including organic synthesis,[sl polymerizations,[g] and separation processes
such as extractions and distillations.!"” Advantages, such as non-contact heating, energy transfer instead
of heat transfer, material selective heating, rapid start-up and stopping of the heating, and the fact that the
heating process starts from the interior of the material body, make microwave irradiation a more efficient
energy source than conventional heating systems (e.g., systems using heat transfer fluids (oils, steam,
water, etc.)). In addition, it is well-known that ILs absorb microwave irradiation in a extremely efficient way
and therefore reaction mixtures containing ILs can be heated very rapidly under such conditions.!""

Hence, a combination of ILs as reaction media with microwave irradiation to perform homogeneous
polymerization reactions, where water cannot be used for this purpose (e.g., ionic polymerizations such
as CROP), is discussed in the second part of this chapter (section 4.2). Apart from the potential depletion
of emission of harmful VOCs into the environment, this method may allow for energy savings by using the
proposed combination of ILs and microwave irradiation as a heating source. In the third part of the
chapter (section 4.3), heterogeneous polymerization systems in ILs based on a free radical mechanism
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are described in detail. The advantages of heterogeneous polymerizations in ILs over conventional
heterogeneous processes (e.g., emulsion and suspension polymerizations) are also addressed in section
4.3. Both, homogeneous and heterogeneous approaches are investigated on the basis of the
development of more efficient and cleaner polymerization processes. In this regard, environmentally
friendly methods, which make use of water (another environmentally friendly substance) to solve the
problems related to the polymer isolation and the IL recycling, are described. Basically, the proposed
separation methods take advantage of the solubility properties of polymers in both, ILs and water, which
can facilitate the polymer isolation and the IL recycling where a proper selection of a polymerization
process and an IL are made. Thereafter, additional polymerization reaction cycles in the recovered ILs
are performed, which demonstrates the potential of the proposed methods. Moreover, the obtained
polymers during the additional reaction cycles in recycled ILs show comparable properties to those
materials synthesized in new (non-used) ILs. Obviously, the developments of this chapter are based on
the avoidance of VOCs at any stage of the polymerization processes (reaction, product isolation and IL
recycling steps). Finally for each development, potential drawbacks of the processes proposed that must
be solved and/or optimized as well as recommendations for future research are addressed.

4.2 Homogeneous polymerization reactions performed in ionic liquids and under
microwave irradiation: An alternative and “green” approach in polymer
synthesis

In this section, homogeneous polymerization reactions performed in ILs as reaction media and under
microwave irradiation as a heating source are described in detail. As mentioned before, it is thought that a
combination of ILs and microwave irradiation may become the basis for the development of “greener” and
more efficient polymerization processes in future research, which may allow for the depletion of emission
of VOCs as well as for energy savings. Hence, for the purposes of this section, three main homogeneous
polymerization systems are investigated based on the mentioned reaction conditions. The first system
addresses a case where a hydrophilic polymer is homogeneously synthesized via CROP in a
hydrophobic ILs under microwave irradiation. The systems of the second part describe the cases where
hydrophobic polymers are homogeneously synthesized in hydrophilic ILs (WSILs) via CROP and FRP,
respectively. It was found that the use of ILs and microwave irradiation increases the polymerization rates
for most of the investigated cases when compared to the cases where the same reactions are performed
in conventional VOCs. In addition, it is demonstrated in each case that the utilized ILs can be efficiently
recovered and reused in further polymerization cycles. This is achieved by an extraction of the polymer
with water, in the case of hydrophilic polymers in hydrophobic ILs; and by precipitation of the polymer with
water, in the case of hydrophobic polymers in hydrophilic ILs.

4.2.1 Synthesis of a hydrophilic polymer via living cationic ring opening polymerization in a
hydrophobic ionic liquid under microwave irradiation

In reaction systems where water must be avoided, such as living CROP, ILs are good candidates to
replace the VOCs in which these polymerizations are normally performed. The feasibility of performing
living cationic®®{ and cationic ring opening®® polymerizations in ILs has been recently discussed.
However, the influence of ILs on these cationic polymerization mechanisms is a research topic relatively
unexplored. Therefore, in this section the use of ILs as a reaction medium for the CROP of
2-ethyl-2-oxazoline (EtOx) under microwave irradiation is discussed. In a conventional approach this type
of polymerization reaction is performed using acetonitrile as a reaction medium and, in a post-reaction
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step, ethyl ether is used to isolate the polymer obtained (see Figure 4-3 for the reaction mechanism).!"?

Thus, it is thought that ILs can be good candidates for the replacement of the VOCs used in the
conventional synthesis of poly(2-ethyl-2-oxazoline) (PEtOx). Hence, the CROP of EtOx was conducted in
different ILs (see experimental section for details) using similar reaction conditions as reported elsewhere
(same microwave setup and similar concentrations as for reactions performed in acetonitrile).“zl For this
purpose, five different ILs were investigated as reaction media: (2) 1-Butyl-3-methylimidazolium
hexafluorophosphate, (4) 1-butyl-3-methylimidazolium trifluoromethanesulfonate, (5) 1-butyl-3-
methylimidazolium tetrafluoroborate, (8) trihexyltetradecylphosphonium chloride, and (9) 1-ethyl-3-
methylimidazolium tosylate (see Table 4-1 and Figure 4-1).
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Figure 4-3: Schematic representation of the synthesis of poly(2-ethyl-2-oxazoline) via living cationic ring opening
polymeization.

It was found that EtOx is soluble in all the investigated ILs. However, only in ILs 2, 4, 5 the
polymerization was successfully initiated under the reaction conditions investigated. The polymerizations
performed in ILs 4 and 5 revealed similar characteristics to those polymerizations carried out in IL 2.
However, for the aforementioned purposes, this work only focused on the investigation of IL 2 as a
reaction medium for this specific system, which facilitates the polymer isolation and IL recycling due to the
fact that PEtOx is preferable soluble in water than in IL 2. In addition, IL 2 is an hydrophobic IL, therefore
a simple extraction with water is a suitable approach to isolate the polymer and to recover the IL for
further polymerization reactions.

Figure 4-4 summarizes the results of the polymerizations performed in IL 2 and in an acetonitrile/IL 2
mixture (50/50 wt %). These results show a pseudo-first order kinetic reaction (see section 2.4.1 or
referencel’ for a detailed explanation about the pseudo-first order kinetic analysis for living
polymerization reactions) for different reaction temperatures and reveal the living character of the
investigated polymerizations due to the found linear dependencies of monomer conversion (X)
(represented by —LN(1-X)) against time and the number average molecular weights (Mn) against
monomer conversion (X) (see experimental part for an explanation about the determination of X and
Mn).'"?! In addition, all the obtained polymers exhibited low polydispersity indices (PDI) as it is also
observed in Figure 4-4. The final proof for the livingness of the polymerization at the investigated reaction
conditions was provided by chain extension experiments performed at 120 °C. The gel permeation
chromatographic (GPC) traces of Figure 4-5, before and after the second monomer addition, demonstrate
the existence of living chain ends, which allowed for the preparation of chain extended polymers (4.1 kDa
(PDI=1.27) from a 1.8 kDa precusor (PDI=1.33) for the case of a polymerization performed in IL 2, and
5.9 kDa (PDI=1.26) from a 2.7 kDa precusor (PDI=1.31) for the case of a polymerization performed in an
acetonitrile/IL 2 mixture (50/50 wt %)).

The results of Figure 4-5 suggest that the synthesis of block copolymers may be feasible by the
investigated method. Note that for obtaining a more efficient chain extension process, the second
monomer addition must be incorporated properly into the reaction system by a suitable mixing process in
order to attach new monomeric units to all the living chain ends in a homogenous way. This is due to the
relatively high viscosity generated in the system (intrinsic viscosities of the polymer and IL). However, this
effect might be minimized by using other hydrophobic ILs (or co-solvents) of low viscosity since the heat
and, in particular, the mass transfers may be improved.
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Figure 4-4: Plots of monomer conversion (X) (represented by —LN(1-X)) against time and number average molecular
weights (Mn) against monomer conversion (X) at different temperatures for the living cationic ring opening
polymerization of 2-ethyl-2-oxazoline (Figure 4-3) performed under microwave irradiation in the hydrophobic ionic
liquid 1-butyl-3-methylimidazolium hexafluorophosphate (IL 2) (Table 4-1, Figure 4-1) as a reaction medium (top), and
in an acetonitrile/IL 2 mixture (50/50 wt %) (bottom).
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Figure 4-5: Normalized GPC traces for chain extension experiments at 120 °C of the living cationic ring opening
polymerization of 2-ethyl-2-oxazoline (Figure 4-3) performed under microwave irradiation in the hydrophobic ionic
liquid 1-butyl-3-methylimidazolium hexafluorophosphate (IL 2) (Table 4-1, Figure 4-1) as a reaction medium (left), and
in an acetonitrile/IL 2 mixture (50/50 wt %) (right). The precursor polymers are shown in black, whereas the chain
extended polymers are shown in grey.

Figure 4-4 also reveals that the reactions performed in IL 2 show faster polymerizations rates than the
reactions carried out in the acetonitrile/I[L 2 mixture, and in addition, these latter show faster
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polymerization rates than those performed in pure acetonitrile.'? In addition, the apparent constant
reaction rate (ka,,p ) for the investigated polymerizations at different temperatures can be estimated from

the slopes of the linear relationships of —LN(1-X) against time in the plots of Figure 4-4. This can be
performed under the assumption that the standard pseudo-first order kinetic analysis for living
polymerization reactions is still valid under microwave irradiation (see section 2.4.1 or ref."® for a detailed
explanation about the pseudo-first order kinetic analysis for living polymerization reactions).

Once that the values of kapp at different temperature are available, they can be plotted as LN(kapp)
against the inverse of the temperature (1/T) in order to obtain the respective Arrhenius plots as displayed
in Figure 4-6. Thereafter, the activation energy of the investigated reactions can be calculated from the

slopes of the linear relationships of LN(k against the inverse of the temperature (1/T) of the

app )
respective Arrhenius plots (Figure 4-6).
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Figure 4-6: Arrhenius plots for the determination of the activation energy (Ea) of the propagation reaction of the living
cationic ring opening polymerization of 2-ethyl-2-oxazoline (Figure 4-3) performed under microwave irradiation in the
hydrophobic ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate (IL 2) (Table 4-1, Figure 4-1) as a reaction
medium (left), and in an acetonitrile/IL 2 mixture (50/50 wt %) (right). The plots are obtained from the experimental
data of the kinetic investigations of Figure 4-4.

Table 4-2: Estimated and reported values of the activation energy of the propagation reaction of the living cationic
ring opening polymerization of 2-ethyl-2-oxazoline (Figure 4-3) performed under microwave irradiation in the
hydrophobic ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate (IL 2) (Table 4-1, Figure 4-1), in an
acetonitrile/IL 2 mixture (60/50% wt), and in acetronitrile.l"

Solvent Activation energy kJ mol™’
IL2 63.0
Acetonitrile/IL 2 (50/50% wt) 67.4
Acetonitrile 73.4"

Table 4-2 compares the activation energy values obtained from the plots of Figure 4-6 to the value
reported for the same polymerization reaction carried out in acetonitrile.['? According to the data of Table
4-2, the CROP of EtOx performed in IL 2 showed the lowest activation energy value of the three
compared cases, which confirms the observed enhancement of the polymerization rate in the case where
pure IL 2 is used. These results suggest that, at least for the investigated reaction conditions, the
presence of other ionic species (ILs) during the CROP of EtOx may modify the association between the
living polymer chain ends and their respective counter-ions. Consequently, this results in a modified
kinetic mechanism, which can accelerate the polymerization reaction in the investigated case. Similar
effects have been reported for anionic polymerization reactions in the presence of polar additives.!"
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Note that in the kinetic plot corresponding to the polymerizations carried out in IL 2 at temperatures
above 100 °C in Figure 4-4, the origin of the Cartesian plane is not intercepted by the curves of monomer
conversion (represented by —LN(1-X)) against time. This effect can be explained due to the fact that ILs
are known to be heated with exceptional efficiency by microwave irradiation" and to the finding of this
work related to the faster polymerizations rates shown by the CROP of EtOx when they are carried out in
IL 2 and under microwave irradiation. When combining these effects the accurate determination of the
onset of the polymerization becomes difficult. For instance, experiments performed during just 1 s (the
shortest possible reaction time as programmed in the utilized microwave setup, see experimental part for
details) revealed already monomer conversions of 16%, 35%, and 67% for the reaction temperatures of
100 °C, 120 °C, and 140 °C, respectively. This effect is related to the time that the microwave setup takes
to reach the desired reaction temperature (time zero) and to stop the polymerization reactions (by cooling
the vials). Hence, these polymerizations performed during just 1 s, in fact, are exposed to longer reaction
times above 80 °C (at lower temperatures it is reported that the polymerization rate of the investigated
system becomes negligible!'?). These times (as obtained from the data of the experimental setup) were
7 s, 11 s and 37 s for the reaction temperatures of 100 °C, 120 °C, and 140 °C, respectively, as observed
in Figure 4-7a. In addition to the difficulty of determining the onset of the reaction, it is clear that during
this heating time (non-steady state) the polymerization rate is not constant. However, as soon as the
desired reaction temperature is stable, the polymerization rate becomes steady. Thereafter, the
polymerization rates can be determined as explained above whenever the heating trajectories of the
polymerization reactions are reproducible as shown in Figure 4-7b. As a consequence of this inaccuracy
in determining the onset and the ending of the polymerizations, in the kinetic plot corresponding to the
polymerizations performed in IL 2 at temperatures above 100 °C in Figure 4-4, the origin of the Cartesian
plane is not intercepted by the curves of monomer conversion (represented by —LN(1-X)) against time.
However, this inaccuracy remains constant where the same experimental setup (microwave reactor) is
used for all the kinetic measurements, and might not affect the determination of the values of the
polymerization rates (slopes) as soon as the temperature in the reaction mixtures becomes stable.
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Figure 4-7: Temperature profiles of the living cationic ring opening polymerization of 2-ethyl-2-oxazoline (Figure 4-3)
performed in the hydrophobic ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate (IL 2) (Table 4-1, Figure
4-1) as a reaction medium and under microwave irradiation. (a) 1 s of reaction time (as programmed in the
microwave setup) for different reaction temperatures (set points) showing the transition periods when the
polymerizations are above 80 °C. (b) Polymerizations performed at 120 °C for two different reaction times
(as programmed in the microwave setup) showing the steady state periods where the polymerization rates can be
determined.

As mentioned above, the advantages of performing reactions in a suitable microwave platform
(see experimental part for details) are the more efficient heating of ionic media and a better control in the
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reaction temperatures“z] in comparison to the conventional heating systems using heat transfer fluids
(e.g., oil-bath). These advantages are related to the fact that the reaction mixtures absorb directly the
heating source (microwaves) while in the case of conventional heating systems the heat is transported
from the outside to the inside of the reactor. As a direct consequence of this effect, the control of the
reaction temperature is more difficult in the conventional heating systems using heat transfer fluids and,
therefore, a temperature gradient between the heat transfer fluid and reaction mixture is commonly
expected. For instance, Figure 4-8 shows the temperature profile of a CROP of EtOx performed in a
conventional oil-bath setup (using the same reaction vials of the microwave platform) with temperature
sensors in both the oil and in the reaction mixture. During this experiment, the set point of the oil had to
be increased up to 129 °C in order to reach a temperature of 120 °C in the reaction mixture. As observed
in Figure 4-8, in the utilized oil-bath setup (at investigated reaction conditions) it takes around 60 s to
reach the desired temperature in the reaction mixture whereas in the microwave platform this only takes
around 15 s (Figure 4-7b). In addition, the temperature overshoot is more pronounced in the oil-bath
setup (up to 131 °C for a desired reaction temperature of 120 °C, as shown in Figure 4-8) than in the
microwave platform (up to 125 °C for a desired reaction temperature of 120 °C, as shown in Figure 4-7b).
This effect might be related to the heat generated by the polymerization reaction and the efficiency of the
temperature control of the experimental setups. Finally, it is observed that there is also an intrinsic
uncertainty in the determination of the onset and ending of the polymerizations in the oil-bath setup
similar to the case described for the microwave platform.

Temperature oil-bath ——Temperature vial
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Figure 4-8: Black: Temperature profile of the living cationic ring opening polymerization of 2-ethyl-2-oxazoline
(Figure 4-3) performed in the hydrophobic ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate (IL 2)

(Table 4-1, Figure 4-1) as a reaction medium and in a conventional heating system (oil-bath) at 120 <C.
Grey: Temperature profile of the utilized oil-bath.

Apart from the mentioned effects, many other factors can influence the determination of the onset and
the ending of the polymerizations. However, when comparing directly the results for polymerizations
performed in both, the oil-bath and in the microwave setups using similar reaction conditions (120 °C and
a reaction time of 240 s, applying the criteria described above for each experimental platform), the
obtained conversions were very similar (84% for the oil-bath and 83% for the microwave). This
observation strongly indicates that the findings of this investigation (accelerated kinetic mechanism for the
CROP of EtOx) are due to the presence of the IL species (reaction medium) and might not be related to
so-called non-thermal microwave effects.'?

Further investigations on the CROP of EtOx performed in IL 2 and under microwave irradiation were
aimed at efficient recovering of the IL and polymer isolation. As mentioned above, the selection of IL 2
facilitates this task by a simple extraction with water avoiding completely the use of VOCs during the
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purification step. For this purpose, the remaining reaction mixtures (after molecular weight and conversion
determinations) from the kinetic study were combined and mixed with a 3-fold excess of purified water in
order to extract the polymer and the monomer unreacted (which are better soluble in water than in IL 2)
into the aqueous phase. This mixture (15 reaction vials) was magnetically stirred for 0.5 h at room
temperature. The resulting heterogeneous mixture was placed into an extraction funnel until a clear
phase separation occurred. This procedure is illustrated in Figure 4-9. Subsequently, IL 2 was recovered
from the funnel, dried under vacuum at 40 °C, and analyzed by 'H-NMR (which confirmed the absence of
polymer and/or monomer). In addition, the "H-NMR spectra of Figure 4-9 reveal that IL 2 remains
practically unmodified after one reaction cycle. Moreover, the IL 2 recovered and dried was used in a
second polymerization cycle yielding similar results to those presented in Figure 4-4.
IL2
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Figure 4-9: Left: Schematic representation of the efficient recovery of the hydrophobic ionic liquid
1-butyl-3-methylimidazolium hexafluorophosphate (IL 2) (Table 4-1, Figure 4-1) and polymer isolation by a
post-reaction extractive process with water for the living cationic ring opening polymerization of 2-ethyl-2-oxazoline
(Figure 4-3). Right: "H-NMR spectra (in deuterated dimethyl sulfoxide (ds-DMSQ)) as received from the supplier and
after one reaction cycle.

o 4

Note that the polymerizations performed in IL 2 above the boiling point of the monomer
(EtOx, 128.4 °C) and at long reaction times showed a limited conversion (around 90% for a reaction
temperature of 140 °C), which was much less pronounced where the mixture of acetonitrile/IL 2 or lower
reaction temperatures were used. This effect can be attributed to the absence of additional volatile
substances apart from the monomer in the polymerization system (since ILs have negligible vapor
pressure["]). Therefore, in the polymerizations carried out at a higher temperature than the boiling point of
the monomer, the vapor phase in the reactor will be mainly saturated with monomer that might not
polymerize. Where the mixture of acetonitrile/IL 2 was used, higher conversions were obtained since
acetonitrile might saturate, due to its lower boiling point, faster the vapor phase than the monomer. This
effect may be minimized by applying an over-pressure in the reactor with a different inert substance
(e.g., nitrogen and argon).

It is known that ILs containing hexafluorophosphate ([PF¢] ) or tetrafluoroborate ([BF,] ) anions may
hydrolyse under acidic conditons and release hydrogen fluoride.'¥ However, in this work pH
measurements of the system during different stages of the process revealed the absence of strong acidic
conditions. Although the main IL (IL 2) investigated in this work is composed of [PFg] anions, that does
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not mean that the approach here presented is restricted to the use of this particular IL (e.g., to completely
ensure the absence of strong acids in the entire process or its release into the environment, more stable
hydrophobic ILs may be used for the same purpose (e.g., 1-hexyl-3-methylimidazolium
tris(pentafluoroethyl)trifluorophosphate)). Apart from the cases investigated in this research, nowadays
there are many commercially available ILs that may offer additonal advantages for performing different
polymerization reactions.

4.2.2 Synthesis of hydrophobic polymers via cationic ring opening and free radical
polymerizations in hydrophilic ionic liquids under microwave irradiation

In the previous section it was discussed that the use of a hydrophobic IL as reaction media for
performing the synthesis of PEtOx (a hydrophilic polymer) may offer some kinetic advantages (higher
reaction rates). It was also demonstrated that the synthesis of block copolymers in ILs by the investigated
living cationic ring opening polymerization (CROP) mechanism may be feasible. In addition, it was shown
that the recovery of hydrophobic IL and the isolation of the polymers can be efficiently performed by an
extraction process with water, which opens opportunities for the development of “green” technologies.

Table 4-3: Reaction conditions and results for different free radical polymerizations (FRP) of methyl methacrylate
(MMA) and cationic ring opening polymerizations (CROP) of 2-(m-difluorophenyl)-2-oxazoline (F2Ox) and
2-phenyl-2-oxazoline (PhOx) performed under microwave irradiation at different concentrations of two water-soluble
ionic  liquids  (1-butyl-3-methyimidazolium  trifluoromethanesulfonate (4) and 1-butyl-3-methyimidazolium
tetrafluoroborate (5) (Table 4-1, Figure 4-1)) as reaction media.

Exp. Polymerization / lonic liquid / Reaction Reaction Yield Mn PDI
Monomer (wt %) wt % temperature (°C) time (min) (%) (kDa)
1 FRP / MMA (100) - 100 20 94 251 3.75
2 FRP / MMA (96.5) IL4/3.5 100 20 90 264 3.15
3 FRP / MMA (75) IL4/25 100 20 67 249 3.05
4 FRP / MMA (50) IL4/50 100 20 56 19.6 2.50
5 FRP / MMA (96.5) IL5/3.5 100 20 94  23.8 347
6 FRP / MMA (75) IL5/25 100 20 95 23.8 3.09
7 FRP / MMA (50) IL5/50 100 20 93 20.0 3.16
8 CROP / F20x (100) - 140 30 94 11.0 1.13
9 CROP / F,0x (40) IL4/60 140 30 53 41 1.16
10 CROP / F,0x (40) IL5/60 140 30 61 56 1.17
1 CROP / PhOx (100) - 140 10 96 8.6 1.47
12 CROP / PhOx (60) IL4/40 140 10 96 35 205
13 CROP / PhOx (40) IL4/60 140 10 70 69 1.86
14 CROP / PhOx (60) IL5/40 140 10 77 41 222
15 CROP / PhOx (40) IL5/60 140 10 53 25 1.67
16 FRP / MMA (25) IL5/75 100 20 94 220 3.19
17 FRP / MMA (25) IL 5 (reused) /75 100 20 95 211 3.27
18 FRP / MMA (25) IL 5 (reused) / 75 100 20 94  23.7 3.03

It is clear that the aforementioned approach is not suitable for the homogeneous synthesis of
hydrophobic polymers in hydrophobic ILs due to the fact that the recovery of the IL and the isolation of the
polymer will not be achieved by an extraction process with water. For such cases, the selection of a
proper IL is a key factor to develop efficient polymerization systems. It is thought that the use of
hydrophilic ILs in such cases might be convenient since, unlike the system of the previous section, in
these cases the ILs can be recovered by an extraction process with water, whereas the precipitated
hydrophobic polymers can be isolated by a filtration process. The use of this approach, like in the
previous section, avoids the use of VOCs during the polymerization process and allows easy recovery of
the IL utilized for further polymerization cycles.
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Hence, this section discusses the feasibility of applying this latter concept to the homogeneous
synthesis of hydrophobic polymers in water-soluble ILs (WSILs). For this purpose, free radical
polymerization (FRP) of methyl methacrylate (MMA) as well as CROP of 2-(m-difluorophenyl)-2-oxazoline
(F.Ox) and 2-phenyl-2-oxazoline (PhOx) were performed under microwave irradiation using selected
WSILs (1-butyl-3-methyimidazolium trifluoromethanesulfonate (4) and 1-butyl-3-methyimidazolium
tetrafluoroborate (5) (Table 4-1, Figure 4-1)) as reaction media, which are miscible with the monomers
used and dissolve the synthesized polymers. The reaction conditions for the different polymerizations
performed in this study are summarized in Table 4-3 (Exps. 1-15 were performed in a Biotage microwave
reactor, and Exps. 16-18 in a CEM microwave platform, see experimental part for details).
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Figure 4-10: (a) and (b): Heating profiles for the microwave-assisted free radical polymerizations (FRP) of
methyl methacrylate (MMA) in bulk and in two water-soluble ionic liquids (1-butyl-3-methyimidazolium
triffluoromethanesulfonate (4) and 1-butyl-3-methyimidazolium tetrafluoroborate (5) (Table 4-1, Figure 4-1)) as
reaction media at different concentrations. (c) Normalized GPC traces of selected polymers of this set of experiments
(Exps. 1-7, Table 4-3).

Regarding the FRP of MMA, it was found that MMA is a monomer fully soluble in IL 4 and shows
partial solubility in IL 5. Poly(methyl methacrylate) (PMMA) shows a similar behavior to its monomer, this
means, fully soluble in IL 4 and insoluble in IL 5. Therefore, the FRP of MMA in IL 4 proceeds in a
homogenous way whereas in IL 5 it proceeds in a kind of precipitation polymerization. Figure 4-10
displays the heating profiles for the onset of the polymerization experiments performed under
microwave-assisted conditions for the FRP of MMA performed at 100 °C for 20 min (using 1 wt % of AIBN
referred to amount of monomer in all cases) using IL 4 and IL 5 as reaction media at different
concentrations as well as for the respective bulk case (Exps. 1-7, Table 4-3). In addition, Figure 4-10
shows the obtained GPC traces of selected cases of this set of experiments. The heating profiles of
Figure 4-10 reveal considerable differences in the heating rates (starting at room temperature and aiming
at the desired reaction temperature) between the investigated reaction mixtures under microwave
irradiation as the concentration of the two utilized ILs in the polymerization reactions changes. According
to these differences, it is clear that incorporation of ILs into the polymerization reactions provides a more
efficient absorption of microwaves (which means more efficient energy transfer and therefore higher
heating rates at fixed irradiation conditions are obtained) allowing the desired reaction temperatures to be
reached in shorter times than in the case of the absence of ILs (bulk polymerization). Moreover, the
heating profiles of Figure 4-10 also show that the incorporation of even small amounts of IL (3.5 wt %)
increases considerably the heating rates of the polymerization mixtures, whereby this increase is even
more remarkable in the case of IL 5; similar observations for different reaction systems have been
reported in the literature.”"'*®! In addition, it can be observed that at higher concentrations of the ILs in the
reaction systems, the heating rates become much less dependent on this variable (e.g., for the cases of
25 and 50 wt % contents of ILs the heating profiles are quite similar especially in the case of IL 4).

With regard to the properties of the obtained PMMAs in this set of experiments (Exps. 1-7, Table 4-3),
the polymers revealed molecular weight and PDI values for a typical FRP mechanism (Mn around 23 kDa
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and PDI values greater than 3 for all the investigated cases as shown in Table 4-3). In addition, it was
found that the yield of the polymerizations is influenced by the kind and/or concentration of IL. For
instance, the bulk polymerization case (which is expected to have the highest polymerization rates owing
to the higher concentration of monomer in the reaction system) yielded 94% (as determined by 'H-NMR)
at the investigated reaction conditions. Nevertheless, yields similar to the bulk case were obtained in the
cases where IL 5 was used as a reaction media at different concentrations as shown in Table 4-3. These
results suggest that the FRP of MMA in IL 5§ proceeds as fast as in the bulk case (at least under the
investigated reaction conditions). For these cases, it is thought that due to the partial solubility of MMA in
IL 5 the polymerization may occur in a phase dispersed of pure MMA resulting in similar reaction rates as
the bulk case. Increased polymerization rates, in particular, for the case of FRP of MMA conducted in ILs
have also been observed previously.[6°] However, when the same polymerization reactions were carried
outin IL 4, the yields of the polymerizations (shown in Table 4-3) revealed an inverse dependence on the
concentration of the IL (higher polymerization yields were observed at lower concentrations of IL 4) as
expected due to the lower concentration of monomer in the reaction system.
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Figure 4-11: (a) and (b): Heating profiles for the microwave-assisted cationic ring opening polymerizations (CROP) of
2-(m-difluorophenyl)-2-oxazoline (F;Ox) and 2-phenyl-2-oxazoline (PhOx) in bulk and in two water-soluble ionic
liquids (1-butyl-3-methyimidazolium trifluoromethanesulfonate (4) and 1-butyl-3-methyimidazolium tetrafluoroborate
(5) (Table 4-1, Figure 4-1)) as reaction media at different concentrations. (c¢) Normalized GPC traces of selected
polymers of this set of experiments (Exps. 8-15, Table 4-3).

F,Ox and PhOx are monomers which can be polymerized by a CROP mechanism and the derived
polymers are hydrophobic. However, it was observed that both polymers are fully soluble in ILs 4 and 5.
Regarding the solubility of these monomers, it was found that PhOx is fully soluble in both ILs whereas
F,Ox (which is a white powder at room temperature) is soluble in both ILs above 80 °C. Therefore, the
CROP of these monomers in ILs 4 and 5 proceeds in a homogenous way at high temperatures and
remarkably the resulting polymers do not precipitate in the ILs even at room temperature, which yields a
highly viscous mixture. In Figure 4-11 the heating profiles at the onset of the performed polymerization
experiments under microwave-assisted conditions for the CROP of F,Ox and PhOx performed at 140 °C
for 30 and 10 min, respectively (using 3 wt % of MeTos referred to the amount of monomer in the case of
F,Ox and, 2 wt % in the case of PhOx), using IL 4 and IL 5 as reaction media at different concentrations
as well as for the coresponding bulk cases (Exps. 8-15, Table 4-3) are displayed. In addition, Figure 4-11
shows the obtained GPC traces of selected examples of this set of experiments. The heating profiles of
Figure 4-11 reveal similar effects to those observed in the cases of FRP of MMA (Figure 4-10), namely
the incorporation of ILs into the reaction mixtures enhance their heating rates when exposed to
microwave irradiation. Figure 4-11 also shows that at intermediate concentrations (40 wt %) of ILs in the
polymerization mixtures, the kind of IL has practically no influence on the heating profiles under the
investigated reaction conditions. However, at high concentrations (60 wt %) of ILs the polymerization
mixtures can be heated extremely rapidly under microwave irradiation leading, in some cases (as shown
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in Figure 4-11), to an overshoot on the desired reaction temperatures (140 °C in these cases) and,
perhaps, in more exothermic systems to uncontrolled polymerizations.

With regard to the properties of the obtained polymers in this set of experiments, for the case of the
CROP of F,0x, the obtained polymers revealed low PDI values (as shown in Table 4-3, GPC traces of
these experiments are also shown in Figure 4-11) but their molecular weights were about twice as high
compared to the expected theoretical values (Mn of 5.2 kDa at 100% of monomer conversion). This
deviation can be attributed to the used analytical technique (e.g., a polystyrene calibration was used to
estimate the molecular weights of these fluorinated polymers). The observed polymer yields for the CROP
of F,Ox were lower in the cases of polymerizations containing ILs than in the bulk cases due to the lower
concentration of monomer in the reaction systems. Regarding the CROP of PhOx, the molecular weight
of the polymer obtained in the bulk case was in good agreement with the expected theoretical value
(Mn of 8.7 kDa at 100% of monomer conversion). The characteristics of the obtained polymers of these
experiments are summarized in Table 4-3. For the investigated cases of CROP of PhOx, the obtained
polymers showed broad molecular weight distributions and therefore their PDI values were considerable
higher than in the bulk case and important deviations of the expected theoretical values of molecular
weight were observed. Nevertheless, it should be noted that the objective of this study was to investigate
the CROP of hydrophobic polymers in WSILs under microwave irradiation and not the livingness of the
polymerizations. With regard to the yields obtained during the CROP of PhOx, the polymerization
reactions performed in ILs revealed lower yields than the bulk case, and the yields were higher in the
case of IL 4 with respect to the case of IL 5 at fixed reaction conditions as summarized in Table 4-3. This
observation can be attributed to concentration effects since the polymerizations performed in ILs have a
lower monomer concentration than bulk polymerizations. However, as discussed in section 4.2.1 and
reported in literature,®" the yields of polymerizations performed in ILs can be comparable or even higher
than the observed in common VOCs where similar reactions conditions (monomer concentration,
temperature and reaction time) are used. For instance, for a CROP of PhOx in IL 4 performed in this
investigation (Exp. 13, Table 4-3) a polymer yield of 70% was observed under the reaction conditions
investigated (140 °C, 10 min of reaction time, and 60 wt % IL 4), whereas in the literature a polymer yield
of 60% has been reported for the same polymerization carried out in acetonitrile using similar reaction
conditions (140 °C, 10 min of reaction time, 55 wt% of acetonitrile, and same microwave platform).!'?

The isolation of the polymers obtained and the recovery of the ILs used for the polymerization
reactions investigated was performed by the addition of purified water (five-fold excess) into the
homogeneous reaction mixtures under vigorous stirring, and preferably, at high temperature in the cases
of low concentrations of IL (highly viscous systems due to the higher concentrations of the polymers).
During this procedure, the obtained hydrophobic polymers agglomerate and/or precipitate, and
simultaneously, the used ILs form a homogeneous solution with water. Opposite to the analyzed case in
section 4.2.1 for the synthesis of hydrophilic polymers performed in hydrophobic ILs, for the investigated
cases in this section (homogeneous synthesis of hydrophobic polymers in ILs) the use of water-soluble
ILs is particularly convenient since it facilitates the polymer isolation and the IL recovery for additional
reaction cycles and keeps a suitable “green” scope for this synthetic method. For instance, the
polymerizations investigated in this section were also performed homogenously in the hydrophobic IL
1-butyl-3-methylimidazolium hexafluorophosphate (IL 2) (Table 4-1, Figure 4-1) and the obtained
polymers showed comparable properties and yields to those discussed above for the cases of IL 4.
However, the isolation of the products and the recovery of the IL could not be successfully performed by
precipitation with water owing to the fact that the entire reaction mixture is highly hydrophobic, which
makes the use of hydrophobic ILs less attractive for the here discussed reaction systems.

Hence, the recovery of IL 5 from the resulting aqueous solution during the described polymerization
process for its use in further reaction cycles was investigated by performing additional FRP of MMA
(three reaction cycles in recovered IL) under the same reaction conditions. In these experiments, larger
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reaction volumes were utilized in order to facilitate the recycling process. The distillation of water from the
resulting IL 5 aqueous solutions after each reaction cycle was performed under microwave-assisted
conditions taking advantage of the aforementioned high efficiency of ILs to absorb microwaves as
observed in Figure 4-12a. Figure 4-12a compares the heating profiles of the two different ILs aqueous
solutions of this study and pure water (for illustration purposes, IL aqueous solutions (50 wt% of IL) are
programmed to be heated in the microwave setup for 1 s after reaching the desired temperature (140 °C),
thereafter the system starts to cool the samples). According to Figure 4-12a the samples containing ILs
are heated considerable faster than pure water and thus more efficient energy transfer is observed under
microwave irradiation, which allowed for an efficient removal of water from the solutions even at
atmospheric pressure conditions. "H-NMR investigations showed that the recovered IL by this procedure

remains unmodified after three reaction cycles (as depicted in Figure 4-12b) and it is suitable to perform
additional polymerizations.
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Figure 4-12: (a) Heating profiles for ionic liquids aqueous solutions and water under microwave irradiation
(1-butyl-3-methylimidazolium trifluoromethanesulfonate (4) and 1-butyl-3-methylimidazolium tetrafluoroborate (5)
(Table 4-1, Figure 4-1)). b) "H-NMR spectra of IL 5 as received from the supplier and after its use as a reaction
medium in three polymerization cycles of methyl methacrylate (Exps. 16-18, Table 4-3).

The obtained yields and molar masses in these additional polymerizations were comparable to each
other as observed in Table 4-3 for Exps. 16-18. The efficiency of the IL recovery during these
experiments could not be accurately estimated due to the relatively small reaction volumes used in the
polymerizations, which makes a full recycling of the IL difficult in the post-reaction steps (e.g., in the
filtration step of the polymer (see experimental part for details), a considerable amount of the IL aqueous
solution remained in the used paper filter which clearly lowered the yield of the IL recycling). Thus, the
obtained efficiency of the IL recovery using the described procedure in the experimental part (including
the filtration and microwave-assisted distillation steps) was around 80%. However, it might be feasible to
obtain higher yields (close to 100%) by optimizing and/or improving the involved separation steps.

Figure 4-13 shows a conceptual scheme and images of the discussed microwave-assisted polymerization
reactions.
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Figure 4-13: Schematic representation of a “green” process for the continuous microwave-assisted synthesis of
hydrophobic polymers in water-soluble ionic liquids which allows for the depletion of emissions of volatile organic
compounds into the environment and may allow for energy savings.

In Table 4-3 it can also be observed that in some of the investigated cases the yields of the
polymerizations in ILs and the molar masses of their polymers are lower than the corresponding bulk
cases. However, it is well-known that in bulk polymerization processes considerable amounts of energy
must be spent (on heating to reach reaction temperatures up to 220 °C and on power supply for
specialized pumps for high viscosity reaction media) to overcome the problems related to the high
viscosity (e.g., heat and mass transfers) of the polymer melts. Nevertheless, problems related to high
temperatures, such as side-reactions and degradation of the products, often arise in many polymerization
processes.”) For these reasons, solution polymerizations in VOCs (or in ILs as suggested in this
investigation) are preferred over bulk processes. On the one hand, it is clear that solution polymerizations
can be performed at lower temperatures than bulk polymerizations without having the problems of highly
viscous systems, but on the other hand longer reaction times are needed in solution processes to reach
similar yields and molar masses to the bulk cases. It is obvious that bulk polymerizations, in general, will
show higher polymerization rates than polymerization in ILs or in conventional VOCs due to monomer
concentration effects. However, if a comparison is made between ILs and VOCs in solution
polymerizations, it has been demonstrated, in this section as well as in the literature,’®"  that
polymerizations in ILs show higher polymerization rates. In addition, solution polymerizations are more
suitable processes to perform the synthesis of well-defined block copolymers via a sequential addition of
monomer, which would be very difficult to perform in bulk processes due to the limited diffusion of the
reagents as direct consequence of the high viscosity generated. Thus, the synthetic approaches
described in these investigations arise “green” alternatives to bulk and/or conventional solution
polymerization processes involving VOCs. However, it is clear that for specific polymerization systems
several parameters must be optimized and evaluated in order to make a direct comparison between
processes performed in ILs and in conventional VOCs or bulk conditions.

77



4. lonic liquids as novel reaction media for polymer synthesis

4.3 Heterogeneous polymerization reactions performed in ionic liquids and in
their aqueous solutions: Engineering polymer beads

In section 4.2, the feasibility of performing efficient homogeneous polymerizations in ILs was
demonstrated for two different reaction mechanisms (free radical and cationic ring opening
polymerizations). In addition, it was shown that the utilized ILs liquids can be recovered and re-used for
further polymerization cycles. However, there might be many polymers that are not soluble in ILs for
which the proposed approach in section 4.2 can not be applied. For such cases, heterogeneous
processes in ILs can be considered. Hence, the feasibility of performing heterogeneous polymerizations
in ILs or in their aqueous solutions is addressed in this section.

4.3.1 Introduction to heterogeneous polymerization systems

The heterogenization of polymerization processes is desirable in some cases for an easy separation
of the product. Heterogeneous polymerization processes, such as water-based emulsions and
suspensions, have found good acceptance for the production of many commodity materials™ as well as
specialized polymers for advanced applications.“5] Materials synthesized via heterogeneous
polymerization processes are regular beads with sizes between 50 nm and 3000 um, depending on the
characteristics of the used procedure (e.g., emulsion, mini-emulsion, precipitation, dispersion, soap-free
emulsion, seeded, or suspension polymerizations). Heterogeneous polymerization can be defined as a
reactive liquid-liquid dispersion in which the nature of the suspended drops changes as the
polymerization reaction proceeds. Common suspension polymerizations are carried out in stirred tank
reactors, adding a stabilizing agent (protective colloid) to the aqueous phase in order to keep the
suspended organic drops from coalescing as they change from the liquid to the solid state via a sticky
phase. The size of the drops is determined by the balance between the rates of drop breakup and
coalescence, which are influenced by several parameters, such as densities and viscosities of the
continuous and dispersed phases, interfacial tension, type and concentration of suspending agent, type of
impeller, stirring speed, and temperature. In addition to the aforementioned parameters, the continuous
change in the properties of the dispersed phase, as a result of the ongoing polymerization reaction,
contribute to the size of the drops and to their distribution."® Of major importance for the stability of
suspensions is the type and amount of suspending agent utilized, due to the fact that it induces
electrostatic charges on the surface of the suspended monomer-polymer particles, which retard their
coalescence. Examples of stabilizing agents used in suspension polymerization are: polyvinylalcohol,
polyvinylpyrrolidone, hydrophobic modified celluloses, phosphates,™! steric stabilizers such as hydrophilic
and hydrophobic copolymers, soap solutions, water—agarose gels,“5a] and perfluoropolyethers for
suspension polymerizations carried out in supercritical CO,.""”! The selection of the suspending agent will
depend, mainly, on the desired particle size which is determined by the market requirements and/or
applications (e.g., bone cement, packing for chromatographic columns, expandable polystyrene,
etc.).“‘“s] However, nowadays the prediction of the particle size under specific polymerization conditions
is still an aspect not fully understood.

4.3.2 Heterogeneous polymerization reactions of cross-linked systems using water-soluble
ionic liquids as stabilizing agents and/or reaction media

As described in section 4.2, the use of ILs as a reaction media to synthesize diverse polymers and
composites has opened a “new environmentally-friendly” and novel synthetic approach (in some cases
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even with kinetic advantages over conventional solvents).[el Despite the obtained progress in performing
polymerizations in ILs, clear understanding of how to optimize the use of these novel reaction media in
specific polymer systems is still lacking, since many factors must be optimized including, IL selection,
polymer isolation, IL recycling, IL toxicity, etc. Recently, the heterogeneous synthesis of polymers using
ILs as reaction media has been described, which resulted in a sort of gel systems containing dispersed
chalky solids (polymer).m However, a full explanation of this observed phenomenon has not been
properly described. Because ILs can also be defined as organic molten salts below 100 °C, it is thought
that their use in suspension polymerizations may be equivalent to the use of common stabilizing agents.
In other words, ILs may induce electrostatic charges on the surface of the monomer-polymer particles to
keep them from coalescence as depicted in Figure 4-14. In addition, it is thought that the non-polar part of
ILs may also act as a surfactant helping to stabilize the suspended organic phase (Figure 4-14). Based
on these assumptions, the use of water-soluble ionic liquids (WSILs) as stabilizing agents in suspension
polymerizations as well as their influence on the size and surface area of synthesized polymer beads is
discussed in this section. To carry out this research, three WSILs (1-alkyl-3-methylimidazolium chlorides
(10, 11 and 12; Table 4-1, Figure 4-1)) were investigated as depicted in Figure 4-14. In addition, the effect
on the stability of the suspension polymerizations due to the variation of the aliphatic side-chain length in
the investigated ILs is also addressed.
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Figure 4-14: Schematic representation of water-soluble ionic liquids acting as stabilizing agents and reaction media
in a suspension polymerization reaction. The molecular structures of the investigated ionic liquids (Table 4-1,
Figure 4-1) are also displayed (1-butyl-3-methyimidazolium chloride (10), 1-decyl-3-methyimidazolium chloride (11),
and 1-hexadecyl-3-methyimidazolium chloride (12)).
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Figure 4-15: Schematic representation of the synthesis of poly(ethylene glycol dimethacrylate-N-vinylimidazole)
cross-linked polymer beads by free radical suspension polymerization using water-soluble ionic liquids as stabilizing
agents (Figure 4-14) and 2,2 -azobisisobutyronitrile (AIBN) as initiator.

Hence, the research in this section is dedicated to elucidate the influence of ILs used as a reaction
media and/or stabilizing agents in suspension polymerization reactions in order to address the
phenomena observed previously in similar heterogeneous polymerizations in ILs (gel systems containing
dispersed chalky solids (polymer))."! This study mainly focuses on obtaining a deeper insight into
heterogeneous polymerizations performed in ILs, which will allow a better understanding of these
systems in order to develop more efficient and environmentally-friendly polymerization processes based
on ILs. For the purposes of this investigation, the synthesis of poly(ethylene glycol dimethacrylate-N-
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vinylimidazole) cross-linked beads was selected as a main suspension polymerization system according
to the reaction scheme shown in Figure 4-15."®

Based on the assumption that ILs may provide electrical charges on the surface of the suspended
monomer-polymer particles in order to keep them from coalescing in a suspension polymerization
reaction, in the first experiments of this research the concentration and the kind of IL (different aliphatic
side-chain lengths, Figure 4-14) in the aqueous phase of these heterogeneous systems were varied.
As such, the effects of these parameters on the stability of the suspensions and on the average particle
size of the resulting polymer beads could be evaluated. Hence, these suspension polymerization
experiments were performed in the experimental setup displayed on Figure 4-16a (see experimental part
for details about the experimental setups utilized for heterogeneous polymerization experiments).
The results derived from these experiments are summarized in Table 4-4.

Ty
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Figure 4-16: Overview of the reaction setups utilized to perform suspension polymerization experiments
(Figure 4-15) using water-soluble ionic liquids as stabilizing agents (Figure 4-14). (a) Laboratory-scale glass reactor
(experiments summarized in Table 4-4). (b) An image of a gel-like reaction mixture obtained during suspension
polymerization experiments performed in the glass reactor where a high content of ionic liquid is used in the
continuous aqueous phase (Exps. 3, 5, and 7; Table 4-4). (c) Automated parallel synthesizer A-100 minipilot plant
from Chemspeed (experiments summarized in Table 4-5).

Table 4-4: Results of the average particle size for experiments performed in a glass reactor (Figure 4-16a) to
evaluate three different water-soluble ionic liquids as stabilizing agents (Figure 4-14) in suspension polymerization
reactions (Figure 15) (see Table 4-1 and Figure 4-1 for the properties and chemical structures of the ionic liquids,
respectively).

Exp. lonic liquid Concentration of ionic liquid Average
in the aqueous phase (wt %) particle size
1 1-Butyl-3-methyimidazolium chloride (10) 10 2.7 mm
2 1-Butyl-3-methyimidazolium chloride (10) 70 1.6 mm
3 1-Butyl-3-methyimidazolium chloride (10) 100 0.5 mm
4 1-Decyl-3-methyimidazolium chloride (11) 20 1.7 mm
5 1-Decyl-3-methyimidazolium chloride (11) 40 600 nm
6 1-Hexadecyl-3-methyimidazolium chloride (12) 1 1.9 mm
7 1-Hexadecyl-3-methyimidazolium chloride (12) 5 500 nm

The results shown in Table 4-4 reveal that the concentration of WSILs has a large effect on the
as-obtained particle size averages of the synthesized polymer beads (see experimental part for details
about the used characterization technique). In short, for the three investigated WSILs, it was found that a
low content of IL in the aqueous continuous medium of the suspension allows the synthesis of large
polymer beads (with average sizes in the millimeter range), whereas for a high IL content the particle
sizes decrease remarkably, down to the nanometer range in some cases.

Simultaneously, it can also be seen in Table 4-4 that the average bead size is not only affected by the
IL/water ratio but the aliphatic-side chain length of the WSILs (Figure 4-14) also has an influence.
By combining these effects (concentration and aliphatic-side chain length), it can be concluded that in
order to obtain a specific average particle size the concentration of the investigated ILs in the aqueous
phase of the suspension has to decrease as the aliphatic side-chain length becomes longer.
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For example, the average particle size remained between 1.6 mm and 1.7 mm where the concentration of
WSIL was 70 wt %, 20 wt %, and even 1 wt % for IL 10, IL 11, and IL 12, respectively (Exps. 2, 4, and 6;
Table 4-4). Where the same WSIL is used to “tune” the average size of the particle, its concentration has
to be increased in order to reduce the bead size (e.g., Exps. 1-3; Table 4-4). Nevertheless, the most
remarkable reduction in the particle size (down to the nanometer scale) is mainly influenced by the
aliphatic side-chain length of the WSIL. For instance, as shown in Table 4-4, nanometer-scale particles
could not be synthesized in the cases where IL 10 was used, even at the highest possible concentration
(pure IL) in the aqueous continuous medium of the suspension polymerization (Exp. 3, Table 4-4).
On the other hand, where ILs 11 and 12 (Exps. 5 and 7, Table 4-4) were used as stabilizing agents, at a
specific concentration, beads with sizes in the nanometer range were obtained as revealed by dynamic
light scattering measurements (DLS).

To end up with gel-like reaction mixtures, suspended waxy solids, and/or chalky solids similar to
those reported in the literature” and as shown in Figure 4-16b, a critical concentration of a specific IL in
the aqueous phase of the suspension has to be reached. For instance, for the investigated WSILs these
concentration were estimated to be around 100 wt % for IL 10, 40 wt % for IL 11, and 5 wt % for IL 12
under the reaction conditions of experiments of Table 4-4 (see experimental part for a full description of
the reaction conditions). According to this finding, it is thought that this critical concentration may establish
the limit of the smallest average particle size that is possible to obtain using a specific WSIL as stabilizing
agent under certain experimental conditions (in this case under the experimental conditions used in the
glass suspension polymerization reactor of Figure 4-16a). When the beads are small enough, they can be
analyzed by DLS as well as by atomic force microscopy (AFM). DLS provides information on the average
diameter of the cross-linked polymer beads in aqueous solution, when they are supposed to be in a
swollen state due to the presence of the solvent (water) as reported in literature for this kind of
materials."® AFM provides the diameter of the beads in dry conditions (non-swollen state) in a similar
way as discussed in section 3.2.3 for the characterization of diblock copolymer micelles. For instance,
Figure 4-17 shows an AFM image utilized for determining the average size of a sample of synthesized
polymer beads (see below Exp. 4, Table 4-5) in dry conditions; a value of 100 nm was obtained whereas
in a swollen state (DLS measurements) the average size was 250 nm.

Height
200.0 nm

100.0 nm

0.0 nm

Figure 4-17: Atomic force microscopy image recorded using dry conditions of polymer beads formed in Exp. 4 of
Table 4-5. The image was used to determine the average size of the beads.
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The simultaneous effects of other reaction parameters on the stability of the suspensions and on the
average size of the polymer beads were briefly investigated by performing additional polymerization
reactions in the automated parallel synthesizerm shown Figure 4-16¢ (see experimental part for a
detailed description of this experimental platform). The reaction conditions and the results of these
experiments are summarized in Table 4-5. According to these results, qualitatively, it was found that the
content of IL in the aqueous phase of the suspension (x4), acting as a stabilizing agent, is inversely
proportional to the average particle size as already discussed above. The reaction temperature (x;) has
an effect similar to x4; higher reaction temperatures lead to particles with smaller average size. The
composition of N-vinylimidazole in the polymer beads (x;) showed also effects similar to x4 and x;; the
higher the content of N-vinylimidazole, the smaller the average particle size. Finally, the content of
toluene (x4) in the formulations is thought to have almost no influence on the stability of the suspensions
and/or on the size of the particles but mainly on the formation of pores in the beads. For example, when
toluene was not included in the formulation, the particles obtanied were translucent. On the other hand,
when toluene was used, the particles obtained were white and opaque (the presence of pores may
disperse the light through the beads turning them opaque). Similar effects of some of the reaction
parameters investigated in the experiments reported in Table 4-5 (concentration of stabilizing agent and
reaction temperature) on the average particle size of polymer beads synthesized by suspension
polymerization have been reported in literature.!"®!

Table 4-5: Experimental design performed in the automated parallel synthesizer shown in Figure 4-16c for the
synthesis of cross-linked beads (Figure 4-15) by suspension polymerization using a water-soluble ionic liquid as
stabilizing agent (IL 10, Figure 4-14) and a mechanical stirring speed of 400 rom. Four reaction parameters were
analyzed as follows: x4 = content of ionic liquid 1-butyl-3-methyimidazolium chloride (IL 10) in the aqueous phase
(—=20wt %, + =70 wt %), x2 = reaction temperature (— = 75 °C, + = 90 °C), x3 = content of N-vinylimidazole in the
polymer beads (— = 50% mol, + = 87.5% mol), and x4 = content of porogenic agent (toluene) in the organic phase
(- =0 vol %, + = 30 vol %). * Not determined due to the gel-like properties of the material obtained (no polymer
beads).

Exp. X1 X2 x3 x4 Remarks Average particle size
1 - - = - Collapsed translucent beads Large (3 mm)
2 + - - - Collapsed translucent beads Medium (1.5 mm)
3 - + - - Stable suspension, translucent beads Medium (1.4 mm)
4 - - + - White stable suspension Nanometer scale (250 nm)
5 - - - + Collapsed white beads Large (2.8 mm)
6 + + - - Stable suspension, translucent beads Small (0.65 mm)
7 - - + + Stable suspension, white beads Small (0.8 mm)
8 + - -+ Cloudy stable suspension Nanometer scale (600 nm)
9 - + + - White stable suspension Nanometer scale (525 nm)
10 - + -+ Stable suspension, white beads Small (0.7 mm)
1 + - + - Yellow stable suspension Nanometer scale (405 nm)
12 + + + - Yellowswollen gel-like *
13 + + -+ White stable suspension Nanometer scale (650 nm)
14 + - + + White stable suspension Nanometer scale (400 nm)
15 - + + + Stable suspension, white beads Small (0.75 mm)
16 + + + + White stable suspension Small (0.35 mm)

It is known that the agitation speed has an important influence on the particle size in suspension
polymerizations."® From the experiments performed in this work using the two experimental setups
shown in Figure 4-16a and 4-16c, it was also found that the type of agitation influences the particle size
and stability of the suspensions. For instance, in the experiments reported in Table 4-4 (magnetic
agitation was applied to the glass polymerization reactor shown in Figure 4-16a), larger average particle
sizes were obtained in comparison to those achieved in the experiments reported in Table 4-5 (note that
the experiments of reported in Table 4-4 were aimed to investigate the WSILs of Figure 4-14 as
stabilizing agents in suspension polymerizations under fixed reaction conditions). On the other hand, in
the experiments reported in Table 4-5 (mechanical agitation was used in the experimental setup shown in
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Figure 4-16¢), polymer beads with sizes in the nanometer range could be obtained by using a low
concentration of stabilizing agent (IL 10). This was the case for Exp. 4 of Table 4-5, which showed an
average particle size of 250 nm in solution, as revealed by DLS, and around 100 nm, as determined by
AFM in dry conditions (Figure 4-17).

To investigate whether the phenomenon of “tuning” the size of the beads by utilizing WSILs as
stabilizing agents in suspension polymerizations is just feasible with specific monomers
(e.g., N-vinylimidazole, which has a similar chemical structure to the utilized WSILs and, therefore, may
be more compatible with the phase containing ILs in the suspension), additional polymerization
experiments were performed using other monomers. These experiments were carried out under the same
reaction conditions of Exps. 1-3 of Table 4-4, but by using styrene instead of N-vinylimidazole and
divinylbenzene instead of ethylene glycol dimethacrylate as co-monomers. In these cases, findings
similar to those discussed above for the cases of N-vinylimidazole containing polymer beads were
observed. More specifically, a gel-like suspension was obtained when pure IL 10 was used as the
continuous medium of the suspension, an average particle size of 1.5 mm when a 70 wt % aqueous
solution of IL 10 was utilized in the system, and polymer beads with an average size of 2.5 mm in the
case of a 10 wt % aqueous solution of of IL 10.

Note that even though that the polymer beads synthesized in a high content IL aqueous continuous
medium were of a small size, the reaction systems studied in this research differ from precipitation
polymerization reactions. In precipitation polymerization reactions, monomers form a continuous phase
with the reaction medium (solvent) but the polymers do not and precipitate as small nanoparticles. In the
polymerizations investigated in this research, the organic phase (co-monomers and pore former mixture),
in all cases, is separated from the IL aqueous phase and therefore they can be classified as suspension
polymerizations.['*

75 1 a) 75 b) 5 3 c)
*
- - T 701
‘g 701 ‘e 65 ‘e
z £ z %]
c %1 € 55-e 5 607
S S . I §
5 60 4 @ @ 55
2 8 45 2 50 4
. ]
350 ¢ 3% 3 " .
. 1 .
. . . . 4 .
45 ——— B4+ 35 —
0 10 20 30 40 50 60 70 80 90 100 0 04102 03 04 05 06 0.7 0.8 09 1 0 007 014 021 028 035 042 0.49
wt % of IL 10 wt% of IL 11 wt% of IL 12

Figure 4-18: Surface tension measurements of the aqueous solutions of the ionic liquids investigated as stabilizing
agents for suspension polymerization reactions (Figure 4-14). (a) 1-Butyl-3-methyimidazolium chloride (10),
(b) 1-decyl-3-methyimidazolium chloride (11), and (c) 1-hexadecyl-3-methyimidazolium chloride (12) (see Table 4-1
and Figure 4-1 for the properties and chemical structures of the ionic liquids, respectively).

In addition to the fact that the investigated WSILs may provide electrical charges on the surface of the
suspended monomer-polymer particles in order to stabilize them, the surface active properties of ILs,
which have been recently discussed in literature,"™” may also contribute to the stabilization of the
systems. These studies mainly report on the surface tension properties of some ILs and their aqueous
solutions, as well as their dependence on temperature.“ga'ﬂ Moreover, as an application of the surface
active properties of ILs, WSILs have been utilized as novel templates for the preparation of highly ordered
monolithic super-micro-porous lamellar silica materials via nano-casting technique.“gg] From those
studies, one can conclude that some ILs show surface active properties and aggregation behavior in
aqueous solutions. For this reason, surface tension measurements of the aqueous solutions of ILs 10-12
(Table 4-1, Figure 4-1) were performed and the results are shown in Figure 4-18. It was found that the
critical concentration of aggregation was 0.17 and 0.03 wt % for ILs 11 and 12, respectively. In the case
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of IL 10 it was difficult to establish a value for the critical concentration of aggregation since the surface
tension of the aqueous solutions decreases continuously as the concentration of IL increases; this means
that a well-defined plateau was not reached. The value of critical concentration of aggregation for IL 12
was the lowest of the three WSILs; this was expected since it has the longer aliphatic side-chain.
However, the lowest surface tension value obtained, once the critical concentration of aggregation was
reached, was 27 mN m™ for IL 11 in comparison to 38 mN m™ for IL 12. In the case of IL 10 the lowest
possible surface tension was 46 mN m™ (pure IL).

An important aspect that may help to understand the role of the WSILs in “tuning” the size of the
synthesized polymer beads is the interfacial tension between the organic (co-monomers) and the IL
aqueous phases. In polymerizations in which spontaneous emulsification occurs (e.g., micro-emulsion),”""]
the interfacial tension between the monomer and the aqueous continuous medium phase approaches to
zero due to the presence of surfactants that allow the synthesis of polymers beads in the nanometer
range. In this context, interfacial tensions for some of the experiments of Table 4-4 were qualitatively
estimated using the Du Nouy ring method (by considering the value of interfacial tension recorded by the
tensiometer at the maximum value of the forced exerted on the ring as it passes through the interface of
the organic mixture and the IL aqueous solution). For instance, the interfacial tension between the organic
phase used for the polymerization reactions and pure water had a value of 4.5 mN m™', whereas the
interface of the organic mixture and pure IL 10 (Exp. 3, Table 4-4) had a valued of 1.8 mN m™" and for the
interface of Exp. 1 of Table 4-4 the value was 3.9 mN m™". These results show that the interfacial tension
indeed decreases as the content of IL in the aqueous phase increases, suggesting the possibility of a
spontaneous emulsification process in the system allowing for the synthesis of small-sized polymer
beads.

After considering the measurements obtained for both surface tension (Figure 4-18) and particle sizes
(Table 4-4), it is clear that the aliphatic side-chain length and not only the concentration of the WSILs
plays an influential role in the stabilization of the monomer-polymer particles in suspension polymerization
reactions. According to Figure 4-18 the experiments of Table 4-4 were performed above the critical
concentration of aggregation of ILs (at least in the cases of ILs 11 and 12) and therefore in a low surface
tension aqueous phase. Similar to the case of emulsion polymerization, the availability of hydrophobic
aliphatic chains in the system promotes the creation of more interfacial area between the organic phase
(monomer-polymer particles) and the aqueous IL solutions. Therefore, the synthesis of polymer beads
with smaller average particle size is possible.

This effect may be similar to the cases of current suspension polymerizations, in which
poly(vinyl alcohol) (PVA) and other water-soluble polymers are used as a protective colloids. In these
cases PVA supplies covalently linked carbon chains to the interface of the immiscible phases, avoiding
coalescence of the monomer-polymer particles formed. However, one of the main disadvantages of using
hydrophilic polymers (e.g., PVA) as stabilizing agents in suspension polymerization reactions is the fact
that it can take a long period of time to completely dissolve them in water at room temperature. Added to
this is the limited understanding of how the average size of the polymer beads is affected by the use of
conventional active surface modifiers. To investigate whether the use of conventional ionic surfactants in
suspension polymerization reactions has the same effects as those obtained with the investigated WSILs,
experiments were performed under the similar reaction conditions to those reported in Table 4-4. The
main difference in these experiments is the use of sodium dodecyl sulfate (SDS) (a well-known ionic
surfactant) as the stabilizing agent instead of the WSILs. Four different concentrations of SDS (0.1, 0.33,
1, and 5 wt %), one below and three above the critical micelle concentration value (0.23 wt %),?” were
used for these cases. The average sizes of the polymer beads obtained from these experiments were
around 0.8 mm for all the cases. Therefore, the use of SDS does not allow the average size of the
polymer beads to be “tuned” as the WSILs of Figure 4-14 do (at least for the reaction systems
investigated).
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Furthermore, in the cases where polymer beads with sizes in the millimeter scale were synthesized,
the polymer can be easily isolated from the reaction medium by simple decanting and/or filtration and
therefore the IL aqueous solutions can be reused to carry out new polymerizations reactions. This
approach was investigated by reusing the IL aqueous solution of Exp. 6 of Table 4-4 to perform more
polymerization cycles under the same reaction conditions. In this case, after three polymerization cycles
the average size of the polymer beads (2 mm) was comparable to that of the first reaction cycle (1.9 mm).
These results suggest that the IL aqueous solutions can be recovered and reused several times to
synthesize new materials of comparable properties.

It has been reported that polymers containing imidazole groups are able to bind different transition
metals on their surface, finding applications in the removal of transition metal ions from waste
streams.'®?? For this application, an important property of these polymeric materials is their surface area,
since this factor determines to a large extent the amount of chemical species that can be loaded.
Other polymer architectures with a large surface area and an intrinsic porosity have also found
applications for replacing inorganic materials such as zeolites and/or activated carbon used as
heterogeneous catalytic supports® and, more recently, in hydrogen storage.[24] Even though the
incorporation of a pore former (toluene in this work) is essential to promote the synthesis of polymer
beads with a large surface area,"® it has been found in this investigation that the incorporation of a WSIL
(IL 10, Figure 4-14) into the aqueous continuous medium of the suspension also has an important
influence on the creation of surface area in the particles, as shown in Table 4-6. The results given
Table 4-6 show the surface area values (as determined by nitrogen gas adsorption) for different polymers
beads synthesized in the experimental setup displayed in Figure 4-16a and under reactions conditions
similar to those used in the experiments reported in Table 4-4. The pores have been classified according
to the shape of the adsorption isotherms'®® obtained for each sample and according to the IUPAC
classification. Figure 4-19 shows nitrogen adsorption/desorption isotherms for some of the experiments
reported in Table 4-6. According to the shape of the isotherms, the materials can be classified with regard
to the pore shape.®®

Table 4-6: Surface area properties, as determined by the nitrogen gas adsorption technique, of cross-linked polymer
beads (Figure 4-15). The cross-linked beads were synthesized by suspension polymerization using a water-soluble
ionic liquid as stabilizing agent (IL 10, Figure 4-14) under similar reaction conditions to those used in the experiments
reported in Table 4-4 (using the laboratory-scale glass reactor shown in Figure 4-16a).

Exp. ContentofIL10in Average Langmuir Porosity Pore BET average
the aq. phase (wt %) particle surface area shape pore diameter
size (mm) (m*g™) (nm)
1 100 0.5 57.6 Nonporous - -
2 70 1.6 191.9 Mesopores  Ink bottle 3.8
3 50 1.9 208.8 Mesopores  Ink bottle 3.7
4 30 2.4 268.8 Mesopores Slit 4.4
5 10 2.7 303.8 Mesopores Slit 4.6
6 0 (90 °C) 27 158.8 Mesopores Cylindrical 7.7
7 0(90 °C, no toluene) 1.3 1.7 Nonporous - -

The results in Table 4-6 reveal that beads with “large” average particle size (> 1.5 mm) can be
classified as good porous materials. More important, the results in Table 4-6 also reveal a strong
influence of the content of IL 10 on the formation of surface area. First, when both IL 10 and pore former
(toluene) are included in the synthetic formulation of the beads (Exps. 1-5, Table 4-6) and the amount of
toluene remains constant, the creation of surface area is strongly related to the content of IL in the
aqueous continuous medium of the suspension and therefore to the size of the polymer beads obtained,
as explained before. These results reveal that a low content of WSIL in the reaction medium yields
particles with large sizes and surface areas whilst a high content of WSIL promotes the synthesis of
beads with small sizes and surface areas. Second, the inclusion of a pore former has been found to be
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essential to create surface area in the polymer beads, as revealed by additional experiments where
toluene was not used, and even in presence of WSILs, nonporous materials were obtained. In general,
the absence of WSILs or stabilizing agents in the reaction system leads to unstable systems or
coalescence of the beads in suspension polymerization reactions. However, to investigate the pure effect
of toluene as a pore former and in the absence of any stabilizers, Exps. 6 and 7 (Table 4-6) were
performed. These suspension polymerization reactions were carried out at 90 °C owing to the fact that at
lower reaction temperatures the suspension may be unstable and show coalescence. From these results,
it is again confirmed that the absence of toluene yields nonporous materials with a small surface area
(Exp. 7, Table 4-6). In the case of Exp. 6, polymer beads with a relatively large surface area were formed
as expected with the inclusion of toluene. However, when comparing results of Exps. 5 and 6 (Table 4-6),
it is clear that the combination of pore former and a relatively small amount of WSILs (10 wt %) in the
reaction mixture promotes a more efficient formation of surface area (around twice as large) for polymer
beads with similar average particle sizes (2.7 mm).
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Figure 4-19: Shape of the nitrogen adsorption/desorption isotherms at 77 K of some the experiments reported in
Table 4-6. The materials can be classified according to the shape of the adsorption isotherms. (a) Experiment 1
(Table 4-6), nonporous polymer beads. (b) Experiment 3 (Table 4-6), mesoporous polymer beads with ink-bottle-like
pores. (c) Experiment 4 (Table 4-6), mesoporous polymer beads with slit-shape pores. (d) Experiment 6 (Table 4-6),
mesoporous polymer beads with cylindrical pores.

The morphology of some of synthesized polymer beads was also investigated by scanning electron
microscopy (SEM) to gain an insight into the formation of pores. Images of the obtained morphologies are
shown in Figure 4-20, which shows the presence of pores in the polymer beads. Moreover, from the
results of Table 4-6 and the shape of the adsorption/desorption isotherms of Figure 4-19 it can also be
observed that the shape of the pores formed in the polymer beads can be modified by varying the
concentration of the WSIL during the synthesis. From these findings one can conclude that, at least for
the investigated reaction systems, the combination of a pore former and the use of a WSIL as stabilizing
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agent in suspension polymerization reactions may allow the surface area of polymer beads to be “tuned”
during their synthesis.

Figure 4-20: Morphology of some of the synthesized cross-linked polymer beads (Figure 4-15). The cross-linked
beads were synthesized by suspension polymerization using a water-soluble ionic liquid as stabilizing agent
(IL 10, Figure 4-14) under similar reaction conditions to those used in the experiments reported in Table 4-4 (using
the laboratory-scale glass reactor shown in Figure 4-16a). (a) and (b) images obtained from Exp. 5 (Table 4-6).
(c) Image obtained from Exp. 2 (Table 4-6).

4.3.3 Heterogeneous polymerization reactions of non-cross-linked systems using
water-soluble ionic liquids as reaction media

So far the discussion about heterogeneous polymerization reactions performed in WSILs and in their
aqueous solutions has been focused on cross-linked systems. However, the synthetic heterogeneous
method described above can also be extended to the preparation of non-cross-linked systems (linear
homopolymers). This case is similar to the case described in section 4.2.2 for the homogenous
preparation of hydrophobic polymers in hydrophilic ILs, but in the cases discussed next the synthesis of
hydrophobic polymers in WSILs proceeds in a heterogeneous way since the monomers are not soluble in
the ILs utilized. The linear homopolymers obtained by this method can be isolated by a similar process as
described above (by washing with water followed by a filtration step). Moreover, the IL can also be
recovered from the resulting aqueous solutions using a similar approach as reported in section 4.2.2.

This last polymerization procedure to be addressed is important due to the fact that many commodity
homopolymers and copolymers are prepared industrially in continuous solution polymerization processes
using large amounts of VOCs. As mentioned above, bulk polymerization methods are advantageous to
prepare commodity polymers, but comprise problems as the components involved in the reactions are
hard to mix uniformly and the control of the temperature becomes more difficult during the course of the
reactions, concomitant with increases in viscosity. For this reason, solution polymerization processes are
often preferred over bulk processes to obtain less viscous reaction media and, consequently, to gain a
better control of the processes. Many important commaodity polymers, such as poly(methyl methacrylate),
poly(acrylonitrile), styrene-acrylonitrile copolymers and polyolefins are prepared by solution
polymerization reactions.**® Hence, VOCs such as ethylbenzene or toluene are industrially utilized in
large amounts in solution polymerization processes to overcome the aforementioned problems. However,
by using VOCs other problems arise such as the decrease of the productivity (due to the slower
polymerization rates and larger reaction volumes) and the emission of VOCs into the environment.

Despite of the fact that in some cases the use of ILs as reaction media to perform polymerizations
yields faster polymerization rates (as reported in section 4.2.1 and in the Iiterature[6°’"]), the main interest
to use these substances is due to their potential as “green solvents” compared to the well-established and
previously unrivaled VOCs. To develop more efficient and environmentally-friendly processes for the
preparation of commodity polymers, the use of WSILs as reaction media is a promising approach as
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described above. Hence, the main objective of this last discussion in this chapter is to address briefly
kinetic aspects of the heterogeneous synthesis of some commodity homopolymers performed in WSILs.

a) MMA polymerizations
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Figure 4-21: Plots of monomer conversion against time for free radical polymerization reactions performed in bulk
and in two water soluble ionic liquids (1-butyl-3-methyimidazolium tetrafluoroborate (IL 8) and
1-ethyl-3-methyimidazolium tosylate (IL 9); Table 4-1, Figure 4-1)) at 70 °C, and initiated by 2,2"-azobisisobutyronitrile
(AIBN). (a) Polymerization reactions of methyl methacrylate (MMA) (images of the reaction vials within the kinetic
measurements were performed and after the precipitation of the polymers with water, are also shown).
(b) Polymerization reactions of butyl methacrylate (BMA). (c) Polymerization reactions of styrene (ST).

Kinetic studies are important to determine the feasibility of performing polymerization reactions in the
specific ILs and they may also provide useful information to scale-up the polymerization reaction to
continuous processes. Thus, the free radical bulk and heterogeneous polymerizations of methyl
methacrylate (MMA), butyl methacrylate (BMA) and styrene (ST) were performed in two WSILs
(1-butyl-3-methyimidazolium tetrafluoroborate (IL 5) and 1-ethyl-3-methyimidazolium tosylate (IL 9);
Table 4-1, Figure 4-1)) using a conventional heating system based on a heat transfer fluid (oil bath) (see
the experimental part for a full description of the reaction systems). The kinetic measurements obtained
for these polymerization reactions are shown in Figure 4-21. In Figures 4-21a and 4-21b, it can be
observed that the polymerization rates for MMA and BMA in the WSILs are faster than in the case of bulk
polymerization, being this effect more remarkable in the case of MMA. Reaction rates larger than those
observed in conventional VOCs have been previously reported in the literature for the polymerization
reaction of MMA performed in the hydrophobic IL 1-butyl-3-methylimidazolium hexafluorophosphate
(6; Table 4-1, Figure 4-1).°*" However, a faster reaction rate for a polymerization performed in ILs in
comparison to the bulk case has not been reported previously as observed in Figure 4-21a for the free
radical polymerization of MMA. Figure 4-21a also reveals that the “gel effect” characteristic of the bulk
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polymerization of MMAP"! is stronger in the cases where ILs 5 and 9 are used as reaction media.

Regarding the free radical polymerization of ST (Figure 4-21c), the acceleration of the reaction rate
observed in the case of MMA due to the use of WSILs is not observed clearly. The observation that the
use of ILs as reaction media for heterogeneous free radical polymerization reactions has almost no effect
(or even positive effect) on the polymerization rates (compared to bulk reactions) is an important finding
because conventional homogeneous (solution) polymerization reactions performed in VOCs, normally
show lower polymerization rates when compared to bulk cases. According to the previous observation,
the use of ILs as reaction media for heterogeneous free radical polymerization reactions does not
decrease the polymerization rates as VOCs do in conventional solution polymerization reactions, which
turn ILs even more attractive candidates for the replacement of VOCs in this kind of processes.
Even though the use of ILs requires an increase of the volume of the reactors (compared to bulk
polymerization reactions), the facts that the polymerization rate is not depleted and that an improved
control over the reaction is enabled, perfectly counter-balance the change in the volume of the reactors
(or the decrease in amounts produced).

The use of WSILs allows a satisfying precipitation of PMMA with water in the investigated cases as
shown in the images of Figure 4-21a. After precipitation, the polymer can be separated from the aqueous
media by filtration, and the ILs can be recovered by distillation and reused in further reactions similar to
the case displayed in Figure 4-13. In the polymerization reactions of BMA and ST, the precipitation
process of the polymers with only water was less effective (but still efficient), especially for the low
conversion reaction vials. For this reason, a mixture of methanol/water (20/80% vol.) was used to improve
the precipitation process and to obtain more reliable kinetic measurements. Note that, even though the
monomers and polymers investigated are not soluble in the WSILs used, stable suspension reactions,
with similar characteristics to those displayed in Figure 4-16b (suspended waxy solids, and/or chalky
solids similar to those reported in the Iiteraturem), were observed by stirring slightly the mixtures.
Therefore, the polymerization reactions investigated take place in suspension, which facilitates the
isolation of the polymers with water and avoids the use of VOCs.

The findings in this research related to the polymerization of MMA are of especial interest in terms of
scaling-up the process to a pilot plant and/or industrial scales. Because the continuous bulk
polymerization of MMA is difficult to perform in an industrial scale, solution processes are often
utilized.**2° Normally, a solution polymerization process, in ethylbenzene and/or other VOCs, is used in
the industrial production of PMMA to ensure manageable levels of viscosity in continuous processes. At
the end of the polymerization reactions, the VOCs utilized must be removed from the product by using a
devolatilization step. This latter procedure is usually carried out by heating the reaction mixture (up to
200 °C for a sufficient devolatilization),[3a] followed by a strong pressure drop (flash). Furthermore, this
devolatilization step limits significantly the overall yield of the process due to the relatively poor thermal
stability of PMMA, which provokes the partial degradation of the polymer backbone into monomeric
units.® For these reasons the use of WSILs as reaction media for this specific continuous polymerization
processes may become an alternative approach for polymer industry (using a similar continuous process
as conceptualized in Figure 4-13). Among the advantages of the synthetic method proposed are:
(1) Minimum or even no emissions of VOCs into the environment, (2) polymerization rates similar (or even
faster) to those observed in bulk polymerization reactions (at least under the explored reaction
conditions), (3) energy savings (the reactions can be performed at lower temperatures), and
(4) a convenient recycling method of the reaction media (WSILs) for further polymerizations.

Other industrial polymerization processes that may be considered to investigate the approach
presented in this work are: (1) The production of poly(vinyl chloride) (usually produced by suspension
polymerization; the polymer is soluble in 1-butyl-3-methylimidazolium chloride (IL 10; Table 4-1,
Figure 4-1) and can be precipitated with water),’® (2) the production of poly(acrylonitrile) (very exothermic
polymerization reaction when it is performed in bulk conditions; the polymer is also soluble in IL 10
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(Table 4-1, Figure 4-1) and can be precipitated with water),[ssl and (3) the production of
styrene-acrylonitrile copolymers. Even though the feasibility of performing the “green” synthesis of linear
polymers in WSILs has been demonstrated, the advantages of the methods proposed in this work when
compared to other green polymerization approaches (emulsion and suspension polymerization
processes) still have to be determined. As addressed in section 4.3.2, the main advantage of using
WSILs in cross-linked systems is the control of the properties (average size and surface area) of the
polymer beads synthesized, which can not be easily achieved in conventional suspension systems.
However, the size of the beads is not a critical issue for the non-cross-linked systems (linear polymers)
analyzed in this section, since commodity polymers produced by these methods will still have to be
reprocessed before the final applications of the materials. Therefore, the advantages of using
heterogeneous processes based on ILs over the conventional emulsion and suspension methods based
on water for the cases analyzed in this section must be still evaluated by mean of a detailed analysis and
comparison of the parameter space of both approaches.

4.4 Conclusions

In this chapter the feasibility to carry out polymerizations by different reaction mechanisms
(cationic ring opening and free radical) and methods (homogeneous and heterogeneous), utilizing ILs as
reaction media has been analyzed. In addition, a combination of microwave irradiation, as an efficient and
alternative heating source, with the highly ionic reaction medium supplied by ILs has been also
investigated. The results revealed that polymerization reactions performed under microwave irradiation
and in the presence of ILs show higher heating rates than their corresponding bulk and solution
(in conventional VOCs) polymerization cases. In some of the investigated reactions the use of ILs as
reaction media have also revealed that polymerizations performed under these conditions can show
increased polymerization rates in comparison to the reactions performed in conventional VOCs (case of
the cationic ring opening polymerization (CROP) of 2-ethyl-2-oxazoline (EtOx) and, in some cases, even
in bulk conditions (case of the free radical polymerization of methyl methacrylate). Moreover, the CROP of
EtOx in one of the ILs investigated keeps its living character opening the possibility of constructing
well-defined block copolymers with an environmentally-friendly approach.

This chapter also addressed the use of water-soluble ionic liquids (WSILs) as stabilizing agents for
the synthesis of polymers by suspension polymerization reactions. Due to the surface active properties
shown by the described WSILs, the method investigated allowed tuning of the average particle size (from
the macro- to the nanoscale) and of the surface area of the polymer beads synthesized by adjusting the
concentration and the aliphatic side-chain length of the WSILs in the aqueous phase of the suspension
polymerization reactions.

Thus, it has been demonstrated that the homogeneous and heterogeneous synthesis of hydrophilic
and hydrophobic polymers can be performed efficiently using a “green” approach. The selection of a
suitable IL for a specific polymerization reaction is the key factor for the development of efficient and
clean polymerization processes, which may allow for the depletion of emissions of VOCs into the
environment and for energy savings. In addition, the combination of ILs as reaction media with microwave
irradiation may allow more efficient heating of polymerization reactions and, therefore, for energy savings.
The right selection of an IL in combination with water facilitates the isolation of the polymers and the
recycling of the IL utilized for further polymerization reactions. In this regard three possible scenarios
were identified: (1) The homogeneous synthesis of hydrophilic polymers (e.g., CROP of EtOx) can be
carried out efficiently in hydrophobic ILs (where both monomer and polymer are soluble). This approach
facilitates the isolation of the hydrophilic polymer by a simple extraction with water and the IL can also be
recovered easily and reused in further polymerization cycles. (2) The homogeneous synthesis of
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hydrophobic polymers can be carried out in hydrophilic ILs (where both monomer and polymer are
soluble). In this case, the isolation of the hydrophobic polymer can be performed by precipitating the
polymer with water and followed by a filtration step. In addition, the IL can be recovered from the resulting
aqueous solutions by a distillation process, which can be carried out efficiently utilizing a
microwave-assisted distillation. (3) The heterogeneous synthesis of hydrophobic polymers can also be
carried out in a hydrophilic IL (where both monomer and polymer are insoluble) by suspension
polymerization reactions. Similar to the previous case, the isolation of the hydrophobic polymer in this
case can be improved by a precipitation step with water and followed by a filtration procedure. Like in the
previous case, the IL can be recovered from the resulting aqueous solutions by a distillation process
(e.g., under microwave irradiation).

In addition to the efficient polymer isolation and the IL recycling in the investigated polymerization
systems by utilizing water as a co-solvent, it has been demonstrated that the IL recovered can be reused
to perform additional polymerization reactions, which have yielded polymers with comparable properties
to those obtained in previous cycles. This completes the “green” approach of the polymerization methods
proposed in this chapter and opens opportunities for the development of more efficient and cleaner
processes in polymer synthesis.

Even though the feasibility of performing polymerizations using ILs as reaction media has been
demonstrated, a detailed knowledge of all the reaction parameters involved in the polymerizations
discussed here is necessary before developments may be implemented in the polymer industry. It is clear
that future research in this direction might be focused on optimization procedures of the synthetic
approaches proposed in this chapter in order to determine its potential for a real implementation in
industrial scales. These optimization procedures must take into account the influence and inter-
relationship of numerous variables on specific polymerization systems (such as the concentration of IL
necessary in the polymerization mixture to keep manageable viscosity levels under certain reaction
conditions, the cost and toxicity of the ILs utilized, the yield of the polymerization reactions, the energy
spent during the recycling operation of the IL, etc.).

As described in this chapter, there are many polymers that are soluble in different ILs whereas other
polymers not. By combining different polymeric chains into block copolymers, it is expected that they self-
assemble into micellar aggregates in the presence of an IL that is a thermodynamically good solvent for
one of the blocks and a bad solvent for the other block. These new and interesting micellar systems are
the topic for the discussion presented in the next chapter.

4.5 Experimental part

4.5.1 Experimental part for homogeneous polymerization reactions in ionic liquids and under
microwave irradiation

Reagents and solvents. 2-Ethyl-2-oxazoline (EtOx), 2-phenyl-2-oxazoline (PhOx), and methyl methacrylate
(MMA) monomers were distilled under vacuum and stored under argon (EtOx and PhOx at room temperature, and
MMA at —25 °C) prior to use. 2-(m-Difluorophenyl)-2-oxazoline (F2Ox) was synthesized and purified as reported
elsewhere.?®! 2,2'-Azobisisobutyronitrile (AIBN) was re-crystallized from methanol and stored under argon at —25 °C
prior to use. Methyl tosylate (MeTos) was distilled under vacuum and stored under argon at room temperature prior to
use. Acetonitrile was died over molecular sieves (3 A). lonic liquids (ILs) (see Table 4-1 and Figure 4-1):
1-Butyl-3-methylimidazolium hexafluorophosphate (2), 1-butyl-3-methylimidazolium trifluoromethanesulfonate (4),
1-butyl-3-methylimidazolium  tetrafluoroborate  (5), trihexyltetradecylphosphonium  chloride  (8), and
1-ethyl-3-methylimidazolium tosylate (9) were synthesis grade and obtained from Merck KGaA (4 and 8) and Solvent
Innovation GmbH (2, 5 and 9) as kind gifts. ILs were dried in a vacuum oven at 40 °C for at least 3 days prior to use.
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Microwave-assisted polymerizations and ionic liquid recycling procedures. Microwave-assisted
polymerizations (in bulk or in ILs as reaction media) were performed in a single-mode microwave system Emrys
Liberator (Biotage) (see, for example, ref.* for a detailed description of the microwave platform) using a power of
150 watts, conical glass reaction vials (1.5 mL) and magnetic stirring. All polymerizations experiments were carried
out under an argon atmosphere and the total amount of the reaction mixture in the different reaction vials was kept
constant in order to allow a direct comparison of the obtained results and heating profiles between the polymerization
systems.

For the cationic ring opening polymerizations (CROP) of EtOx, reaction vials were filled under an argon
atmosphere with 350 mg of distilled monomer (EtOx), 11 mg of distilled initiator (MeTos), and 540 mg of the
respective reaction medium (IL or an acetonitrile/IL mixture (50/50 wt %)), exposed to the desired reaction conditions
under microwave irradiation (temperatures and times), and quenched by cooling the reaction vials with nitrogen gas
followed by adding 50 yL of de-mineralized water into the reaction mixture. Due to the relatively small reaction
volumes used for the kinetic studies of this investigation, the recycling procedure of IL 2 is demonstrated qualitatively
as depicted in Figure 4-9. Thus, the recycling procedure was performed as follows. For the CROP experiments
performed in pure IL 2 in different polymerization vials (different reaction temperatures and times), all remaining
reaction mixtures (after molecular weight and conversion determinations) were combined and mixed with a 3-fold
excess of purified water in order to extract the polymer and un-reacted monomer (which are better soluble in water
than in IL 2) into the aqueous phase. This mixture (15 reaction vials) was magnetically stirred for 0.5 h at room
temperature. The resulting heterogeneous mixture was placed into an extraction funnel until a clear phase separation
occurred (Figure 4-9). Subsequently, IL 2 was recovered from the funnel, dried under vacuum at 40 °C, and analyzed
by "H-NMR (which confirmed the absence of polymer and monomer). Thereafter, the recovered IL 2 was utilized in a
second series of polymerization experiments yielding similar results to the ones obtained in the first cycle. In addition
to the IL recovery, the polymer can be isolated by evaporation of the water as depicted in Figure 4-9.

CROP of PhOX and F>Ox were performed in a similar way as in the case of EtOx. For these cases, CROP of
PhOx and F»Ox were initiated by 2 and 3 wt % of MeTos (referred to the amount of monomer), respectively. The
polymerizations were carried out at 140 °C for 10 min in the case of PhOx and for 30 min in the case of F,Ox. In
these polymerizations the IL recycling and the polymer isolation were performed in a similar way as described below
for the free radical polymerizations of MMA.

The microwave-assisted free radical polymerizations (FRP) of MMA were initiated by AIBN (1 wt % referred to
amount of monomer). The polymerization vials were filled under an argon atmosphere with the corresponding amount
of reagents. The polymerizations were performed at 100 °C for 20 min and quenched by cooling the reaction vials
with nitrogen gas. Additional experiments of microwave-assisted FRP of MMA (Exps. 16-18, Table 4-3) using a larger
reaction volume (15 mL at a concentration of 25 wt %of MMA in IL 5) were performed in a single-mode microwave
system Discover (CEM) (see, for example, ref.® for a detailed description of the microwave platform) in order to
illustrate better the IL recycling concept. For these experiments the IL recycling and polymer isolation were performed
as follows. A five-fold excess of water was added into the reaction mixtures at the end of the polymerizations in order
to precipitate the polymer and to obtain the corresponding IL aqueous solutions. Subsequently, the polymers were
isolated by filtration and the aqueous solutions recovered. Thereafter, microwave-assisted distillations of water from
the resulting IL aqueous solutions were performed in the Discover microwave platform utilizing a temperature of
140 °C for 20 min at atmospheric pressure in order to recover the IL for further polymerization cycles. For this
purpose, the microwave apparatus was utilized with an open system configuration and the obtained distillated (water)
was recovered and condensed through a flexible tubing.

Characterization techniques. Gel permeation chromatography (GPC) measurements of the obtained polymers
were performed on a Shimadzu system with a RID-6A refractive index detector and a Plgel 5 ym Mixed-D column.
A solution of 4% triethylamine and 2% isopropanol in chloroform was used as an eluent at a flow rate of 1 mL min”’
and a column temperature of 50 °C for the materials derived from the polymerizations of EtOx, PhOx and MMA
samples. In a similar GPC platform, a solution of 49.5 mmol L™" of lithium choloride in N,N-dimethylacetamide was
used as an eluent at a flow rate of 1 mL min™" and a column temperature of 60 °C for the analysis of the materials
derived form the polymerizations of F2OX. Molecular weights were calculated against poly(methyl metacrylate) or
polystyrene (in the cases of PhOx and F,Ox) standards. The conversion of the polymerizations were estimated by
proton nuclear magnetic resonance spectroscopy (1H-NMR) on a Varian Gemini 400 spectrometer at 25 °C by
dissolving small amounts of the reaction mixtures after the polymerizations in a proper deuterated solvent (chloroform
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(CDClI3) for EtOx and MMA, acetonitrile for F2Ox and dichloromethane for PhOx). The purity of the utilized ILs was
also investigated by '"H-NMR using deuterated dimethyl sulfoxide (ds-DMSO) at 25 °C.

4.5.2 Experimental part for heterogeneous polymerization reactions in ionic liquids and in their
aqueous solutions.

Reagents and solvents. 1-Methylimidazole and N-vinylimidazole (Aldrich) were distilled under reduced pressure
and stored at room temperature prior to use. Ethylene glycol dimethacrylate (Aldrich) was purified by passing through
active alumina (Merck) and stored at 4 °C prior to use. Methyl methacrylate (MMA), butyl methacrylate (BMA), and
styrene (ST) were dried under calcium hydride, distilled under vacuum and stored under argon at —18 °C prior to use.
2,2'-Azobisisobutyronitrile (AIBN) was re-crystallized from methanol and stored under argon at —25 °C prior to use.
lonic liquids (ILs) (see Table 4-1 and Figure 4-1): 1-butyl-3-methylimidazolium tetrafluoroborate (5), and
1-ethyl-3-methylimidazolium tosylate (9) were synthesis grade and obtained from Solvent Innovation GmbH. These
ILs were dried in a vacuum oven at 40 °C for at least 3 days prior use. 1-Butyl-3-methylimidazolium chloride (10),
1-decyl-3-methylimidazolium chloride (11), and 1-hexadecyl-3-methylimidazolium chloride (12) water-soluble ionic
liquids (WSILs) (see Table 4-1 and Figure 4-1) were obtained by microwave-assisted synthesis as described below.
All other materials were used as received.

Water-soluble ionic liquids by microwave-assisted synthesis. WSILs were synthesized by microwave
heating in a similar way to those methods reported in literature, "' by reacting 1-methylimidazole with a molar excess
(1.1 mol) of the corresponding chloroalkane (1-chlorobutane, 1-chlorodecane, or 1-chlorohexadecane; Aldrich). The
reactions were performed in sealed reaction vials (10 mL) specially designed for the single-mode microwave system
Emrys Liberator (Biotage). These vials were filled with the reagents, sealed and degassed with argon for 2 min. The
reaction volume for every batch was 5 mL (per vial). The reagents were mixed during the microwave-assisted
reaction by using a magnetic stirring system included in the microwave apparatus. Optimal reactions conditions for
the synthesis of these WSILs in the aforementioned microwave platform were found to be 170 °C and a reaction time
of 6-7 min under a high absorption reaction mode (150 Watts). At the end of the reaction time the vials were
decapped and any un-reacted material (upper organic phase) were decanted. Note that under the reaction conditions
described, the lower organic phases in the reaction vials (WSILs) were almost colorless liquids in the case of
1-butyl-3-methylimidazolium chloride (IL 10) and 1-decyl-3-methylimidazolium chloride (IL 11), and a white solid in the
case of 1-hexadecyl-3-methylimidazolium chloride (IL 12). The synthesized WSILs (10, 11, and 12; Table 4-1,
Figure 4-1) were further purified to remove traces of un-reacted starting materials as follows: IL 12 was re-crystallized
from acetone and dried under vacuum at 40 °C, IL 11 was washed several times with ethyl acetate before drying
under vacuum at 40 °C, and IL 11 was just dried under vacuum at 40 °C since the yield of this reaction was close to
100%. "H-NMR spectra of the synthesized WSILs confirmed their chemical structure (Figure 4-1) and the purity of the
materials. The long aliphatic chain WSIL, 12 (Table 4-1, Figure 4-1), was obtained as a white powder at room
temperature. Even though its melting point was found to be 41 °C as revealed by differential scanning calorimetry
(DSC) measurements, it can still be classified as an IL (melting points below 100 °C).[1g] The melting point of IL 11
(Table 4-1, Figure 4-1), found by DSC, was around 4 °C. Although IL 10 (Table 4-1, Figure 4-1) was obtained as a
liquid substance at room temperature from the microwave-assisted synthesis, after some days it started to crystallize;
its melting point was determined to be around 55 °C. The rest of the experiments in this work involving IL 10
(Table 4-1, Figure 4-1) were performed using the liquid substance before crystallization (as obtained from the
synthesis and purification procedures).

Synthesis of cross-linked polymer beads by free radical suspension polymerization reactions in ionic
liquids aqueous solutions. Typical suspension polymerization experiments were performed using a similar
formulation reported in literature for the synthesis of poly(ethylene glycol dimethacrylate-N-vinyl imidazole)
cross-linked beads.!"® The main difference between this latter synthetic approach and the one used here lies in the
preparation of the aqueous phase. In order to study the stability of the suspensions using WSILs as stabilizing
agents, the aqueous phases were prepared by dissolving predetermined amounts of the corresponding WSILs
(instead of poly(vinyl alcohol))m] in purified water (de-mineralized). The organic phase was formulated (on the basis
of 50 g of aqueous phase) with ethylene glycol dimethacrylate (6 mL; 32 mmol), toluene (4 mL; 38 mmol) (pore
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former), N-vinylimidazole (3 mL; 33 mmol), and AIBN (100 mg; 0.6 mmol). The aqueous phase was placed in the
corresponding experimental setup (as described below) at the desired reaction temperature. Subsequently, the
organic phase was dispersed into the aqueous medium by vigorous stirring. This moment was considered to be the
beginning of the polymerization reaction, which was conducted for 0.5 h to obtain almost 100% yield of polymer
beads based on the initial amount of monomers (as determined by gravimetry). The polymer beads obtained were
separated from the aqueous phase by filtration, washed with water and ethanol to remove un-reacted monomer and
pore former (toluene), dried, and stored at room temperature.

To determine the stability of the suspension polymerization reactions in the presence of WSILs, two different
experimental setups were employed. A typical laboratory-scale glass reactor (Figure 4-16a) consisting of a
round-bottomed flask (50 mL) placed in an oil-bath (80 °C) and stirred (400 rpm) by a cylindrical PTFE-coated
magnetic stirring bar. The experimental scale for this laboratory setup was 25 mL based on the aqueous phase.
This setup was utilized to evaluate the potential of WSILs as stabilizing agents in the suspension polymerization
reactions described and therefore the rest of the reaction conditions remained unmodified (under the previously
mentioned conditions). The reaction conditions utilized in the suspension polymerization experiments performed with
the experimental setup shown in Figure 4-16a are summarized in Table 4-4.

A second experimental setup consisting of an automated parallel synthesizerm] (A-100 auto-plant, Chemspeed
Technologies) (Figure 4-16¢c) was used to perform a qualitative study involving the variation of more reaction
conditions simultaneously. In this way, the influence of the reaction temperature and the content of one of the utilized
WSILs (IL 10; Table 4-1, Figure 4-1), co-monomers, and pore former on the stability of the suspension polymerization
reactions could be qualitative investigated. The advantage of performing experiments in parallel (using the same type
of reactors, the same stock solutions of reagents, etc.) is that the reaction conditions can be varied systematically and
that the results are, therefore, easily comparable. The main characteristic of this experimental setup is the
mechanical agitation that can be applied to the reaction systems, which is, next to the stabilizing agent, one of the
most important variables influencing the stability of monomer-polymer drops in suspension polymerization reactions.
An anchor-type impeller and an agitation speed of 400 rpm were found to be suitable for performing the required
suspension polymerization experiments. The experimental scale for this setup was 50 mL based on the aqueous
phase. The reaction conditions of the suspension polymerization experiments carried out in the synthesizer shown in
Figure 4-16¢ are summarized in Table 4-5.

Kinetic investigations of free radical bulk and heterogeneous polymerization reactions in water-soluble
ionic liquids as reaction media. Kinetic measurements of the free radical polymerization reactions of methyl
methacrylate (MMA), butyl methacrylate (BMA) and styrene were performed in 8 mL vials with magnetic stirring.
0.5 mL of a 1 wt % solution of AIBN in the respective monomer and 0.5 mL of the corresponding WSIL were
transferred to each reaction vial. Subsequently, the vials were sealed with rubber septa and degassed with argon for
5 min. The vials were placed in a constant temperature oil bath (70 °C). After the desired reaction times, the vials
were cooled in an ice bath and 0.1 mL of a 1 wt % solution of hydroquinone in tetrahydrofuran was added into the
vials. Thereafter, 5 mL of deionized water were added into the vials containing the suspensions formed to achieve the
complete precipitation of the polymer synthesized. The polymers precipitated were filtered from aqueous solution and
dried in a vacuum oven at 50 °C overnight. Conversions were determined by gravimetry. The WSILs utilized can be
recovered from the respective aqueous solution by distillation.

Characterization techniques.

'H-NMR spectra of the synthesized WSILs were recorded at 25 °C on a Varian Gemini 300 spectrometer using
deuterated dimethyl sulfoxide (de—DMSO) (Cambridge Isotopes Laboratories).

The melting points of the synthesized WSILs were determined by differential scanning calorimetry (DSC) on a
Netzsch DSC 204 F1 instrument calibrated with indium. Multiple heating and cooling scans (20, 40 and 10 °C min”’
scan rates) were generated over a temperature range of —100 to 250 °C using nitrogen as the purge gas. The melting
point temperatures were noted at the maximum points of the heat capacity peaks during the heating scans.

Surface and interfacial tension parameters were measured using a Kriss K10T tensiometer with a Wilhemy plate
and by the Du Nouy ring method, respectively. From the surface tension measurements the critical micellar
concentrations were determined.
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Particle sizes and particle-size distributions were determined using digital image analysis techniques.[zgl
Images of large- and medium-sized particles (> 1 mm) (for the particle sizes see Tables 4-4 and 4-5) were obtained
with a conventional digital camera. Images of small-sized particles (< 1 mm) (for the particle sizes see Table 4-5)
were obtained with an optical microscope (Optem, zoom 125) equipped with a digital camera (Sony Exwave HAD).
In both cases, the images obtained were analyzed using the image processing toolbox incorporated into the MATLAB
software to obtain the average particle size and particle-size distribution (see the results given in Tables 4-4 and 4-5).
Figure 4-22 shows an overview of this characterization technique for two selected experiments reported in Tables 4-4
and 4-5. Some of the experiments reported in Tables 4-4 (Exps. 5 and 7) and 4-5 (Exps. 4, 8, 9, 11, 13, and 14)
yielded particles with average sizes in the nanometer range. In these cases, the materials obtained had a similar
appearance to those synthesized in other pure ILs (gel, waxy solid, and/or chalky solid compounds).m In all the
experiments described, the composites were dispersed in water (~0.1 g L‘1) under vigorous stirring until stable
emulsion-like dispersions were obtained. The resulting dispersions were analyzed by dynamic light scattering (DLS);
the average particle sizes are reported in Tables 4-4 and 4-5. The DLS measurements were performed at 25 °C at
90° on a Malvern 4700 DLS Particle Size Analyzer apparatus equipped with a 488 nm laser. The values of the
refractive index and viscosity of water used were 1.331 and 0.89 cPoise (1 cPoise = 0.001 Kg m™’ 5'1), respectively.
Imaging of one selected sample (Exp. 4, Table 4-5) in dry conditions was performed by atomic force microscopy
(AFM) (in a similar way as described in section 3.2.3 for block copolymer micelles) as shown in Figure 4-17. For this
measurement, a sample from Exp. 4 (Table 4-5) used during the DLS measurements was additionally diluted with
water (100-fold) and spin-cast (to obtain near monolayer coverage) onto a clean silicon wafer substrate. Imaging was
performed in intermittent contact mode on a Multimode SPM (Digital Instruments, Santa Barbara, CA) using
NSC36-type tips (~1 N m~', Mikromasch, Spain). The height of the beads was determined from histograms after
zero"-order leveling of the images (in a similar way as described in section 3.2.3 for block copolymer micelles).
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Figure 4-22: Overview of the determination of the average patrticle size and patrticle-size distribution of some of the
synthesized cross-linked polymer beads (Figure 4-15) by digital image analysis techniques. (a) Digital images of
large-sized particles (Exp. 1, Table 4-4) and their respective particle-size distribution, as obtained after the
corresponding statistical analysis. (b) Digital images of small-sized particles (Exp. 15, Table 4-5) and their respective
particle-size distribution, as obtained after the corresponding statistical analysis.

Surface area, pore size and pore-size distribution of the synthesized polymer beads were determined using
nitrogen adsorption (TriStar 3000 apparatus of Micromeritics) at 77 K. Samples were dried under vacuum at 40 °C for
three days just prior to the measurement.

The surface morphology and porosity of the polymer beads were examined using scanning electron microscopy
(SEM) (JEOL JSM-840A). The samples were initially dried under vacuum at 40 °C for three days before being
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analyzed. Dried polymer beads were mounted on a SEM sample holder, sputter coated with gold for 2 min, and
scanned at the desired magnification.
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CHAPTER 5

Block copolymer micelles in ionic liquids

Abstract

A detailed overview about the state of the art (preparation, characterization and applications) of block
copolymer micellar systems in ionic liquids (ILs) is presented. The self-assembly of several (poly(styrene-block-
methyl methacrylate), poly(2-nonyl-2-oxazoline-block-2-ethyl-2-oxazoline), poly(styrene-block-ethylene  glycol)
supramolecular diblock copolymer, and poly(2-nonyl-2-oxazoline-block-2-ethyl-2-oxazoline-block-2-methyl-2-
oxazoline)) block copolymers into micellar aggregates was investigated in the presence of hydrophobic and
hydrophilic ionic liquids. Furthermore, alternative methods for the characterization of these systems are proposed and
compared with previously used approaches. Experimental results revealed that the nature of the ionic liquids could
exert an influence on the structure of the formed micellar aggregates for the same block copolymer. In addition, the
thermo-reversible micellar phase transfer process between an ionic liquid phase and an aqueous phase was
investigated and results showed that the transfer process is a completely reversible phenomenon which can be
controlled. Moreover, encapsulation of guest molecules into the micellar cores as well as their phase transfer process
between the two abovementioned phases were successfully achieved and it was found that the thermo-reversible
phase transfer of encapsulated dye molecules is also feasible. Other observations demonstrated the one-way
transfer and release of guest molecules, the recovery and reload of previously used micelles with new guest
molecules, and the use of block copolymer micelles as confined nano-environments. These findings may be applied,
for example, for the development of advanced heterogeneous micellar catalytic systems with novel features such as
the recovery of expensive or toxic catalysts from the final products, more efficient separation processes, the delivery
of highly accurate amounts of chemical substances in multiphase systems, or the recovery of micellar aggregates for

further use.

Parts of this chapter have been and will be published: (1) C. Guerrero-Sanchez, J. F. Gohy, D. Wouters, S.
Hoeppener, H. Thijs, C. Ott, R. Hoogenboom, U. S. Schubert, Polym. Mat. Sci. Eng. 2007, 96, 936. (2) C. Guerrero-
Sanchez, J. F. Gohy, C. D’'Haese, D. Wouters, S. Hoeppener, H. Thijs, C. Ott, R. Hoogenboom, U. S. Schubert, in
preparation.
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5. Block copolymer micelles in ionic liquids

5.1 Introduction to block copolymer micelles in ionic liquids
As mentioned in chapter 4, ionic liquids (ILs)“a] are substances composed entirely of ions, which are
in a liquid state below 100 °C. Unlike conventional solvents, the properties of ILs (such as viscosity,
solubility, electric conductivity, melting point, etc.) can be easily tuned by varying the composition of their
ions. Nowadays, around 300 ILs are commercially available (and a considerable number of new ILs could
be synthesized) covering a wide range of properties. Due to their negligible vapor pressure (see ref."™ for
a detailed description of this property of ILs) and flammability (see ref."! for a detailed description of this
property of ILs), ILs are considered to be “environmentally friendly” compounds. Moreover, ILs are
characterized by their outstanding chemical and physical stabilities in a broad range of temperature.
Due to these unique properties, ILs have been intensively investigated in recent years to perform different
chemical reactions and are already utilized in different industrial processes (for a recent overview about
ILs see ref.“a]). Even though the toxicity of ILs remains relatively unknown the first studies in this regard
have been recently reported,[zl which will certainly contribute to a better understanding for their
reasonable use in specific applications.

In materials research ILs have been combined with polymers to obtain diverse composites with novel
properties (for a recent overview about this topic see ref.[3]). For instance, ILs have been utilized as
plasticizers for polymers[‘” and for the preparation of polymer electrolytes,[S] polymers with reduced
flammability,’ and polymer-cellulose composites.” In addition, as discussed in detail in chapter 4 of this
work, ILs have also been used as reaction media for polymer synthesis®® in both heterogeneous'® and
homogeneous“ol processes. The existence of heterogeneous and homogeneous polymerization
processes in ILs implies that ILs behave as thermodynamically bad and good solvents, respectively, for
specific polymers. This fact allows also the preparation of self-assembled block copolymers micelles in
ILs."" Thus, when a block copolymer is dissolved in an IL that is a thermodynamically good solvent for
one of the blocks and a bad solvent for the other block the copolymer chains associate to form
micelles."™™ Block copolymer micelles'? have received increasing attention because of their possible
applications as carriers of small molecules in diverse environments'™ and as chemical nano-reactors.!""
Thus, block copolymer micelles have been proposed for, e.g., drug delivery applications!™® and phase
transfer vehicles." The micellization behavior of poly(1,2-butadiene-block-ethylene glycol) and
poly(styrene-block-methyl methacrylate) block copolymers with different chain lengths and block
compositions has been recently investigated in the IL 1-butyl-3-methylimidazolium hexafluorophosphate
(IL 2) (see Table 4-1 and Figure 4-1 for some properties and the chemical structure of IL 2,
respectively)." IL 2 acts as a thermodynamically good solvent for the poly(ethylene oxide) and
poly(methyl methacrylate) blocks, and as bad solvent for the poly(butadiene) and poly(styrene) blocks.
Spherical and wormlike micelles, as well as vesicles have been detected for these systems.!''*
Moreover, the thermo-reversible transfer of the micelles between different phases (IL and an aqueous
phases) has been achieved without perturbing the micellar structures."™™ Unlike most of the studied
micellar systems which only demonstrate one direction delivery capability, micellar systems in ILs may
expand the applications of micellar reactions or micellar catalysis since encapsulated guest molecules
may be reversibly transferred from one phase to another.

Hence, in this chapter various amphiphilic block copolymers have been utilized for the preparation of
micellar systems in two different ILs. The investigated block copolymer systems were found to
self-assemble into micellar aggregates in the presence of the hydrophobic IL 1-butyl-3-methylimidazolium
hexafluorophosphate (IL 2) as well as in the presence of the hydrophilic IL 1-butyl-3-methylimidazolium
trifluromethanesulfonate (IL 4) (see Table 4-1 and Figure 4-1). The micellar systems investigated have
been characterized in detail by several techniques, including transmission electron microscopy (TEM) and
dynamic light scattering (DLS). In addition, the thermo-reversible transfer mechanism of the micellar
aggregates from an IL phase (in the case of IL 2) to an aqueous phase has been investigated. Moreover,
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it is demonstrated that the encapsulation of small organic molecules (dyes) in this type of micellar
systems, as well as their thermo-reversible and non-reversible transfer between the two abovementioned
phases are possible.

5.2 Block copolymer micellar systems in ionic liquids

Table 5-1: Molecular characteristics and measured properties of block copolymer
(poly(styrene-block-methyl ~ methacrylate)  (PS-b-PMMA),  poly(2-nonyl-2-oxazoline-block-2-ethyl-2-oxazoline)
(PNonOx-b-PEtOx), poly(styrene-block-ethylene glycol) metallo-supramolecular diblock copolymer (PS-[Ru]-PEG),
and a  poly(2-nonyl-2-oxazoline-block-2-ethyl-2-oxazoline-block-2-methyl-2-oxazoline) ~ triblock  copolymer
(PNonOx-b-PEtOx-b-PMeOx)) micellar systems in ionic liquids (hydrophobic ionic liquid 1-butyl-3-methyimidazolium
hexfluorophosphate (2) and hydrophilic ionic liquid 1-butyl-3-methyimidazolium trifluoromethanesulfonate (4))
investigated in this work. Mn stands for the average number molecular weight of the block copolymers as measured
by gel permeation chromatography. Rh and PDI stand for the hydrodynamic radius and polydispersity indices of the
micellar systems, respectively, as measured by dynamic light scattering (* values not determined).

Sample Block copolymer Mn (kDa) lonic liquid Rh (nm) PDI
M1 PS73-b—PMMAgg 14.2 2 85 0.65
M2 PS75-b—PMMAgs 14.2 4 92 0.71
M3 PS110-b—PMMA3060 317.8 2 142 0.38
M4 PSgo—b—PMMA 290 307.7 2 137 0.39
M5 PSso—b—PMMAs40 70.3 2 40 0.24
M6 PNonOxz—b—PEtOxso 11.9 2 96 0.42
M7 PNonOx4—b—PEtOxs0 13.8 2 92 0.48
M8 PNonOxs—b—PEtOxs0 14.8 2 90 0.32
M9 PNonOxgr—b—PEtOx40 15.8 2 152 0.39
M10 PNonOxgo—b—PEtOx2 17.8 2 518 2.18
M11 PNonOxzo—b—PEtOxsgo 11.9 4 54 0.48
M12 PNonOx4o—b—PEtOxso 13.8 4 50 0.47
M13 PNonOxso—b—PEtOxs 14.8 4 43 0.39
M14 PNonOxgr—b—PEtOx40 15.8 4 72 0.44
M15 PNonOxgr—b—PEtOx20 17.8 4 484 0.31
M16 PS7-[Ru]-PEG7 10.6 2 * *
M17 PNonOx35—b—PEtOx35-b—PMeOx33 12.6 2 118 0.29
M18 PNonOx3s—b—PEtOx35—b—PMeOxs3 12.6 4 84 0.54

Due to the fact that ILs can act as thermodynamically bad or good solvents for several polymers,®'"!

various amphiphilic block copolymers with different chemical compositions and block lengths are
investigated in this chapter for the preparation of self-assembled micelles in either a “hydrophobic” IL 2 or
a ‘“hydrophilic” IL 4. The amphiphilic block copolymers utilized include: Poly(styrene-block-methyl
methacrylate)s (PS-b-PMMA), poly(2-nonyl-2-oxazoline-block-2-ethyl-2-oxazoline)s (PNonOx-b-PEtOx), a
poly(styrene-block-ethylene glycol) metallo-supramolecular diblock copolymer (PS-[Ru]-PEG), and a
poly(2-nonyl-2-oxazoline-block-2-ethyl-2-oxazoline-block-2-methyl-2-oxazoline) triblock copolymer
(PNonOx-b-PEtOx-b-PMeOx). The PS-b-PMMA diblock copolymers have been synthesized by sequential
anionic polymerization as described in section 2.4.2," whereas the PS-[Ru]-PEG diblock copolymer has
been prepared using terpyridine-functionalized polymer precursors as addressed in section 3.3.3.™ The
PNonOx-b-PEtOx and the PNonOx-b-PEtOx-b-PMeOx block copolymers have been synthesized by
sequential “living” cationic ring opening polymerizations in a similar way as addressed in section 4.2.1,
but using acetonitrile as reaction medium (a conventional volatile organic solvent); a detailed description
of these synthetic methods can be found elsewhere."® The molecular characteristic features of the
copolymers investigated are summarized in Table 5-1 (sub-indices in the tags of the materials indicate
the average number of monomer units incorporated into the block copolymers which were estimated by
gel permeation chromatographic (GPC) measurements in combination with proton nuclear magnetic
resonance (1H-NMR) spectroscopy; thus the average molecular weights and composition of the block
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copolymers can be obtained). Both investigated ILs act as thermodynamically good solvents for
PMMA,""el pEG 2P PEtOX (as observed in section 4.2.1) and PMeOx blocks, whereas they are bad
solvents for the PS!"'? and PNonOx blocks as reported elsewhere or observed in this work. The micelles
obtained after dissolving the investigated copolymers in both ILs have been characterized by (cryogenic)
transmission electron microscopy ((cryo-)TEM) and dynamic light scattering (DLS). In addition, the
thermo-reversible transfer of these micelles from the IL phase to an aqueous phase has been studied by
turbidity and ultra-violet visible (UV-Vis) spectroscopic measurements. Finally, the encapsulation of guest
molecules in these micelles as well as their thermo-reversible transfer from an IL phase to an aqueous
phase have also been investigated by UV-Vis measurements. The results of all the investigations
performed on these micellar systems are discussed in the following sections.

5.2.1 Characterization of block copolymer micelles in ionic liquids by (cryogenic) transmission
electron microscopy

Figure 5-1: Transmission electron micrographs of self-assembled block copolymer micelles in ionic liquids
(PS-b-PMMA  block copolymer micelles in the hydrophobic ionic liquid 1-butyl-3-methyimidazolium
hexafluorophosphate (IL 2)). (a) Sample M1 of Table 5-1 recorded under cryogenic conditions. (b) Sample M1 of
Table 5-1 after the removal of IL 2 with acetornitrile (co-solvent) recorded at room temperature conditions.

In a very recent publication,"'? it has been reported that PS-b-PMMA diblock copolymers
self-assemble into micellar structures in the presence of IL 2 and that a morphological transition from
spherical to cylindrical micelles occurs upon reduction of the PMMA content. In that report the
co-existence of 10 nm spherical and cylindrical (wormlike) micelles was observed for a block copolymer
containing a fraction volume of PS of 0.47 using cryogenic transmission electron microscopy (cryo-TEM).
Unlike those results, spherical micelles with a diameter of 20 nm have been observed by cryo-TEM in the
present study for sample M1 (Figure 5-1a), although the molecular characteristic features of M1 (see
Table 5-1) are very similar to those of the sample investigated in the previous report.[”cl This apparent
discrepancy could be accounted for a different preparation method for the block copolymer micelles
investigated in this study. In this work, the block copolymer chains have been first molecularly dissolved
in a non-selective solvent, and subsequently a selective solvent for one of the blocks (e.g., IL 2 or 4) has
been gradually added in order to trigger micellization (see experimental part). In previous reports[m] the
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block copolymers were directly dissolved in a selective solvent for one of the blocks (e.g., IL 2) by stirring
and heating the samples above the glass transition temperature (Tg) of the polymeric materials (without
using non-selective solvents). The selection of the non-selective solvent as well as the speed at which the
selective solvent is added can affect the morphology and size of the accordingly obtained micelles.' In
this regard, in the case of block copolymer micelles in ILs, it has been reported that the morphology of the
micelles is strongly dependent on the preparation method and that an excessive heating of the micellar
dispersions can lead to the formation of much larger aggregates (up to 70 nm).!"'?

The fact that ILs show negligible vapor pressure and require extreme conditions to be evaporated
complicates considerably the characterization of micellar dispersions in ILs. In conventional volatile
organic solvents, the size of the core of block copolymer micelles can be determined by well-established
microscopic techniques, such as transmission electron microscopy (TEM) or atomic force microscopy
(AFM) at dry conditions (in the absence of the carrier solvent for the micelles, in a similar way as
addressed in section 3.2.3).'" However, for micellar systems in ILs such dry conditions would be very
difficult to obtain, since the removal of the ILs might be almost impossible to achieve without affecting the
morphology of the micelles. Hence, cryo-TEM techniques have been proposed to analyze these
systems.[”] Nevertheless, the relatively high viscosity of ILs (e.g., 200 and 110 mPa s for IL 2 and for IL 4,
respectively at 25 °C (see Table 4-1)) complicates the preparation of films with suitable thicknesses
required for their analysis by cryo-TEM. For this reason, an alternative TEM method at room temperature
and at dry conditions is proposed in this work to characterize such systems. In this approach, a micellar
dispersion in IL is placed on a TEM grid and washed with a proper conventional volatile solvent in order to
remove the IL. The characteristics of this conventional solvent must fulfill the following requirements:
It must solubilize the utilized IL, and it must be a thermodynamically compatible solvent for the coronal
polymer chains but an incompatible one for the core-forming polymer chains. With these characteristics,
it is expected that the conventional solvent washes off the IL and, at the same time, keeps the structure of
the micelles intact. Thereafter, the conventional solvent can be removed under vacuum and the dried
micelles can be analyzed at normal conditions by the aforementioned microscopic techniques. In the case
of PS-b-PMMA block copolymer micelles, both IL 2 and IL 4 can be washed off with acetonitrile since they
are fully miscible with this solvent (as found in section 4.2.1). Moreover, acetonitrile is a
thermodynamically good solvent for the PMMA block but a bad one for the PS block and therefore the
structure of the micelles may remain unaltered. Figure 5-1b displays a TEM micrograph of dried micelles
obtained from M1 with this new preparation method. The comparison between the micrographs of
micelles of sample M1 shown in Figures 5-1a and 5-1b yields interesting conclusions. It is known that
contrast in TEM images arises due to the differences in electron density between the different
components in a sample. Hence, regions of a sample with high electron density will allow fewer electrons
to pass through, and thus appear darker than regions with lower electron density. The electron density of
IL 2 is considerable higher than that of the block copolymer chains forming the micelles therefore the
cores appear lighter than the background composed of an IL matrix as has been also reported
elsewhere!' and as observed in Figure 5-1a. For the sample displayed in Figure 5-1b, the IL matrix does
not exist anymore to create a dark background since the IL has been washed off. Therefore the micelles
are seen as dark spheres probably due to the differences in thickness between the micelles and the TEM
grid (no contrasting agent was added). A more detailed analysis of the micellar structures of Figure 5-1b
reveals that the micelles are larger in size (the micellar structures in Figure 5-1b have an average size
around 35 nm) than those of Figure 5-1a (average size around 20 nm) and their shapes also became
slightly less regular. These differences can be explained by factors related to the sample preparation
method of the micelles. In a closer look to Figure 5-1b, it can be seen that in the center of several of the
dark shapes lighter regions arise. These lighter regions are, obviously, smaller in size than the whole dark
shapes but, more surprisingly, are approximately about the same size as the micelles of Figure 5-1a
(around 20 nm). Based on these observations, it is proposed that lighter regions in the dark structures of

[a,b]
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Figure 5-1b correspond to the cores of the micelles investigated surrounded by a thin layer of IL that may
be trapped in the corona of the micelles, which could not be totally removed during the washing
procedure with acetonitrile. As a consequence of this, a good contrast in TEM micrographs is obtained
allowing for a better visualization of the micelles investigated. Moreover, according to these findings it is
thought that the morphology of the micellar structures (sphere in this investigated case) is kept in both,
cryo-TEM and TEM, experimental procedures. This observation may also allow, for instance, for an
approximate estimation of the actual overall size of block copolymer micelles with coronas of a relatively
short length, and hence of the corona thickness. Furthermore, if the assumption that the IL goes deep into
the corona of the micelles is correct (as shown in Figure 5-1b), this means that the corona can not be
observed in cryo-TEM experiments and that nanostructures displayed in Figure 5-1a most likely
corresponds to the core of the micelles (compare, for example, the micellar sizes of sample M1 obtained
by DLS (85 nm) (Table 5-1) with the sizes obtained by cryo-TEM (20 nm) (Figure 5-1a)). It is worth noting
that for the method of analysis proposed in this work, an excess of washing co-solvent, during the
removal of the IL on the TEM grid, can lead to the complete removal of the micelles. However, the
experimental approach proposed to wash the IL off the micellar systems with an appropriate solvent may
be a reliable preparation technique, and an alternative to the previously proposed cryo-TEM conditions in
the literature,”"'*% where the sample preparation procedure is more complicated and may not always lead
to a good visualization of the micellar structures.

For the cases of block copolymer micellar systems with hydrophilic coronas and hydrophobic cores
(samples M6-M18 in Table 5-1), the preparation of the micelles in a hydrophilic IL is a more suitable
approach in combination with the TEM technique proposed at dry conditions. This facilitates the removal
of the IL on the TEM grid by using water as a co-solvent. The use of water in these specific cases, apart
from washing off the hydrophilic IL, may preserve the structure of the micelles since the co-solvent will
neither precipitate the coronas nor dissolve the cores. This approach was tested by analyzing sample
M18 (Table 5-1) and the resulting TEM micrograph is displayed in Figure 5-2. Figure 5-2 reveals the
presence of spherical micelles of about 90 nm in size and, like in the case of Figure 5-1b, the absence of
a dark background is also here observed due to the removal of the IL medium. Unlike the micelles shown
in Figure 5-1b, the micelles displayed in Figure 5-2 do not show a lighter region at the center showing the
micellar cores and, in addition, their shapes are also more regular (well-defined spheres). The relatively
large size of the spheres observed in Figure 5-2 also suggests that these structures may correspond to
the overall size of the micelles (core and corona) and that, in this specific case, the IL may be trapped
inside the whole corona of the micelles and not only next to the cores like in the case of Figure 5-1b
(compare, for instance, the micellar sizes of sample M18 obtained by DLS (84 nm) (Table 5-1) with the
sizes obtained by TEM (90 nm) (Figure 5-2)). In fact, the formation of highly viscous gel-like composites
(e.g., solid-like compounds) have been observed when polymeric materials (e.g., PEtOx or PEG) are
dissolved in suitable ILs, as addressed in chapter 4 and described in the literature!"'® for concentration
values of polymers in IL as low as 4 wt %. The formation of stable gel-like composites between the
polymeric chains of the micellar corona and the surrounding IL it might turn difficult to remove the IL
trapped inside the corona due to the highly viscous characteristics of the formed micellar corona-IL
composites. It is thought that upon washing these specific micellar dispersions with a co-solvent which
dissolve the IL (water in this particular case) it is sufficient to remove the matrix of IL, but not enough to
break apart the highly viscous micellar corona-IL composite formed and therefore a considerable amount
of IL remains trapped in the corona of the micelles. This potential scenario may be a suitable explanation
for the good contrast observed in the TEM micrograph displayed in Figure 5-2 (high electron density due
to the presence of IL 4 trapped in the entire corona of the micelles) and for supporting the hypothesis that
the structures observed correspond to the overall size of the micelles. Nevertheless, the relatively large
structures observed in Figure 5-2 may also suggest the presence of micellar aggregates, which could be
formed by the use of the co-solvent (water) during the sample preparation method described above for
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the TEM measurements. In this case the existence of relatively large micellar aggregates could also
contribute to the creation of the good contrast observed in the TEM micrograph displayed in Figure 5-2
due to the differences in thickness between the TEM grid and the micelles. Future work in this direction
might be focused on a detailed investigation of the TEM preparation method proposed in this study in
order to elucidate whether micellar structures corresponding to entire single micelles (overall size) or
micellar aggregates can be obtained by the proposed approach.

Figure 5-2: Transmission electron micrograph of self-assembled block copolymer micelles in ionic liquids
(PNonOx-b-PEtOx-b-PMeOx block copolymer micelles in the hydrophilic ionic liquid 1-butyl-3-methyimidazolium
trifluoromethanesulfonate (IL 4)). Sample M18 of Table 5-1 after the removal of IL 4 with water (co-solvent) recorded
at room temperature conditions.

5.2.2 Characterization of block copolymer micelles in ionic liquids by dynamic light scattering

Whereas experimental techniques, such as TEM or AFM, can provide information about the
characteristics of the cores of self-assembled block copolymer micelles in the dried state, the
hydrodynamic radius (Rs) of the micelles in solution can be studied by dynamic light scattering (DLS)""""?
(see section 3.2.3). Therefore, DLS measurements of the micellar systems in ILs investigated in this work
were performed and the values of R, obtained are summarized in Table 5-1. Unlike block copolymer
micelles prepared in conventional solvents, which typically diffuse at the millisecond timescale, the
diffusion timescale for these systems in ILs has been observed to be in the range of 0.1—1 s.'"! This
increase in diffusion timescale is obviously related to the increase in viscosity of the media (ILs) where
the micelles diffuse. According to the results of Table 5-1, micelles with relatively large R, are observed
for all the investigated samples. The polydispersity index (PDI) of these micelles was always large, in
agreement with the formation of aggregated species. Nevertheless, the CONTIN analysis of these results
never succeeded in resolving a population of large aggregates beside the micelles. Because CONTIN
results should be carefully considered, these results do not totally exclude the formation of aggregates of
micelles.”™ Dilutions of the initial micellar solutions with the respective ILs did not result in significant
changes in Ry, which is in agreement with the formation of kinetically frozen micelles (the results given in
Table 5-1 are thus those obtained for the starting micellar solutions at a concentration of 5 g L'1).
Therefore, dilutions were not successful to dissociate the hypothetical aggregates into isolated micelles.
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The observation of kinetically frozen micelles in ILs is in agreement with previous results,!"'” and

indicates that micellar systems out of the thermodynamic equilibrium are obtained in ILs. This also
explains why the micellar characteristic features are strongly dependent on the used preparation protocol.
Besides this limitation, interesting conclusions can still be drawn from the DLS results given in Table 5-1.
In a first step, the influence of the block copolymer composition on the micellar characteristic features
in ILs was studied. Micelles formed by a PS core and a PMMA corona have been obtained in the case of
PS-b-PMMA copolymers in IL 2 (samples M3-M5 in Table 5-1). The correlation functions of these micelles
are shown in Figure 5-3 and reveal long diffusion time scales. These characteristic timescales are larger
than the values obtained in a previous studymc] and indicate the formation of larger micelles. Indeed, the
R, of these micelles increases from 40 nm for sample M5 up to 142 nm for sample M3. Although these R,
values are probably too large to fit to isolated micelles, there is, however, a correlation between the
degree of polymerization (DP) of the PS blocks and the R, of the micelles, in agreement with the scaling
laws observed for block copolymer micelles.>?" In addition to this, a series of PNonOx-b-PEtOx diblock
copolymers in IL 2 (samples M6-M10) has also been examined. These diblock copolymers are
characterized by a constant total DP and a varying composition (Table 5-1). According to solubility tests
realized on the constituent homopolymers in the investigated ILs, these micelles should consist of a
PNonOx core surrounded by a PEtOx corona. The influence of the DP of the PNonOx block on the R, is
however less clear than for the previously discussed PS-b-PMMA diblock copolymer cases. In this
respect, micelles with an almost constant R,, value around 93 nm were observed for samples M6, M7 and
M8 while the R, increases sharply for the high PNonOx content in samples M9 and M10. Once again
these Ry, values are too large to fit to single micelles and the presence of aggregated species could be the
reason why no clear trend between the DP of the core-forming block and the R, of the micelles could be
observed. As observed in Table 5-1, very large aggregates were detected for sample M10 in agreement
with the large PNonOx content in this diblock copolymer that impedes the formation of stable micelles.
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Figure 5-3: Normalized correlation functions obtained by dynamic light scattering measurements of self-assembled
block copolymer micelles in ionic liquids. Samples M3-M5 of Table 5-1 (PS-b-PMMA block copolymer micelles in the
hydrophobic ionic liquid 1-butyl-3-methyimidazolium hexfluorophosphate (IL 2)).

In a second step, the influence of the type of IL on the micellar characteristic features has been
evaluated. No influence has been noted in case of the PS-b-PMMA system since nearly identical R, and
comparable PDI value were observed in both ILs (compare samples M1 and M2 in Table 5-1).
This probably indicates that the interaction parameters between the constituent blocks of the copolymer
and the ILs are very similar whatever the IL. This conclusion does not hold for the oxazoline-based
copolymers where micelles with a smaller R, are systematically observed in the more hydrophilic IL (IL 4)
(compare samples M6-M10 to samples M11-M15 and sample M17 to sample M18 in Table 5-1).
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In addition to the reported R, the scattered light intensity of the micelles was systematically larger in IL 2
than in IL 4, supporting that smaller micelles are formed in IL 4. The correlation functions of the diblock
copolymer micelles based on poly(oxazoline)s in ILs 2 and 4 are shown in Figures 5-4a and 5-4b,
respectively. In general, it is observed that the correlation curves of diblock copolymer micelles based on
poly(oxazoline)s become zero in a shorter time in the cases of IL 4 (Figure 5-4b) than in the cases of IL 2
(Figure 5-4a). The observed differences between the same materials prepared in IL 2 and in IL 4 suggest
that the type of IL plays an important role in the assembly mechanism of block copolymer micelles.
From these preliminary experiments, it could be anticipated that the more hydrophobic IL (IL 2) has a
better affinity for the PNonOx blocks than IL 4 (a water-soluble IL) and would therefore swell slightly more
the PNonOx cores resulting in larger micelles.
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Figure 5-4: Normalized correlation functions obtained by dynamic light scattering measurements of self-assembled
block copolymer micelles in ionic liquids. (a) Samples M6-M10 of Table 5-1 (PNonOx-b-PEtOx block copolymer
micelles in the hydrophobic ionic liquid 1-butyl-3-methyimidazolium hexfluorophosphate (IL 2)). (b) Samples M11-M15
of Table 5-1 (PNonOx-b-PEtOx block copolymer micelles in the hydrophilic ionic liquid 1-butyl-3-methyimidazolium
trifluoromethanesulfonate (IL 4)).

5.2.3 Thermo-reversible transfer of block copolymer micelles between a hydrophobic ionic
liquid phase and an aqueous phase

The thermo-reversible transport of block copolymer micelles between an IL phase, formed by the
hydrophobic ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate (IL 2) (see Table 4-1 and
Figure 4-1), and water has been recently addressed in the literature."™ Micelles formed by
poly(1,2-butadiene-block-ethylene glycol) PB-b-PEG block copolymers were investigated in that work.
On the one hand, the block copolymer micelles originally prepared in IL 2 migrate to an aqueous phase at
room temperature conditions (water and IL 2 are relatively immiscible and form a two phase system)
since the PEG chains show more preference for the aqueous phase than for the IL phase. On the other
hand, when these two-phase systems are heated at temperatures higher than 70 °C, the micelles return
to the IL phase as a consequence of the well-known lower critical solution temperature (LCST)
phenomenon observed for PEG chains. This results in the rupture of the hydrogen bonds formed between
the EG units and water molecules, followed by the coalescence of the micelles due to the fact that they
are not stabilized by the corona (PEG block) any longer. At this stage, the micelles are precipitated in the
aqueous phase and start to migrate into the IL phase. In addition, it was also demonstrated that the size
of the micelles and their structure are preserved during this reversible transfer process.[”b] The authors of
that contribution also make emphasis on the peculiarity of this transfer process which relies on a polymer
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(PEG) that is nearly equally soluble in two immiscible solvents of a completely different nature. However,
the results obtained in section 4.2.1 related to the homogeneous synthesis of EtOx homo-polymers in IL 2
and their isolation by an extraction process with water (see Figure 4-9) suggest that amphiphilic block
copolymers containing a PEtOx block could show a similar behavior to that described above for
amphiphilic block copolymers with PEG blocks.!"™™ Based on this approach, experimental results in this
work demonstrate that micelles formed of amphiphilic block copolymers containing an PEtOx block
(e.g., samples M6-M10 and M17 in Table 5-1) also show the aforementioned thermo-reversible transfer
phenomenon between an IL phase (IL 2) and an aqueous phase. Figure 5-5 displays an illustration of
these systems.

Turbidity sensor

Heating

Cooling

Figure 5-5: Graphical overview of thermo-reversible micellar transfer experiments between an aqueous phase and a
hydrophobic ionic liquid phase formed by 1-butyl-3-methyimidazolium hexfluorophosphate (IL 2). The transfer of the
micelles between the two phases has been followed by turbidity measurements. Samples M7-M9 (Table 5-1)
correspond to micelles formed by PNonOx-b-PEtOx diblock copolymers, whereas the micelles in sample M16
(Table 5-1) are formed by the metallo-supramolecular diblock copolymer PS-[Ru]-PEG (see section 3.3.3).

In Figure 5-6 the results of turbidity measurements (transmission) correlated with temperature for a
two-phase system formed by sample M9 (Table 5-1) (1 g of micellar solution in IL 2) and an aqueous
phase (0.75 g of water) are shown. At the onset of the measurements at 25 °C, the transmitted light
intensities in the IL phase are close to 100% indicating the absence of micelles (the turbidity sensor is
located at the IL phase (bottom phase) in the micellar systems investigated (see Figure 5-5)). This means
that, after a considerable period of time at room temperature (at least 3 days period before the turbidity
measurements shown in Figure 5-6), the two-phase micellar system is in a thermodynamic equilibrium,
and the block copolymer micelles are only present in the aqueous phase. In this state, the aqueous phase
is cloudy due to the presence of the micelles and, on the other hand, the IL phase is almost transparent
due to the absence of micelles (see Figure 5-5). As soon as the temperature is increased up to 95 °C
(at a heating rate of 5 °C min™"), the transmitted light intensity values rapidly decrease down to 0%.
This corresponds to the situation where the micelles have migrated to the IL phase due to the
aforementioned LCST behavior of the block copolymer system investigated. For this reason, the IL phase
becomes cloudy while the aqueous solution, now free of micelles, becomes almost transparent (see
Figure 5-5). According to the abovementioned transfer mechanism, the micelles must eventually return to
the aqueous phase upon cooling and keeping the system at room temperature. However, this process is
rather slow and can take a considerable period of time to reach the new equilibrium state. This situation is
observed in Figure 5-6a, where after the first heating/cooling cycle the system is kept at 25 °C for 30 min
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and no significant increase in the transmission measurements is revealed, confirming that the micelles
are still present in the IL phase. It has been observed that when the system is kept at those conditions
long enough, from 3 to 5 days, the equilibrium state is eventually reached and the micelles are transferred
back to the aqueous phase. Nevertheless, it was found that the transfer of the micelles from the IL phase
to the aqueous phase can be immediately achieved and triggered by supplying energy to the system.
For instance in Figure 5-6a, it can be observed that after the 30 min period at 25 °C, the system is again
heated up to 95 °C (at a heating rate of 5 °C min_1) causing a sudden increase in the transmission values
up to a maximum of 85% followed by a decrease down to 0% whereas the system is kept at high
temperature conditions. This observation is confirmed in further heating/cooling cycles as can be seen in
Figures 5-6b and 5-6¢, a continuation of Figure 5-6a and an overview of the whole experiment,
respectively.

100 @) ——Temp. — M9 Transmission +— 100 100 1 b) ——Temp. — M9 Transmission + 100
90 - Mo 185
g 5% trg
s g 70 A — 1 55 s
@ £ 60 - @
£ @ 140 E
g g 50 g
o @ o
= F 40 - T3+
30 J L T10
- ==
20 T T T T T T T -5 20 T T T T T T -5
0 20 40 60 80 100 120 140 160 150 200 250 300 350 400 450 500
Time (hh:mm) Time (min)
100 4 ©) Temp. — M9 Transmission + 100
h [
90 1 P. 185
§ 80 - 470 §
o 70 c
g 1558
' 60 - K]
S 50 T4
£ c
s §
F 40 - T2 F
AAUUU
L—_ —J ] u
20 = T T T T T T T -5
0 100 200 300 400 500 600 700 800

Time (min)
Figure 5-6: Thermo-reversible micellar transfer experiments between an aqueous phase and a hydrophobic ionic
liquid phase formed by 1-butyl-3-methyimidazolium hexfluorophosphate (IL 2). Turbidity measurements
(as determined by light transmission) are plotted as a function of temperature and time for the ionic liquid phase
(lower phase in the systems shown in Figure 5-5) of sample M9 of Table 5-1 (micelles formed by PNonOx-b-PEtOx
diblock copolymers). (a) and (b) are close-ups of c), whereas (b) is the continuation of (a) in time.

In Figure 5-6b it can also be observed that when the micellar system is exposed to heating/cooling
cycles only between 70 and 25 °C, the transfer process of the micelles between the phases is different to
the previous analyzed case (heating/cooling cycles between 95 and 25 °C) according to the turbidity
measurements obtained. It can be observed that when the system is heated only up to 70 °C and kept at
those conditions for 30 min, the transmission values only slightly decrease and do not drop down to 0%.
This observation suggests that the transfer process of the micelles from the aqueous phase to the IL
phase at these conditions (70 °C) considerably slows down (or does not occur at the investigated
experimental conditions) in comparison to the observations at higher temperature (90 °C). Remarkably,
after this period of time at 70 °C, when the system is subjected to a cooling process (at a cooling rate of 5
°C min‘1) the transmission values drop immediately down to 0% indicating that the micelles have been
transferred from the aqueous phase to the IL phase. This means that the transfer process of the micelles
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from the aqueous phase to the IL phase at these experimental conditions (70 °C) can also be achieved
and triggered by removing energy from the system (in a similar way to the aforementioned opposite
process where the micelles are transferred from the IL phase to the aqueous phase at lower
temperatures). It is thought that this effect may be related to the fact that when the temperature of the
system is close to the LCST value of the hydrophilic corona the investigated micelles have almost no
preference for one of the two phases. Finally, the confirmation of all these findings can be fully seen in
Figure 5-6¢, where repetitions of the investigated heating/cooling cycles in the system produce always
similar light transmission curves. In addition, further experiments demonstrated that the variation of the
heating/cooling rates from 5 °C min™" to 1 °C min~' during the experiments had almost no influence on the
results described above. The stirring speed during the experiments was found to be a very important
factor for the phase transfer process of the micelles. For instance, higher stirring speeds cause a faster
phase transfer of the micelles; this finding is more distinct in the case where the micelles are transferred
from the aqueous phase to the IL phase at high temperatures. Even though the obtained results provide a
good insight into the observed phenomena, it is clear that this thermodynamic process is very complex
and a considerable amount of variables have to be further investigated in order to reach a full
understanding of the transfer mechanism. For instance, the diffusion processes of the micelles in the two
phases and in the interface, as well as the kinetic processes of formation and rupture of the hydrogen
bonds related to the LCST behavior of the investigated polymers, might be the key processes and the
starting points of future investigations on theses systems. It is clear that these processes will also be
strongly affected by many other variables such as the viscosity of the phases, interfacial tension between
the phases, temperature, characteristics of the block copolymers used for the preparation of the micelles
(composition of the blocks and molecular weight), etc.

It is known that most supramolecular block copolymers linked by a transition metal ion, as well as
their corresponding nanostructures, are colorful compounds and absorb in the visible region of the light
spectrum depending mainly on the transition metal ion utilized for their synthesis (see, for example,
section 3-3). Based on this approach, the poly(styrene-block-ethylene glycol) supramolecular diblock
copolymer linked by ruthenium(ll) ions (PS-[Ru]-PEG) discussed in section 3.3.3!"" was used to prepare
supramolecular block copolymer micelles in IL 2. These supramolecular micellar structures show a
characteristic UV-Vis absorption band at 485 nm (see section 3.3.3) and therefore, their presence or
absence either in the IL or in the aqueous phases could be investigated by UV-Vis spectroscopic
measurements. Similar to the abovementioned micellar phase transfer experiments, the supramolecular
micelles investigated have been reversibly transferred between an aqueous and an IL phase as depicted
in Figure 5-5 (sample M16, Table 5-1). In the UV-Vis spectra of Figure 5-7, it can be observed that the
presence or the absence of the supramolecular micelles in one or another phase depends mainly on the
temperature of the system. On the one hand, in Figure 5-7 it can be seen that IL 2 and water do not show
any absorption band in the region of interest of the spectrum. On the other hand, a strong absorption
band at 485 nm arises for supramolecular micelles originally prepared in IL 2 (curve “M16 in IL (original)”
in Figure 5-7). Upon adding an aqueous phase into this original micellar solution in IL 2 and reaching the
equilibrium state of the system at 20 °C, it is observed that the absorption band at 485 nm appears in the
aqueous phase (curve “M16 in ag. phase 20 °C” in Figure 5-7), and vanishes in the IL phase (curve
“IL phase 20 °C” in Figure 5-7), indicating that the transfer of the micelles between the two phases has
occurred. In addition, upon heating the system up to 95 °C the absorption band at 485 nm returns to the
IL phase (curve “M16 in IL phase 95 °C” in Figure 5-7) and disappears in the aqueous phase (curve
“Ag. phase 95 °C” in Figure 5-7) (the less intense absorption values shown by the curve “M16 in IL phase
95 °C” in Figure 5-7 in comparison to the curve “M16 in IL (original)” might be related to concentration
effects and/or to the turbidity shown by the system after the phase transfer experiments (see Figure 5-5)).
This indicates once more that the micelles have been transferred between the two phases and that the
reversible transfer cycle is complete.

110



5. Block copolymer micelles in ionic liquids

1.2 <o 1L
[in} O Water
o A M16in IL (original)
1.0 1 AA O M16in aq. phase 20 °C
o X IL phase 20 °C
- o BéDDA_ Ag. phase 95 °C
s 0.8 1 o oo + M16in IL phase 95 °C
& oo~ a [m} P
c A
S 0.6 A Al
2 A A
o
] +
204 2o PP R
+ + 0
+ +, AO
pr+++t tLalg
0.2 3 56 & ggoce
X 8328 12 ¥ x :
B R A At A 11,
370 420 470 520 570 620

Wavelength (nm)

Figure 5-7: Thermo-reversible micellar transfer experiments between an aqueous phase and a hydrophobic ionic
liquid phase formed by 1-butyl-3-methyimidazolium hexfluorophosphate (IL 2). UV-Vis spectra of the aqueous and
ionic liquid phases for investigating the location of metallo-supramolecular block copolymer micelles (PS-[Ruj-PEG)
(sample M16 of Table 5-1) at different temperature conditions.

5.2.4 Encapsulation as well as reversible and non-reversible transfers of guest molecules
between a hydrophobic ionic liquid phase and an aqueous phase utilizing block
copolymer micellar systems

Block copolymer micelles and dendritic core-shell architectures have been reported as delivery or
phase-transfer vehicles of molecules and nano-objects.?? Thus, micellar systems have been utilized, for
instance, for the encapsulation of moieties with catalytic activity,[zzc'e] and of drugs showing a steady
release process.” In addition, the encapsulation and delivery of organic molecules in a pH-responsive
two-phase system have been also described.”?! Nevertheless, most of the previously reported micellar
systems have shown the delivery of encapsulated moieties in only one direction. On the one hand, the
reversible transfer of catalytic moieties from one phase to another would be desirable in dedicated
applications, such as heterogeneous micellar catalytic systems.“‘” This approach would allow for an
easier recovery of expensive or toxic catalysts from the final products and for the development of more
efficient catalytic reactions and separation processes. On the other hand, it would be of interest to
develop heterogeneous systems where the recovery of the micellar aggregates themselves is also
possible after the delivery of their freights (encapsulated species) in one of the phases. This approach
would allow the delivery of highly accurate amounts of chemical substances in different systems, as well
as for the recovery of expensive (or perhaps toxic) micellar aggregates for their reloading with new guest
molecules and reuse in further delivery cycles.

Based on the thermo-reversible micellar transfer phenomena between an aqueous phase and a
hydrophobic IL phase discussed in the previous section, in this section the transfer (or release) between
the two phases of guest molecules encapsulated into the micellar cores is discussed. Remarkably, both
aforementioned approaches (full reversible transfer and/or one direction delivery capability of the guest
molecules between the two phases) were experimentally found in this work. This is illustrated by the
preparation of PNonOx-b-PEtOx-b-PMeOx triblock copolymer micelles in IL 2 (similar system to M17 in
Table 5-1) with encapsulated molecules in their hydrophobic cores (see the experimental part for details)
followed by phase transfer experiments of the loaded micelles between the hydrophobic IL phase and an
aqueous phase. These transfer experiments were performed in a similar way as discussed above.
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For this purpose, UV-Vis measurements of the two phases during the different stages of the experiments
were recorded in order to localize the encapsulated molecules within the two-phase systems investigated.

The starting point for this discussion is to determine the UV-Vis absorption properties of the micellar
systems investigated before the addition of any dye. In this regard, Figure 5-8 demonstrates that neither
the pure solvents (IL 2 and water) nor the pure micellar solutions show strong absorption bands in the
range of 350 to 900 nm, which will allow for a better analysis of the presence of dye molecules in the two
phases of the system.
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Figure 5-8: UV-Vis spectra of the hydrophobic ionic liquid 1-butyl-3-methyimidazolium hexfluorophosphate (IL 2) and
water in the absence and in the presence of micellar aggregates formed by PNonOx-b-PEtOx-b-PMeOx triblock
copolymers (sample M17 of Table 5-1).

Figure 5-9 displays the results of the phase transfer experiments of a system composed of
encapsulated molecules of disperse red 1 dye (D1) (see experimental part for a schematic representation
of the chemical structure of D1) in the cores of micelles formed by PNonOx-b-PEtOx-b-PMeOx triblock
copolymer chains, a hydrophobic IL phase (IL 2), and an aqueous phase. First of all, in the absence of
micelles, D1 (which is fully soluble in IL 2) shows a strong absorption band in the region of the UV-Vis
spectrum around 500 nm (Figure 5-9a, curve “D1 in IL”). On the other hand, the same dye in the absence
of micelles shows a remarkable shift of the absorption band to 420 nm when water is used as a solvent
(Figure 5-9a, curve “D1 in water”). D1 is however poorly soluble in water. After the micellar encapsulation
process of D1 was performed in IL 2 (see experimental part for details), the micellar dispersion obtained
reveals the same absorption band at 500 nm (Figure 5-9a, curve “D1 + M17 in IL”) as in the case of D1 in
IL 2 in the absence of micelles (Figure 5-9a, curve “D1 in IL”). Note that at this point it can not be
concluded whether D1 is encapsulated or not in the micellar cores since in both cases the absorption
band observed is due to the presence of D1 molecules. However, when an aqueous phase is added into
the system and the thermodynamic equilibrium in the two-phase system is reached at 20 °C, the micelles
originally present in the IL phase not only have migrated into the aqueous phase, but in addition have
also transported the dye molecules encapsulated in their cores into the aqueous phase. A proof that this
situation has occurred can be observed in the UV-Vis spectrum displayed by curve “Aq. phase 20 °C” in
Figure 5-9a. This spectrum shows a strong absorption band at 500 nm which can not be observed for the
case of D1 in water in the absence of micelles (Figure 5-9a, curve “D1 in water”). This finding
demonstrates that the dye molecules have been effectively encapsulated into the core of the micelles and
transferred into the aqueous phase. Nevertheless, at the equilibrium conditions of 20 °C the spectrum
corresponding to the IL phase (Figure 5-9a, curve “IL phase 20 °C”) shows also that dye molecules are
still present in this phase demonstrating that not all the utilized amount of dye was encapsulated into the
micelles. According to this observation, it is thought that the number of present micelles is insufficient to
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encapsulate all the dye molecules under the experimental conditions investigated (note that it is possible
to estimate the amount of dye left in the IL phase (by a quantitative UV-Vis analysis) and thus to estimate
the number of encapsulated dye molecules; however these investigations will be performed in future
work). When this micellar system, in equilibrium at 20 °C, is subjected to a heating process up to 95 °C,
the micelles containing the encapsulated dye molecules migrate from the aqueous phase to the IL phase
through a similar transfer process as discussed before. This phenomenon will leave the aqueous phase
of the system again free of micelles and therefore free of dye molecules. This can be observed in the
spectrum corresponding to the curve “Ag. phase 95 °C” in Figure 5-9a, which does not show the
absorption band at 500 nm related to D1 found in the curve “Aq. phase 20 °C” in the same figure. The
spectrum of the IL phase at these conditions of high temperature (curve “IL phase 95 °C” in Figure 5-9a)
obviously shows a signal at 500 nm due to the presence of the dye molecules either encapsulated in the
micelles or dissolved in IL 2. Three more cycles of this thermo-reversible transfer process of micelles
bearing dye molecules between an aqueous phase and a hydrophobic IL phase (IL 2) were additionally
carried out, and the results obtained showed identical characteristics as discussed above for Figure 5-9a.
The process described of encapsulation of dye molecules into the cores of micelles and their
thermo-reversible phase transfer is graphically summarized in Figure 5-9b. In addition, another organic
dye (of characteristics similar to D1) was also utilized in the described experimental micellar system in
order to investigate whether or not the findings addressed above were applicable to other guest
molecules. Hence, the use of disperse orange 3 (D2) (see experimental part for a schematic
representation of the chemical structure of D2) in the micellar system has shown a very similar behavior
to the one found for the case of D1 (Figure 5-9).
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Figure 5-9: Thermo-reversible transfer experiments between an aqueous phase and a hydrophobic ionic liquid
(1-butyl-3-methyimidazolium hexfluorophosphate (IL 2)) phase of organic dye molecules (disperse red 1 (D1))
encapsulated into the cores of micelles formed by PNonOx-b-PEtOx-b-PMeOx triblock copolymers (sample M17 of
Table 5-1). (a) UV-Vis spectra of the aqueous and ionic liquid phases recorded for investigating the location of the
encapsulated molecules at different temperature conditions. (b) Graphical overview of the experiment.

To investigate in more detail the reversibility of the phase transfer process of encapsulated molecules
into the micellar cores, the experiment displayed in Figure 5-10 was carried out using D2 as guest
molecules of the micelles. This experiment starts with a micellar system similar to the one shown in
Figure 5-9b in equilibrium at room temperature. This initial stage consist of encapsulated molecules of D2
into the cores of PNonOx-b-PEtOx-b-PMeOx triblock copolymer micelles, which have migrated from an
IL 2 phase (bottom phase containing dissolved dye in excess) to an aqueous phase (upper phase
containing micelles with encapsulated dye) at room temperature. In the next step of the experiment, the
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aqueous phase of the initial system is transferred into a vial containing a new IL 2 phase (same amount of
IL 2 as in the initial system was used for this purpose). Thereafter, this new two-phase system is heated
(5 °C min™") up to 95 °C, resulting in the transfer of the dye-loaded micelles into the new IL 2 phase in a
similar way as described before. When this latter system is placed at room temperature and the
thermodynamic equilibrium is reached after some time, the micelles have migrated again into the
aqueous phase, but this time without the dye molecules. This means that the release of the dye
molecules into the new IL 2 phase has occurred as can be observed in Figure 5-10 (compare the change
of color in both phases in relation to the previous stages of the system before the phase transfer process
at high temperatures). In addition, these observations were confirmed by UV-Vis measurements of the
two phases of the system at its final stage; the aqueous phase containing the micelles did not show any
absorption band related to D2 dye molecules, whereas the new IL 2 phase did, confirming the presence
of D2.
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Figure 5-10: Graphical overview of a transfer experiment between an aqueous phase and a hydrophobic ionic liquid
(1-butyl-3-methyimidazolium hexfluorophosphate (IL 2)) phase of organic dye molecules (disperse orange 3 (D2))
encapsulated into the cores of micelles formed by PNonOx-b-PEtOx-b-PMeQx triblock copolymers (sample M17 of
Table 5-1). The experiment shows the phase transfer and release of encapsulated guest molecules D2 into the
hydrophobic ionic liquid phase (IL 2) allowing the recovery of the utilized micelles.

From the results of this previous experiment (Figure 5-10) the possibility arises to recover from the
aqueous phase the unloaded micelles in order to reuse them in a new encapsulation process. Thus, an
additional encapsulation experiment with recovered micelles was performed and its results are
summarized in Figure 5-11. This experiment starts with a micellar system similar to that one shown at the
end of Figure 5-10 (unloaded micelles in an aqueous phase in equilibrium at room temperature with a
hydrophobic IL (IL 2) phase containing released dye molecules from the micelles). In a next step the
aqueous phase of this initial system is transferred into a new vial containing a solution of a dye in IL 2 (D1
in the case of the experiment in Figure 5-11, same amount of IL phase as used in the previous
experiments). Thereafter, this new two-phase system is heated up to 95 °C, which provokes the transfer
of the empty micelles into the IL phase containing the dissolved dye. Figure 5-11a shows that when this
latter system is placed at room temperature for some time until a new thermodynamic equilibrium state is
reached, the originally empty micelles have migrated again into the aqueous phase but this time bearing
a new load of dye molecules. These observations were additionally confirmed by UV-Vis measurements
of the phases at the different stages of the experiment and the results are displayed in Figure 5-11b.
For instance, the initial micellar aqueous phase at 20 °C (recovered from an experiment similar to that
one shown in Figure 5-10) shows a weak absorption band in the region of the spectrum around 500 nm
(Figure 5-11b, curve “Ag. phase 20 °C”), whereas the IL phase reveals a much stronger signal in the
same region (Figure 5-11b, curve “IL phase 20 °C”) indicating the presence of dye molecules as
expected. After the micellar process transfer is completed at high temperature, the absorption band at
500 nm completely vanishes for the aqueous phase (Figure 5-11b, curve “Aq. phase 95 °C”) due to the
absence of any dye molecules, and obviously it remains for the IL phase (Figure 5-11b, curve “IL phase
95 °C”). Finally, when the system is placed at room temperature and reaches the thermodynamic
equilibrium, the micelles reloaded with new dye molecules have migrated into the aqueous phase as
confirmed in the UV-Vis spectrum corresponding to the curve “M17 reloaded (aq. phase 20 °C)” in
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Figure 5-11b. Similar to the experiment described in Figure 5-9, three more cycles of thermo-reversible
phase transfers of the micelles bearing the reloaded dye molecules between the aqueous and the IL
phases were additionally performed for the experiment shown in Figures 5-11. The obtained results were
similar to those ones discussed above for Figure 5-9 (the micelles bearing the dye molecules were
thermo-reversible transferred between the phases in every cycle).

a)
Transfer of %
PS phase into a °® _ &
new vial Heating Cooling :
IL phase New IL phase 7 IL phase
+ & + & . + &
b) ¢ Aq. phase 95°C
= |IL phase 95 °C
1.2 4 + Aq. phase 20 °C
' - IL phase 20 °C
A M17 reloaded (aq. phase 20 °C)
14
- A aAd,
3 A R 4 A
S087 4, . A
c
o m By
£ 0.6 1 . W
5 1 R
+ L} - - B
3 + 4wt -%
< 0.4 4 R -,
- " T
L . MR L S
+ NEILT.
02= - vare WO ot ® s 0»0305 ‘0*0‘9;{‘
.
04 oo X2 ¢
370 420 470 520 570 620 670

Wavelength (nm)

Figure 5-11: Reloading experiment of previously utilized micelles formed by PNonOx-b-PEtOx-b-PMeOx triblock
copolymers (sample M17 of Table 5-1) with additional organic dye molecules (disperse red 1 (D1)) and their thermo-
reversible transfer between an aqueous phase and a hydrophobic ionic liquid (1-butyl-3-methyimidazolium
hexfluorophosphate (IL 2)) phase. (a) Graphical overview of the experiment. (b) UV-Vis spectra of the aqueous and
ionic liquid phases at different stages of the experiment in order to investigate the re-encapsulation process of D1
molecules into the cores of previously used micelles.

Based on the results given in Figures 5-9 to 5-11, three main conclusions can be drawn for the
systems investigated: (1) The thermo-reversible phase transfer of encapsulated dye molecules can occur
when the amount of dye in the system exceeds considerably the amount of dye that can be encapsulated
in the core of the micelles. (2) One direction phase transfer (from the aqueous phase to the IL phase) and
release of previously encapsulated dye molecules into the hydrophobic IL phase can occur where the
system has originally an IL phase free of dye molecules. This means that the concentration of the dye
molecules in the system has an important influence on the reversibility of the transport of previously
encapsulated species. (3) The recovery of previously utilized micelles (for example, in case (2)) and their
reloading with new dye molecules is feasible. The resulting system behaves similar to the one described
in situation (1). Note that the obtained results are qualitative at this stage. However, a detailed
quantitative study, in terms of the amounts of dye present in the core of the micelles and/or in the entire
systems, is necessary for a better understanding of the transfer process. These experiments will be a
topic for future research.

The last experiments related to the encapsulation of guest molecules into the micellar cores as well
as their phase transfer in the system described correspond, unlike the previous cases, to the use of a
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water soluble but IL insoluble dye molecule. For these experiments the water blue organic dye (D3)
(see experimental part for a schematic representation of the chemical structure of D3) was selected due
to the fact that it fulfills the mentioned characteristics of solubility. Additionally, water blue is a pH indicator
which is colorless in the range of pH from 9.4 to 14. The starting point for these experiments is the
investigation related to the behavior of the dye in the two-phase system in the absence of block
copolymer micelles. As mentioned, the water blue dye is well soluble in water but it shows a poor
solubility in IL 2 even at high temperatures. Therefore, the investigation of D3 in the two-phase system,
starts with the solubility of the dye in an aqueous phase, which is placed in contact with an IL 2 phase as
displayed in Figure 5-12a. At this starting point the aqueous and IL phases have a pH of 7.5 and 5.8,
respectively, and therefore the aqueous phase shows an intense blue color due to the fact that the pH of
the water is lower than 9.4. However, after a while at room temperature conditions, the blue color of the
aqueous phase surprisingly vanishes yielding a colorless solution, which indicates that the pH of the
system has changed when the two phases are in contact. This phenomenon is depicted in Figure 5-12a.
Final pH measurements of the system showed that the aqueous and IL 2 phases reached pH values of
11.9 and 8.8, respectively. This effect may be related to changes in the two phase system of IL 2 and
water as discussed elsewhere!™ (e.g., formation of small amounts of secondary chemical species due to
the presence of water and/or other impurities in ILs might change the pH of the system investigated; for
instance, it has been reported that some ILs hydrolyze under certain conditions).”a] It was also found that
this final equilibrium state can be reached more rapidly with the supply of a slight stirring to the two phase
system. The second experimental stage regarding the use of D3 in the two-phase system includes the
utilization of self-assembled block copolymer micelles (from sample M17; Table 5-1) aiming at the
encapsulation of the dye molecules into the micellar cores. There are two possible ways to investigate
this encapsulation process as depicted in Figure 5-12b: either in the aqueous phase or in the hydrophobic
IL phase (where the dye is not soluble). The experimental procedure to achieve the encapsulation of the
dye molecules was the same for both cases (see experimental section). In the first approach, an aqueous
phase containing encapsulated molecules in the micellar cores together with dissolved dye molecules in
water is obtained. This aqueous phase was then added into a vial containing IL 2 phase to obtain a
system similar to the one shown in the bottom left in Figure 5-12b. In the second approach the
encapsulation procedure is originally performed in the IL 2 phase. Note that D3 is not soluble in IL 2
(even at high temperatures) and therefore the IL 2 phase remains colorless in the absence of block
copolymer micelles. Nevertheless, in the presence of PNonOx-b-PEtOx-b-PMeOx triblock copolymer
micelles (sample M17, Table 5-1), a system containing D3 and IL 2 show an intense blue color. Upon
adding water into this latter IL 2 phase, a similar two-phase system is obtained as displayed in the upper
left in Figure 5-12b. Moreover, when this latter system reaches the thermodynamic equilibrium at room
temperature conditions, the micelles loaded with D3 are transferred from the IL 2 phase to the aqueous
phase (upper right in Figure 5-12b) by a similar transfer mechanism as addressed before. In contrast to
the experiments in the absence of micelles (Figure 5-12a), in both cases (either where the encapsulation
of D3 was performed originally in the aqueous phase or in the IL 2 phase) shown in Figure 5-12b, the
blue color shown by D3 remains stable in time where block copolymer micelles are present in the
two-phase system. This is an additional proof that molecules of D3 have been successfully encapsulated
into the micellar cores in both preparation methods described. In addition, this finding also demonstrates
the ability of self-assembled block copolymer micelles to act as nano-confined environments since the
persistence of the blue color in the systems investigated is an indication that, most likely, the found
changes of pH in the overall system do not affect the pH inside the micellar cores allowing the
encapsulated dye molecules to remain blue (pH in the micellar cores below 9.4). Moreover, in the right
hand side of Figure 5-12b it can be observed that the systems obtained by these two preparation
methods also show a thermo-reversible micellar phase transfer process upon heating or cooling (for both,
micelles and encapsulated dye molecules).
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Figure 5-12: Experiments showing the use of micelles formed by PNonOx-b-PEtOx-b-PMeOx triblock copolymers
(sample M17 of Table 5-1) as confined environment for encapsulated water blue dye molecules (D3).
(a) In the absence of micelles a change in the pH occurs, which turns the system almost colorless.
(b) In the presence of micelles the changes of pH in the system do not affect the color of D3 molecules, which
indicates that the encapsulation of the dye molecules into the micellar core was successful and that block copolymer
micelles can act as confined environments.

5.3 Conclusions

In this chapter, a detailed overview about the state of the art of the recently proposed block
copolymer micellar systems in ILs!" was addressed. During the course of these studies, it was found that
several amphiphilic block copolymer systems self-assemble into micellar aggregates in the presence of a
hydrophobic and a hydrophilic ILs. In addition, an alternative method for the TEM characterization of
these systems was proposed, which has shown to be in agreement with characterization approaches
previously utilized. DLS results revealed that the nature of the ILs has generally an influence on the sizes
of the formed micellar aggregates for the same amphiphilic block copolymer system. Moreover, the
thermo-reversible micellar phase transfer process between a hydrophobic IL phase and an aqueous
phase was investigated by turbidity measurements for specific cases. The results have confirmed that the
micellar phase transfer between the two phases is a fully reversible phenomenon and have shown that
this phase transfer can be triggered by suitable heating or cooling processes. Furthermore, investigations
on the encapsulation of guest molecules into the micellar cores as well as their phase transfer process
between the aforementioned phases have been carried out. From these investigations, it was found that
the thermo-reversible phase transfer of encapsulated dye molecules between an aqueous phase and a
hydrophobic IL phase is also feasible. Other observations derived from these investigations reveal the
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possibilities of the transfer and release of guest molecules only in one direction (from the aqueous to the
hydrophobic IL phase), the recovery and reload of previously used micelles with new guest molecules for
further use in additional phase transfer cycles, and the use of block copolymer micelles as confined
environments for the protection of molecules from changes in the conditions of the surroundings.

The findings of this investigation may allow, for example, the development of advanced
heterogeneous micellar catalytic systems with novel features such as the recovery of expensive or toxic
catalysts from the final products, more efficient separation processes, the delivery of highly accurate
amounts of chemical substances in multiphase systems, or the recovery of expensive micellar aggregates
for further use. Future work on this topic may be focused, for instance, on the detailed elucidation of the
thermo-reversible micellar phase transfer mechanism, quantitative investigations on the micellar
encapsulation process of guest molecules as well as the development of a two-phase micellar catalytic
system.

In the previous chapter as well as in this chapter, it has been shown that the emerging field of ionic
liquids can be efficiently applied in the development of cleaner synthetic processes of polymeric materials
as well as in the preparation of new block copolymer micellar systems. Thus, ILs were used as novel
solvents for both homogeneous and heterogeneous polymeric systems. In the next chapter, ILs are not
only used as novel solvents any longer, but they are also combined with other substances aiming at the
preparation of advanced composite materials. More specifically, the incorporation of magnetic properties
into these novel ionic systems is discussed.

5.4 Experimental part

Reagents and solvents. lonic liquids (ILs) (see Table 4-1 and Figure 4-1): 1-Butyl-3-methylimidazolium
hexafluorophosphate (2) and 1-butyl-3-methylimidazolium trifluoromathenesulfonate (4) were synthesis grade and
obtained from Solvent Innovation GmbH as a kind gift. All other materials were used as received from the suppliers.

Synthesis of the block copolymer systems. All the block copolymers investigated in this chapter were
synthesized using similar procedures as described in previous chapters or reported elsewhere. The poly(styrene-
block-methyl methacrylate)s (PS-b-PMMA) diblock copolymers have been synthesized by sequential anionic
polymerization as described in section 2.4.2, whereas the poly(styrene-block-ethylene glycol) metallo-supramolecular
diblock copolymer (PS-[Ru]-PEG) has been prepared using terpyridine-functionalized polymer precursors as
addressed in section 3.3.3. The poly(2-nonyl-2-oxazoline-block-2-ethyl-2-oxazoline)s (PNonOx-b-PEtOx) diblock
copolymers and the poly(2-nonyl-2-oxazoline-block-2-ethyl-2-oxazoline-block-2-methyl-2-oxazoline)  triblock
copolymer (PNonOx-b-PEtOx-b-PMeOx) have been synthesized by sequential cationic ring opening polymerizations
in a similar way as addressed in section 4.2.1, but using acetonitrile as reaction media (a conventional volatile
organic solvent); a detailed description of these synthetic methods can be found elsewhere."" "8 Al polymers showed
narrow mono-modal molecular weight distributions as revealed by gel permeation chromatography (GPC). Proton
nuclear magnetic resonance (1H-NMR) spectroscopy in combination with GPC measurements were utilized for
calculating the chain lengths composition of the different block copolymers.

Preparation of block copolymer micelles in ionic liquids. Self-assembled micelles of the investigated block
copolymers were prepared utilizing the co-solvent method as reported elsewhere!' and in a similar way as described
in section 3.2.3. The block copolymers were dissolved in a thermodynamically good solvent for both blocks
(in acetone at 50 °C for block copolymers derived from oxazoline monomers and in tetrahydrofuran at room
temperature for the rest of the block copolymers investigated in this chapter) at a concentration of 10 wt %.
Subsequently, ILs 2 or 4 were gradually added into the polymeric solutions as selective precipitants for the blocks
composed of styrene and 2-nonyl-2-oxazoline under vigorous stirring in order to reach a concentration of 0.5 wt % of
the polymeric materials. The removal of the co-solvents from the micellar dispersions was achieved by a controlled
heating of the solutions up to 150 °C under vigorous stirring in open vials for 10 min. Upon cooling, the vials were
placed in a vacuum oven at 40 °C for at least one day.
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Encapsulation of guest molecules into the cores of block copolymer micelles in ionic liquids.
The encapsulation of three different organic dyes in the micellar system composed of PNonOx-b-PEtOx-b-PMeOx
triblock copolymer in IL 2 was achieved by placing predetermined amounts of the corresponding dye and block
copolymer (10 wt % of dye in respect to the total amount of block copolymer) in a vial before the addition of the non-
selective solvent (acetone in this case); the rest of the encapsulation procedure was identical to the micelle
preparation method explained above. The investigated organic dyes were disperse red 1 (N-ethyl-N-(2-hydroxyethyl)-
4-(4-nitrophenylazo)aniline) (D1), disperse orange 3 (4-(4-nitrophenylazo)aniline) (D2), and water blue (pH indicator)
(D3). D1 and D2 show a poor solubility in water but they were found to be well-soluble in IL 2. D3 is well-soluble in
water but completely insoluble in IL 2. In addition, D3 acts as a pH indicator becoming colorless in the range of pH
from 9.4 to 14. Figure 5-13 depicts schematic representations of the chemical structures of the organic dyes utilized
in this work.
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Figure 5-13: Schematic representation of the chemical structures of the organic dyes utilized in the investigations of
the encapsulation of guest molecules into the cores of block copolymer micelles (section 5.2.4).
D1: N-ethyl-N-(2-hydroxyethyl)-4-(4-nitrophenylazo)aniline (disperse red 1). D2: 4-(4-nitrophenylazo)aniline (disperse
orange 3). D3: Water blue (pH indicator).

Characterization techniques.

Dynamic light scattering (DLS) measurements were performed at 25 °C at 90° on a Malvern CGS-3 apparatus
equipped with a 633 nm laser. The values of refractive index for IL 2 and IL 4 used during the analysis, were 1.41
and 1.44, respectively; whereas the used values of viscosity for IL 2 and IL 4 were 196 and 113 mPa s, respectively.
The hydrodynamic radius and polydispersity indices of the micelles were calculated form a cumulant analysis.
The distribution of the hydrodynamic radius was obtained by a deconvolution of the data with the CONTIN algorithm.

Turbidity measurements were performed in an Avantium Crystal 16 platform which is composed of 16 wells
designed to hold 1.5 mL vials, each with its on-line turbidity (light transmission intensity) sensor. The wells can be
magnetically stirred at a fixed speed and are grouped into four zones that can be independently heated and cooled.
Block copolymer micellar systems were heated and cooled at 1 °C min~' orat5°C min_' ina range temperature from
20 °C to 95 °C using a stirring speed of 700 rpm. To verify the reproducibility of the measurements related to the
thermo-reversible transfer process of the micelles between a hydrophobic IL phase (IL 2) and an aqueous phase, the
heating/cooling cycle was repeated several times. The turbidity sensor of the equipment was located at the lower
phase (IL phase) of the micellar systems. Additionally, the transfer of the micelles between the two mentioned phases
(change in turbidity upon heating/cooling) was verified by visual inspection in a conventional oil bath setup.

Ultraviolet-visible (UV-Vis) spectroscopy measurements were recorded on a FlashScan 520 (AnalyticJena,
Germany) in 96-well microtiter plates (poly(propylene), flat bottom) from Greiner (Greiner Bio-One, Germany) in a
range from 250 to 800 nm. All spectra were referenced to an empty microtiter plate and measurements were
performed utilizing four flashes.

(Cryogenic) transmission electron microscopy (cryo-TEM) images of selected micellar systems were recorded on
a Technai G? Sphera (FEI) electron microscope using an acceleration voltage of 200 kV. Samples for cryo-TEM were
prepared using a similar approach as reported elsewhere!'"®% in a Vitroblot preparation chamber.
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pH measurements of micellar dispersions as well as of pure substances were performed in poly(propylene)
containers using a HI 8417 Hanna Instruments bench-top pH meter supplied with a HI 1131B glass-body combination
pH electrode.

GPC measurements of the PS-b-PMMA diblock copolymers were performed on a Shimadzu system with a RID-
6A refractive index detector and a 3 x Mixed-B (Polymer Labs) column utilizing tetrahydrofuran as an eluent at a flow
rate of 1 mL min"' and a column temperature of 20 °C. Molecular weights were calculated against
poly(methymethacrylate) standards. GPC measurements of the rest of the copolymers were performed on a Waters
GPC system consisting of an isocratic, a 2414 refractive index detector, a 2996 photo diode array detector, and a
Waters Stryragel HT4 column. A N,N-dimethylformamide solution containing 5 mM of NH4PFs was used as an eluent
at a flow rate of 0.5 mL min™" and a column temperature of 50 °C. Molecular weights were calculated against
poly(methyl methacrylate) standards in the case of copolymers derived from oxazoline monomers and poly(styrene)
standards in the case of the PS-[Ru]-PEG supramolecular diblock copolymer.

"H-NMR spectra were recorded on a Varian Gemini 400 MHz spectrometer at room temperature using
deuterated chloroform (CDCls3).
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CHAPTER 6

Advanced composite materials based on ionic liquids

Abstract

lonic liquids (ILs) are combined with polymers and/or magnetic particles to prepare novel electro and
magneto responsive composite materials. Thus, the preparation of magnetic particle dispersions in ILs has yielded a
new class of magnetorheological fluids (MRFs). In contrast to previously reported work, MRFs based on ILs have
shown a remarkably low sedimentation rate in the absence of stabilizing agents. Thus, the sedimentation rates of the
dispersions investigated depend mainly on the type of IL, as well as the concentration and size of the dispersed
magnetic particles. The control of the rheological characteristics of the investigated dispersions by applying a
magnetic field in combination with the desirable properties of ionic liquids (e.g., negligible vapor pressure and
flammability, and adjustable properties such as: solubility, viscosity, melting point, electric conductivity, etc.) have
allowed the development of new and outstanding stable MRFs. These fluids can be applied in diverse areas
including: Medical therapies (drug delivery and cancer therapeutic methods), engineering devices (dampers and
breaks), and accurate transportation and delivery of substances in multi-phase biological and chemical systems. In
addition, the developed dispersions of magnetic particles in ILs were used as precursor materials in the fabrication of
novel polymer-ILs-magnetic composites, which have shown both electro conductive and magnetic properties.
Moreover, the mechanical, electro conductive and magnetic properties of the composite materials proposed can be
readily manipulated upon varying the parameters involved in the preparation procedure proposed. A potential
application for the developed polymer-IL-magnetic composites might be the fabrication of micro-engineering devices
such as sensors and/or actuators, which could be applied in many areas of science and technology (e.g., in micro

fluidic technologies, electronic apparatuses, control systems, and medical therapies).

Parts of this chapter have been and will be published: (1) C. Guerrero-Sanchez, M. Rasa, U. S. Schubert, PCT
Application: PCT/EP2006/010654, Dutch Polymer Institute. (2) C. Guerrero-Sanchez, T. Lara-Ceniceros, E. Jimenez-
Regalado, M. Rasa, U. S. Schubert, Adv. Mater. 2007, 19, 1740 (front cover). (3) C. Guerrero-Sanchez, C. Fabrie, B.
Koopmans, S. Hoeppener, U. S. Schubert, in preparation.
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6.1 Polymeric composites based on ionic liquids and their application in
stimuli-responsive materials

In the previous two chapters, ionic liquids (ILs)" were used as novel solvents to perform polymer
synthesis and to prepare block copolymer micellar systems. In this chapter, ILs are combined with
polymers and/or magnetic particles aiming at the preparation of novel stimuli-responsive materials.
In a first stage, a brief introduction to the state of the art of polymeric composites based on ILs and their
application in stimuli-responsive materials is given. Thereafter, dispersions of magnetic particles in ILs are
investigated in detail and proposed as a new class of magnetic fluids and as precursor materials for the
preparation of novel polymer-IL-magnetic composites, which is briefly addressed in the third part of the
chapter. Potential applications of the proposed materials in this chapter as well as recommendations for
future developments in this emerging field of stimuli-responsive polymer-ILs composites are also given.

Due to their interesting and intriguing properties (e.g., negligible vapor pressure (see ref.l' for a
detailed description of this property of ILs), negligible flammability (see ref.'" for a detailed description of
this property of ILs), stability in a broad temperature range, and electric conductivity), ILs' have been
combined with different substances and polymers to prepare novel composite materials.” For instance,
ILs have been utilized as plasticizers for polymersm and for the preparation of polymers with reduce
flammability,[4] polymer-cellulose composites,® and polymer electrolytes.[el

The use of polymer electrolytes in the emerging field of stimuli-responsive micro and
nanotechnologies has received increasing research interest in recent years. Current and potential
applications of these technologies are diverse in the fields of electronics, biotechnology, medicine and
micro-electromechanical systems (MEMS), to name a few. For instance, an important application area of
these technologies is the handling of liquids in micro-systems.”! Various actuation principles and
structures have been employed in the fabrication of micro devices for these systems which include
piezoelectric,[sl electrostatic,”®” thermopneumatic,[”] electrochemical,"? bimetallic,"™ shape memory
alloy™ and electromagnetic!'® principles. Electro responsive materials are among the most frequently
used approaches for the fabrication of stimuli-responsive actuators and membranes. Solid-state
electrolytes with high ionic conductivities have been the subject of extensive research in recent years for
their application in electro responsive systems and for other purposes such as power sources!'®'® as well
as for electrochemical devices."”?” Solid-state electrolytes have shown obvious advantages over their
liquid counter parts (e.g. leakage, flammability, toxicity, stability). Some of the most interesting solid-state
electrolytes are composed of polymeric materials which can diminish the concerns related to the safety
and stability problems while offering other attractive properties, such as thin-film forming ability, flexibility,
transparency and printability. Printable electrical devices”"* are attractive for the development of MEMS
including sensors, switches, and micro-machines. In particular, printable actuators that can infinitely
operate in air at low voltages would provide a breakthrough in the design of miniaturized mechanical
devices. On the one hand, polymer electrolytes can be defined as solid solutions of electrolyte salts in a
polymeric matrix.?>?"! lonic motion in these polymer electrolytes, and hence the ionic conductivity, is
limited by the segmental mobility of the structuring polymers, especially those with high glass transition
temperatures (Tg). Attention in the past has been focused on synthesizing polymers with lower Tg or
minimizing their crystallinity to enhance the ionic conductivity, and new approaches have recently
emerged which make use of the design of room temperature molten salts (ILs) for the preparation of
polymer electrolytes.”®>" On the other hand, conjugated polymers can be considered as other potential
materials for the fabrication of electro responsive devices.®*? Although a few examples of conjugated
polymer actuators that can work in air (dehydratation and the corresponding loss in performance is an
important limitation of these materials) have been reported,®”* their complicated and relatively
expensive configuration require multi-stage processing that involve, for example, sputter deposition of
metallic layer electrodes and electrochemical deposition of polymer layers. To overcome the hydratation
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problem, ILs have been proposed as the solvents in this kind of electro responsive devices,***? since

they have the prospect of being electrolyte salts. Due to the high ionic conductivity and the wide
electrochemical window of ILs, polymer-IL composites show electro conductive properties.[41'43] These
(4449 a5 conducting
and for the fabrication of thin-film transistors“”! (see, for example, Figure 6-1).

composites have been already used in the fabrication of electro responsive actuators,
[46]

membranes for fuel cells,

% 5” -
24300 Lisarain

Figure 6-1. Conductive films and electro responsive actuators Prepared from polymerizable ionic liquids or
polymer-ionic liquid composites (see, for example, references*> #4454 ]).

As described above, research on polymer electrolytes for the fabrication of electro responsive devices
has been of great interest in recent years. However, a less explored area in these stimuli-responsive
micro and nanotechnologies is the preparation of polymer-magnetic composites. Magnetic actuation has
some unique advantages, such as achievable large forces and displacements. Furthermore, magnetic
fields can be supplied externally without using wires for current or voltage, allowing the design of wireless
devices. For instance, micro devices based on magnetic actuation have been reported in the past.l'®4%
Magnetic thin films in the nano-meter range have great promise for electronic and electric devices,
sensors, electromagnetic shielding, and high density storage.[5” Biomedical applications of such magnetic
materials that are being explored include, for example, retinal detachment therapy,[52] cell separations
methods,®**!! tumor hyperthermia,”® improved MRI diagnostic contrast agents,”**® and magnetic field-
guided carriers for localizing drugs or radioactive therapies.*®®" On the one hand, the preparation of
polymer-magnetic composites has been achieved by encapsulating magnetic particles into micro and
nano-sized polymer beads via heterogeneous polymerization processes.®®® On the other hand, the
incorporation of magnetic materials (particles) into bulk polymers remains an almost unexplored research
area, probably due to the considerable immiscibility shown by the most common magnetic materials with
commodity polymers. Recently, ILs have also been used for the stabilization of different heterogeneous
systems due to their surface active properties,’® which allows the homogeneous dispersion of different
materials (see, for example, section 4.3) in both ILs and polymer-IL composites.® Moreover, ILs have
also been used for the preparation of novel magneto responsive materials’®® including polymer-carbon
nanotubes composites with enhanced mechanical and electro conductive properties.[67]

So far, all the aforementioned approaches for the design of stimuli-responsive materials based on
polymer composites have been proposed in separated paths. The development of material composites
which could response to more than one stimuli (e.g., electro and magneto responsive materials) would be
of remarkable interest for industry and academia as well as from applications point of view. Such a
breakthrough in the development of “smart” materials can be achieved by a combination of the
established knowledge about polymers-IL composites used as polymer electrolytes in electro responsive
materials,*'™*") on the one hand, with the emerging field of polymer-IL-magnetic composites, on the other
hand. These proposed polymer-IL-magnetic composites would be of great interest for several areas of
research and technology. For instance, these materials could be readily applied in micro fluidic
technologies,”! electronic devices,®"” control systems, and perhaps in medical therapies.’?®"
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Furthermore, it may be the first time that polymeric composite materials combining both electro and
magneto responsive properties are developed and investigated (see, for example, Figure 6-2).
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Figure 6-2. Schematic representation of a micro device (actuator) fabricated with the polymer-ionic liquid-magnetic

composites proposed in this work (adapted from reference’ ) These devices can show both electro and magneto
responsive characteristics at the same time due to the nature of the proposed composites.

An important prerequisite for the development of polymer-IL-magnetic composites, is the preparation
of dispersions of magnetic particles in ILs as precursor materials for the proposed polymer composites,
which is addressed in the next section. Surprisingly, the preparation of the magnetic dispersions in ILs
have yielded other types of magnetic materials which, due to their relevance and enormous potential
applications, are worth to be analyzed and discussed in detail. Thus, these dispersions of magnetic
particles in ILs have allowed the development of a new class of the so-called magnetorheological fluids
(MRFs), which have shown outstanding properties. In a subsequent step, these magnetic dispersions can
be combined with suitable polymers or polymerized themselves in order to prepare the polymer-IL-
magnetic composites proposed. This step is briefly discussed in the last part of the chapter.

6.2 Dispersions of magnetic particles in ionic liquids: A new class of
magnetorheological fluids

The preparation of dispersions of magnetic particles in ionic liquids (ILs) is addressed in detail in this
section from the point of view of magneto responsive liquids (e.g., control of the viscosity of the fluids by
mean of a magnetic field). In the next section, these dispersions are utilized for the preparation of
polymer-ILs-magnetic composites, which are analyzed from the point of view of electro and magneto
responsive solids (e.g., actuators that can be controlled by means of an electric current or a magnetic
field).

Magnetorheological fluids (MRFs) are dispersions of micrometer-sized (from 1 to 20 ym) magnetic
particles in a carrier fluid, whose rheological behavior can be controlled by means of a magnetic field.*®”"!
Thus, MRFs can change from a liquid to a solid-like state and vice versa almost instantaneously upon
applying a magnetic field. MRFs have been used in various technological applications since their first
preparation.”?”® Applications of MRFs include semi-active shock absorbers in the automotive industry,
dampers for seismic damage controls in civil engineering, seals, valves, robotics and microelectronic
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devices."" In medicine, MRFs have been proposed for drug delivery and cancer therapeutic
methods.®®" Current fundamental research on MRFs focuses, mainly, on the settling of dispersed
magnetic particles (and re-dispersion phenomena), which may restrict their use in specific applications.[BZ]
To overcome the problem of sedimentation, several strategies have been proposed (e.g., addition of
thixotropic agents, surfactants, and nanoparticles, as well as the use of viscoplastic media as carriers,
and polymeric core-shell structured magnetic particles).[69'83'84] The sedimentation problem in MRFs is of
such importance that it has even been investigated (together with other properties) under microgravity
conditions in the outer space.””*? From a technological point of view, important aspects of MRFs include
the so-called property of “In-Use-Thickening” (IUT) and durability. IUT can be observed when certain
MRFs are subjected to high shear rates over prolonged periods of time; in such instances, an initially low
viscosity MRF progressively shows a continuous increase in its viscosity until it becomes an
unmanageable paste. In specific applications, the durability of MRFs is a more significant aspect than the
sedimentation problem.®® So far, most of the MRFs used in different fields of research and technology
have been prepared in certain carriers (such as water, glycols and diverse oils) using a wide variety of
additives to reduce settling.[86'89] However, the use of these carriers and additives may limit the potential
applications of MRFs in specific areas and increase their cost.

As mentioned above, ILs are substances composed entirely of ions in a liquid state at temperatures
below 100 °C.I" Unlike conventional carriers of MRFs, the properties of ILs (e.g., viscosity, solubility,
electric conductivity, melting point, etc.) can be tuned by varying the composition of their ions. In addition,
ILs are considered to be very stable and “environmentally friendly” compounds due to their negligible
vapor pressure (see ref.l'” for a detailed description of this property of ILs), negligible flammability (see
ref.'Y for a detailed description of this property of ILs), and liquid state in a broad temperature range.'"®
Nowadays, around 300 ILs are commercially available (and a considerable number of new ILs can be
readily synthesized),“a] covering a wide range of properties. Owing to these characteristics, it is thought
that the use of ILs as carriers of MRFs may expand and/or improve their applications in several areas of
science and engineering.

A recent study reports on the rheological behavior of suspensions of hematite nanoparticles in an
IL.*° On the one hand, it was found that concentrated suspensions of nanoparticles show non-Newtonian
characteristics, including shear thinning and shear thickening, which are probably originated by
particle-particle interactions and, on the other hand, it is addressed that suspensions with a low content of
nanoparticles follow a Newtonian behavior similar to the one shown by pure IL. However, this study does
not provide any information about the magnetorheological behavior of the suspensions and/or the
influence of the structure of ILs on the stability of the suspensions against sedimentation. It has also been
reported recently that ILs can be used as stabilizing agents in different heterogeneous systems!®"*
(see, for example, section 4.3 for a detailed description of heterogeneous polymerization reactions
stabilized by water-soluble ILs). For these reasons, it is thought that the use of ILs as carriers of MRFs
may lead to magnetic dispersions which are colloidally stable (against flocculation) and which offer an
improved stability against sedimentation (in this report the term stability is used relative to sedimentation,
unless otherwise indicated). Based on this hypothesis, MRFs using several ILs as carriers were prepared
and characterized (see the experimental section for details). In Table 6-1, the characteristics of the
prepared MRFs are summarized (see Table 4-1 and Figure 4-1 for a summary of the properties and
chemical structures of the ILs utilized as carriers of MRFs in this investigation).

Figure 6-3a displays the results of the sedimentation measurements of the MRFs of Table 6-1; low
sedimentation rates for MRFs containing 25 wt % of micrometer-sized dispersed magnetic particles can
be observed. According to these results, MRF3 (carrier IL 2) revealed an outstanding stability of the
dispersed magnetic particles against sedimentation, with a sedimentation ratio of 0.95 over a period of
1680 h (10 weeks) (see experimental section for the definition of sedimentation ratio as used in this
work). This finding may turn MRF3 into a highly attractive MRF for applications where the settling of the
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dispersion for long periods of time is an important factor to be considered (e.g., seismic dampers).
The reasons why MRF3 has shown such an outstanding stability against sedimentation is still under
investigation. However, it is thought that this observation might be related to the chemical characteristics
of IL 2 and its affinity for the magnetic material, which were used in the preparation of MRF3.
A high affinity of the IL for the dispersed magnetic particles might provide sufficient electrostatic repulsion
on their surfaces to keep them in suspension for a considerable period of time. The influence of the
concentration of the magnetic particles and their size on the colloidal and sedimentation stability of the
dispersions was also briefly investigated and the obtained results are depicted in Figure 6-3b.

Table 6-1: Composition and measured properties of the magnetorheological fluids (MRFs) based on ionic liquids
investigated in this work (* values not determined).

Sample lonic liquid wt % magnetite Density Saturation / remnant
| type (g cm™) magnetizations (kA m™)
MRF1  1-Ethyl-3-methyimidazolium diethylphosphate (1) 25 / micro 1.40 27.9/8.95
MRF2 1-Ethyl-3-methyimidazolium diethylphosphate (1) 25/ nano * 1
MRF3  1-Butyl-3-methyimidazolium hexfluorophosphate (2) 25 / micro 1.67 34.4/94
MRF4  1-Hexyl-3-methyimidazolium chloride (3) 25 / micro 1.23 23.7/7.09
MRF5  1-Butyl-3-methyimidazolium
trifluoromethanesulfonate (4) 25 / micro 1.58 33.7/9.60
MRF6  1-Butyl-3-methyimidazolium tetrafluoroborate (5) 25 / micro 1.48 30.3/8.84
MRF7 AMMOENG 100™ (6) 25 / micro * *r
MRF8 1-Ethyl-3-methyimidazolium ethylsulfate (7) 25 / micro 1.51 32.3/10.0
MRF9  Trihexyltetradecylphosphonium chloride (8) 25 / micro 1.12 24.1/7.93
MRF10 Trihexyltetradecylphosphonium chloride (8) 8.5 / micro 0.95 7.03/2.40
MRF11 Trihexyltetradecylphosphonium chloride (8) 2 / micro 0.91 *lx
MRF12 Trihexyltetradecylphosphonium chloride (8) 0.2 / micro 0.89 0.13/0.04
a) 1 r b)
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Figure 6-3: Sedimentation measurements of the magnetorheological fluids (MFRs) based on ionic liquids (ILs) given
in Table 6-1. (a) displays MRFs with slow sedimentation rates, whereas MRFs with fast sedimentation rates shown in
(b). The inset in (a) displays an image of the measurements after 1680 h; the numbers 1, 2 and 3 correspond to
MRF1, MRF2 and MRF3 (Table 6-1), respectively.

Regarding the influence of the particle size, Figure 6-3b reveals that MRF2, which is composed of
magnetic nanoparticles dispersed in IL 1, showed a fast sedimentation rate. When particles in the
micrometer range are used, at the same concentration and in the same carrier, the stability of the
dispersions improved remarkably (e.g., MRF1). The use of nanoparticles for magnetic dispersions leads
to the so-called ferrofluids (i.e., dispersions of magnetic nanoparticles in a liquid carrier),®*** which must
be stabilized against aggregation, for example by using surfactants, as describe in the literature.”**?
The goal of preparing MRF2 was to investigate whether the use of an IL (IL 1) as carrier could itself
provide sufficient colloidal stability to the dispersed nanoparticles; however, this could not be observed
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under the experimental conditions used for investigation. A possible method that may lead to the
preparation of colloidally stable ferrofluids in ILs would be to perform the synthesis of the magnetic
nanoparticles in-situ (directly in ILs) in a similar way as reported for the preparation of conventional
ferrofluids®® and/or other inorganic nanoparticules in ILs.®? Nevertheless, such investigations are beyond
the scope of this work. The study of ILs containing magnetic ions has been reported in recent years.*""'%!
Even though these materials have similar characteristics to other ILs (e.g., negligible vapor pressure,
negligible flammability, liquid state in a broad temperature range, etc.) and have shown a strong response
to a magnetic field, their magnetorheological behavior have not been disclosed in detail.!'® ILs containing
magnetic ions are described as single-component materials free from phase separation and therefore it is
thought that they may have a behavior similar to the so-called magnetic fluids or ferrofluids,!'® in which
the rheological changes under the influence of a magnetic field may not be so pronounced as in the case
of MRFs limiting their application in certain areas.®?

Regarding the concentration effect of the particles on the settling phenomenon of the dispersions,
Figure 6-3b reveals an inverse relationship between the particle content and the sedimentation rate.
This is due to the fact that interactions between the particles are stronger at higher concentrations and
decrease the sedimentation velocity. For example, it is thought that for suspensions containing a high
concentration of hematite nanoparticles in an IL, the particle-particle interactions are much stronger than
in the low-concentration cases, which may be responsible for the non-Newtonian behavior observed in
such systems.”® For instance, MRF9 (25 wt % of dispersed micrometer-sized magnetic particles in IL 8)
revealed a considerable lower sedimentation rate than MRF11 (2 wt % of dispersed micrometer-sized
magnetic particles in the same IL); an intermediate case, MRF10 (8.5 wt % of dispersed micrometer-sized
magnetic particles in IL 8), is also displayed in Figure 6-3b. Summarizing this point, Figure 6-3a shows
that the use of ILs as carriers in dispersions of micrometer-sized magnetic particles allow the preparation
of MRFs with improved stability against sedimentation in the absence of anti-settling additives (at least
under the experimental conditions investigated).

MRF2 and MRF7 (Table 6-1) were not completely investigated due to their physical characteristics:
MRF2 was colloidally unstable (as revealed in Figure 6-3b) and MRF7 showed a considerable |yTe28el
during the preparation procedure. However, MRF7 recovered its original consistency after a prolonged
period of time (30 days) at rest and, thus, its rheological characterization could be performed.

Table 6-1 summarizes the densities and magnetic properties of the MRFs investigated. The values of
saturation magnetization (Ms) and remnant magnetization (Mr) of the MRFs reported in Table 6-1 were
calculated by dividing the magnetic moments of the samples (as obtained from the magnetization
measurements) by their corresponding volumes (which were estimated from mass and density
measurements). The Ms values were estimated by measuring the maximum values of magnetization in
the magnetic hysteresis loops (see Figure 6-4a). Similarly, the Mr values were estimated to be the
intercept of the magnetization with the ordinate (see Figure 6-2a). The coercive field (Hc) values were
estimated to be at the interception of the magnetization curve with the abscissa (see Figure 6-4a). Figure
6-4a shows the magnetic hysteresis loop for MRF3 (which is representative for the rest of MRFs of Table
6-1 containing 25 wt % of micrometer-sized magnetic particles dispersed in the investigated ILs).
Magnetization measurements of the pure ILs were performed in order to investigate whether the utilized
ILs as carriers have any influence on the magnetic properties of the prepared MRFs. Figure 6-4b displays
the results of these measurements for IL 4, IL 8, and an empty sample holder which shows the
diamagnetic character of the analyzed ILs. Thus, it is considered that they have practically no contribution
to the magnetic properties of their corresponding MRFs. However, it has been reported that ILs
containing magnetic ions will be magnetized in the presence of a magnetic field"'® and their use as
carriers of MRFs certainly may show an influence on the magnetorheological response of the
corresponding dispersions. These investigations are beyond the scope of this work and may be subject
for future research in the field.
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Figure 6-4: (a) Magnetic hysteresis loop of magnetorheological fluid MRF3 (Table 6-1). (b) Magnetization
measurements of a sample holder and ionic liquids 4 (1-butyl-3-methyimidazolium trifluoromethanesulfonate) and
8 (trihexyltetradecylphosphonium chloride) with their respective sample holders reveal the diamagnetic properties of
these materials.
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Figure 6-5: (a) Magnetic hysteresis loop for magnetorheological fluid MRF12 (0.02 wt. % of magnetite dispersed in
IL 8; Table 6-1). (b) Corrected magnetic hysteresis loop for the sample magnetorheological fluid MRF12;
plot (c) displays a zoom in of plot (b).

When a magnetic field is applied to MRFs, the interactions between their magnetic particles become
much stronger, so that complex structures in the form of thick chains of magnetic particles develop.lgz‘m‘”
To study this phenomenon for the systems investigated here, a dilute dispersion of magnetic particles in
IL 8 (MRF12; Table 6-1) was subjected to magnetization measurements and optical microscopy (a low
concentration of particles in the fluids was used in these studies allowing a better observation of the

130



6. Advanced composite materials based on ionic liquids

dispersions). In the case of magnetization measurements, the diamagnetism of the sample holder was
observed due to the low concentration of magnetic particles in the sample, as shown in Figure 6-5a.
For this reason a correction on the magnetic loop of Figure 6-5a was necessary in order to determine the
magnetic properties of the sample. This correction was performed by subtracting the magnetic moments
of the sample holder containing the carrier IL 8 (see Figure 6-4b) from the magnetic loop of Figure 6-5a
and its result is shown in Figure 6-5b. Figure 6-5c shows in detail the corrected magnetic loop of MRF12.
Finally, from Figures 6-5b and 6-5c the magnetic properties (Ms, Mr, and Hc) of MRF 12 were determined
and summarized in Table 6-1.

Figure 6-6: Optical microscopic images of magnetorheological fluid MRF12 at room temperature are displayed:
(a) Fluid in the absence of a magnetic field, (b) fluid in the presence of a magnetic field (note that the rod-like
structures are aligned parallel to the direction of the applied magnetic field), and (c) fluid immediately after removing
the magnetic field.

It is thought that the hysteresis observed in the magnetic loops of the investigated MRFs (illustrated in
Figures 6-4a and 6-5c) is related to the aggregation process of the magnetic particles and the slow
reversibility in the presence and the absence of a magnetic field, respectively.[82] This phenomenon is
illustrated in the images displayed in Figure 6-6. Figure 6-6a shows MRF12 in the absence of a magnetic
field whereas Figure 6-6b shows it in the presence of a magnetic field. Figure 6-6¢c shows the remnant
aggregation of magnetic particles. These small aggregates observed still had a magnetic moment but it
was considerably smaller than the one in the presence of a magnetic field. The observed coercive field Hc
(shown, for example, in the magnetic loop of Figure 6-4a), was around —13 kA m™" for all investigated
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MRFs, except for MRF12 (sample at diluted conditions) which revealed a value of —8.9 kA m.
These results confirm that the magnetic hysteresis is due the aggregation/redispersion process of
magnetic particles, which, in turn, are influenced by their concentration in the fluid. Nevertheless, even
though the use of MRFs with a low concentration of magnetic particles facilitates their study by optical
methods, it is thought that the aggregation process of the magnetic particles may be different in
concentrated MRFs than in diluted conditions.® In fact, it is reported that lateral attractions between the
chains of particles increases with the concentration of the dispersion.[&] It was also observed that the time
scale of the formation of the microstructures in MRFs is on the order of several hundred milliseconds,
which increases with higher viscosities of the carrier liquid and with decreasing concentration of magnetic
particles in the fluid.®®?

Owing to the strong aggregation of magnetic particles in the presence of a magnetic field, MRFs
show considerable changes in their rheological behavior. With regard to this property, magnetorheological
measurements of the MRFs investigated were performed at constant temperature (25 °C). For these
measurements only MRFs with a content equal to or greater than 8.5 wt % of micrometer-sized magnetic
particles were analyzed.

One of the most intuitive starting points in the study of the magnetorheological behavior of the
investigated MRFs would be the measurement of their rheological properties in the absence of a
magnetic field. Basically, there are two contributions to the rheological behavior of the MRFs investigated:
The contribution of the carriers (ILs as pure substances) and the contribution of the magnetic particles
dispersed in the fluid. On one hand, it is known that most of the ILs are typically more viscous than
common organic solvents (see, for example, Table 4-1), that small amounts of impurities can have
important effect on their viscosity, and that, in general, most ILs show Newtonian behavior (a few
examples are known where ILs form a liquid crystalline phase, which show a thixotropic
behavior).[go'ms'm] On the other hand, it has been reported in literature that the viscosity of suspensions,
in both, ILs® and conventional solvents,*" will differ from that of the carrier liquid due to the presence of
the suspended particles. Thus, the viscosity of the MFRs investigated in the absence of a magnetic field
is determined by the viscosity of the carrier liquid (ILs) and the volume fraction of suspended magnetic
material (¢) according to established theories of the viscosity of suspensions. These established models
include: Einstein’s equation of viscosity for highly diluted suspensions,®! the modification performed by
Batchelor to the Einstein’s equation for more concentrated magnetic fluids (0.1 < ¢ < 0.27),* the
extension of Rosensweig to Batchelor's equation for relatively concentrated systems
(¢ of the order of 0.3),[94] and Pshenichnikov’s approach for fluids with a high content of suspended
particles (¢ up to approximately 0.6).[94] Other rheological models for suspensions are also described in
literature (see, for example, ref.®”). Rheological measurements in the absence of a magnetic field at
25 °C revealed that the MRFs investigated in this work show “quasi-Newtonian” behavior. In other words,
the dispersions show a slightly pseudo-plastic behavior (shear thinning) at low shear rates as revealed in
Figure 6-7a. However, the dispersions become Newtonian-like (linear dependences in shear stress vs.
shear rate plots) for shear rates greater than 16 s~ as illustrated in Figure 6-7b. Figure 6-7c displays a
logarithmic plot of the apparent viscosity vs. shear rate for the analyzed MRFs. The influence of the
concentration of the dispersed magnetic particles on the measured rheological properties can also be
seen in the plots shown in Figure 6-7 for the samples MRF9 and MRF10 (25 and 8.5 wt. % of particles,
respectively, both in IL 8; Table 6-1). As expected, Figure 6-7c reveals lower viscosity values for the less
concentrated dispersion (MRF10) especially at low shear rates. Similar observations have been recently
reported in literature for relatively high contents of hematite nanoparticles dispersed in an IL.*” Those
investigations were performed at 40 °C and varying the content of nanoparticles dispersed. It was
concluded that in the high shear range the suspensions reveal Newtonian flow behavior and that the
increase in the concentration of particles of the suspensions will lead to an increase in the shear stress
and in the yield stress (similar to Figures 6-7a and 6-7b for samples MRF9 and MRF10). Thus, it is
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thought that the development of the yield stress is determined by the content of particles, and therefore,
by the median distances between them.®® As the content of solids in the suspensions increases so does
the interactions between the particles. Therefore these interactions have to be overcome until the yield
stress is reached and as soon as they are diminished the rheological behavior of the suspensions
becomes Newtonian. In the plots displayed in Figure 6-7 the influence of varying the structure of ILs in the
suspensions can also be seen. For example, ILs containing more bulky cations (ILs 3, 6 and 8) are
expected to show higher viscosities (see, for instance, Table 4-1 and Figure 4-1) and shear stresses, and
therefore, their corresponding suspensions (MRFs 4, 7 and 9; Table 6-1) will also show higher viscosities
and shear stresses than suspensions prepared in ILs containing less bulky ions (as shown in the plots
displayed in Figure 6-7).
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Figure 6-7: Rheological measurements of magnetorheological fluids (MRFs) based on ionic liquids (ILs) (Table 6-1)
in the absence of a magnetic field at 25 °C. (a) and (b) display shear stress vs. shear rate plots showing a slight
pseudo-plastic behavior (shear thinning) at low shear rates and a Newtonian behavior (linear dependences) for shear
rates greater than 16 s respectively. (c) shows a logarithmic plot of the apparent viscosity vs. shear rate.

The plots displayed in Figure 6-8 illustrate the magnetorheological behavior of the MRFs investigated,
which reveal that their shear stress and apparent viscosity values increase as the intensity of the applied
magnetic field increases up to values where quasi-saturation of magnetization of the samples is
approached (see, for instance, Figure 6-4a). The presence of a magnetic field considerably changes the
interactions between the magnetic particles in the MRF, leading to the formation of complex
microstructures in the form of thick chains (as shown in Figure 6-6b), which consequently lead to
significant changes in the viscous behavior of the fluid.%'%
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Figure 6-8: Rheological measurements of magnetorheological fluids (MRFs) based on ionic liquids (ILs) (Table 6-1)
in the presence of magnetic fields of different intensities at 25 °C. Solid lines in (b) fit the experimental data obtained
of apparent viscosity to the power law model. (e) and (f) reveal the influence of the content of magnetic particles on
the magnetorheological effect in MRFs containing the same carrier (MRF9 and MRF10, 25 and 8.5 wt % of magnetic
particles dispersed in IL 8, respectively).

In Figures 6-8a and 6-8b it can be seen that the maximum shear stresses and viscosity values are
reached with a magnetic field of 282 kA m™'; as the saturation of the sample was already reached, the
use of higher intensities (321 kA m'1) does not have a significant effect on the rheological properties.
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Note that the MRFs investigated show a plastic or Bingham-type behavior in the presence of a magnetic
field (plots displayed in Figure 6-8) and the observed yield stress (minimum shear stress below which no
shear flow takes place) depends on the strength of the applied magnetic field as reported in the
literature.’®” Figures 6-8a and 6-8c also show that, depending on the IL used during the preparation of the
magnetic dispersions, the corresponding MRF can show highly non-linear behavior in the shear stress vs.
shear rate plots (Figure 6-8a, MRF3 at low shear rates and relatively high intensities of magnetic field) in
addition to the aforementioned Bingham-type behavior (Figure 6-8c). Note that the observed singular
behavior in the flow curve of Figure 6-8a (MRF3) at low shear rates and relatively high intensities of a
magnetic field has been previously reported and explained for some cases of the so-called
electrorheological fluids (ERFs).'"”"""! These situations show that the shear stress developed by the
applied magnetic field (or electric field in the cases of ERFs) slightly decreases as the shear rate
increases up to a certain transition value, and thereafter it starts to increase again. Similar to the cases
reported for ERFs,"'® in the plot of the MRF displayed in Figure 6-8a, these transition points were
observed at higher shear rates when the magnetic field strength was increased. The decrease in shear
stress below a critical shear rate might be a consequence of the destruction rate of the particle chain
structures exceeding the reformation rate of the particle chains, as the shear rates are increased.”""" This
may be the first time that such situation has been observed for a MRF. The data for the apparent
viscosities obtained from the measurements at different magnetic field intensities of the MRFs
investigated obey the power law model (as shown by the solid lines in Figure 6-8b), which is one of the
simplest and most frequently used models for describing non-Newtonian fluids."'? The influence of the
content of the dispersed magnetic particles in the MRFs investigated on their rheological properties in the
absence and presence of a magnetic field is depicted in Figures 6-8e and 6-8f. As expected, the lower
the magnetic material content in a same carrier (IL 8) is, the lower the aggregation is between the
magnetic particles and, as a result, lower values of apparent viscosity and shear stress (less pronounced
magnetorheological effects) are observed for a fixed intensity of magnetic field.
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Figure 6-9: Rheological measurements of a magnetorheological fluid MRF3 (Table 6-1) in the absence of a magnetic
field at 25 °C. The plots show the quasi-reversibility of the magnetorheological phenomenon for MRF3 (an initial
measurement before the application of any magnetic field and another one of the sample after being magnetized for
the magnetorheological measurements followed by a demagnetization process were performed).

Finally, the plots displayed in Figure 6-9 show rheological measurements of MRF3 (Table 6-1):
An initial measurement performed before the application of any magnetic field and another measurement
of the sample after being temporarily magnetized for the magnetorheological measurements followed by
a demagnetization process. Both measurements in the plots shown in Figure 6-9 reveal only slight
differences from each other, confirming that the observed magnetorheological effect is a quasi-reversible
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process, which is not observed in the absence of a magnetic field. These slight differences can be
attributed to the remnant magnetization (see, for example, the hysteresis observed in the magnetic loop
displayed in Figure 6-4a) shown by the fluids, which is related to the presence of residual small
aggregates of magnetic particles as discussed before and shown in Figure 6-6¢. The contribution of these
small aggregates to the rheological behavior of the fluid is considerably less significant in comparison to
their contribution observed in the presence of a magnetic field. The disappearance of the remaining
aggregates may occur when the time between measurements is sufficiently long and/or where the shear
rates are strong enough to break them apart (as depicted in the plot displayed in Figure 6-9b for high
shear rates).

6.3 Polymer-ionic liquid-magnetic composites based on dispersions of magnetic
particles in ionic liquids

As mentioned in section 6.1, the preparation of dispersions of magnetic particles in ionic liquids to be
used as precursor materials for the synthesis of novel polymer-IL-magnetic composites surprisingly
yielded a new class of the magnetorheological fluids, which have been addressed in detail in the previous
section due to their novelty and their importance from the application point of view. In this section, these
magnetic dispersions in ILs are combined with a polymer in order to prepare the polymer-IL-magnetic
composites proposed originally.

As addressed in the previous section, the content and type of magnetic particles dispersed in the
respective carriers will mainly determine the magnetic properties of the corresponding composite
materials. In general, the higher the content of magnetic material, the higher the response of the
composite to a magnetic field (see, for example, Figures 6-8e and 6-8f). However, the effective and
homogeneous dispersion of magnetic materials in polymer matrices (carriers) requires specialized
heterogeneous preparation methods which have to use diverse emulsifiers.®*®® Hence, an effective and
homogeneous dispersion process is necessary for the preparation of polymeric composite materials with
homogeneous magnetic properties. In addition to the use of ILs as surfactants to stabilize heterogeneous
systems described in section 4.3 and for the preparation of remarkably stable magnetorheological fluids
based on ILs described above, in section 4.2 and in chapter 5, it has been addressed that several
polymers form homogeneous mixtures with certain ILs. Thus, it is thought that the combination of a
suitable magnetorheological fluid based on ILs with a proper polymer might yield a homogeneous
dispersion of magnetic particles in a polymer-IL matrix. The polymer-IL-magnetic composites derived from
this process are expected to show both electro and magnetic responsive characteristics (see, for
example, Figure 6-2).

Regarding the preparation of the polymer-IL-magnetic composites proposed in this work, three
approaches can be investigated. (1) In the first preparation method, the direct blending of ILs with
compatible polymeric materials in the presence of magnetic particles can be performed at temperatures
well above the Tg of the utilized polymers. The main drawback of this approach is that due to the high
viscosities of the systems the dispersion of the magnetic particles might be ineffective, which may result
in non-homogeneous composites and affect mainly the magnetic properties of the composites. (2) The
second preparation method is similar to the first approach; however, in this method the use of a
co-solvent is required to achieve the blending between the involved components. This method has been
previously described in literature for the preparation of polymer-IL composites as polymeric electrolyte
materials.”®! Similar to the first approach, in this approach previously synthesized polymeric materials are
mixed with compatible ILs (in the cases of block copolymers, ILs have to be miscible with at least one of
the blocks of the copolymer) via dissolution in a thermodynamically good co-solvent for the involved
components.[43] Thereafter, the co-solvent is removed by evaporation at ambient temperature followed by
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treatment in a vacuum oven at higher temperatures. The main drawback of this technique is the use of
volatile organic compounds which can also be a restriction for certain applications of the composites due
to the potential toxicity of the organic solvents. Moreover, the use of diluted systems during the fabrication
of the polymer-IL-magnetic composites can lead to a faster sedimentation of the dispersed magnetic
particles before the complete removal of the co-solvent which can lead to non-homogeneous dispersions.
(3) The third preparation method is based on performing in-situ homogeneous polymerization reactions in
dispersions of magnetic particles in ILs previously prepared, using similar approaches to the described in
section 4.2.

Due to the aforementioned drawbacks of the first two preparation methods of the
polymer-IL-magnetic composites proposed, only the third preparation method is considered in this
investigation. Nevertheless, the second technique may be worth investigating in future research due to
the fact that it can facilitate the processability of these composites by techniques such as inkjet
printing[22’113'114] and/or micro-pattering[”sl aiming at the fabrication of well-defined devices in the
micrometer range based on the materials proposed. Under the scope of the third approach,
homogeneous polymerization reactions, such as “living” cationic ring opening and controlled/free radical
polymerizations (see, for instance, section 4.2), in magnetic dispersions based on ILs can be performed
for the preparation of polymer-IL-magnetic composites.

| 100 ym |

Figure 6-10: Microscopic images showing micrometer-sized magnetic particles homogeneously dispersed in a
poly(methyl methacrylate) / 1-butyl-3-methyimidazolium trifluoromethanesulfonate (PMMA / IL 4) matrix. The
PMMA-IL 4-magnetic composite is formed by 32 wt % of PMMA, 45 wt % of IL 4, and 23 wt % of micrometer-sized
magnetic particles. (a), (b), and (c) micrographs were recorded using atomic force, scanning electron, and optical
microscopes, respectively; white clusters in images (a) and (b) correspond to the magnetic particles.
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To investigate whether the third method described above would allow the preparation of
homogeneous polymer-IL-magnetic composites, the free radical polymerization of methyl methacrylate
(MMA) initiated by 2,2'-azobisisobutyronitrile (AIBN) was performed in a dispersion of magnetic particles
(micrometer-sized) in IL 4 (1-butyl-3-methylimidazolium trifluoromethanesulfonate) (see experimental part
for details). As addressed in chapters 4 and 5, poly(methyl methacrylate) (PMMA) is soluble in IL 4.
Hence, the polymerization reaction of MMA performed in a magnetic dispersion based on IL 4 has yielded
a homogeneous PMMA-IL 4-magnetic composite. Figure 6-10 displays microscopic images of a
PMMA-IL 4-magnetic composite (32 wt % of PMMA, 45 wt % of IL 4, and 23 wt % of micrometer-sized
magnetic particles) prepared by the method described; in the micrographs it can be observed that the
magnetic particles are homogeneously dispersed in the PMMA-IL 4 matrix. This demonstrates that
homogeneous polymer-IL-magnetic composites can be easily prepared by the investigated method.

The plots displayed in Figure 6-11 show that the investigated PMMA-IL 4-magnetic composite
(32 wt % of PMMA, 45 wt % of IL 4, and 23 wt % of micrometer-sized magnetic particles) responds to
magnetic fields of different intensities (Figure 6-11a) and is an electric conductive material (Figure 6-11b).
From the magnetic hyteresis loop displayed in Figure 6-11a it was found that the saturation and the
remnant magnetizations, and the coercive field of the investigated PMMA-IL 4-magnetic composite were
22.4,4.5 and -12 kA m™", respectively.

30000 T T T 6 T T p
2 o b) ; ;
| | | |
20000 4
| | | | e
E 10000 | 1 1 l ) | l l
2 . z | .
c | | | |
o = 4
g0 §° o s
b I I 5 . I I
10000 + -~~~ T ©a2l PO R (S
g : | | |
| | * | I
-20000 f - - - - - - - - - - = R B 44 ------- - e -
‘ l l l l
-30000 : 1 1 1 : st : : ‘ : 1
9E+5 -6E+5 -3E+5 OE+0 3E+5 6E+5  9E+5 -3 -2 -1 0 1 2
Applied field (A/m) Voltage (V)

Figure 6-11: (a) Magnetic hysteresis loop of a poly(methyl methacrylate) / 1-butyl-3-methyimidazolium
triffluoromethanesulfonate / magnetic (PMMA-IL 4-magnetic) composite. The PMMA-IL 4-magnetic composite is
formed by 32 wt % of PMMA, 45 wt % of IL 4, and 23 wt % of micrometer-sized magnetic particles. (b) Electro
conductive properties of this composite material.

Note that the amount and the molecular characteristics of polymer synthesized in the magnetic
dispersion based on IL will mainly determine the mechanical and electro conductive properties of the
composite. Thus, large amounts of polymer will lead to harder composites, whereas small amounts can
lead to rubber-like composites (plasticizing effect of ILs),"” and even to gel-like composites.**! Composite
materials containing larger amounts of IL will show higher electro conductive properties up to values close
to the electro conductivity values of pure IL. In addition to the fact that homogeneous polymer-IL-magnetic
composites can be obtained by the preparation technique proposed, the properties of the composite
materials, both mechanical and electro conductive, can be readily manipulated by varying the reaction
conditions of the polymerizations, the amount and type of IL, the architecture of the polymer synthesized
(e.g., linear, graft, star-shaped, cross-linked polymers, etc.), type of polymer (e.g., PMMA,
poly(2-ethyl-2-oxazoline), poly(ethylene glycol), poly(acrylonitrile), etc) as well as the size and the amount
of magnetic particles. For instance, polymerizable ILs can also be used to prepare the
polymer-IL-magnetic composites proposed using similar approaches as reported in the literature!**'"®'"]
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and incorporating a suitable magnetic material. In this regard, the free radical polymerization of the
dicationic salt 1,4-di(vinylimidazolium)-butane dichloride (C4(vim),-Cl,) initiated by AIBN was performed in
the presence of dispersed magnetic particles (micrometer-sized) (see experimental part for details). The
material obtained from this polymerization reaction is a cross-linked system. The plots displayed in
Figure 6-12 show that the poly(1,4-di(vinylimidazolium)-butane dichloride)-magnetic
(PC4(vim),-Cly-magnetic) (77 wt % of PCy(vim),-Cl, and 23 wt % of micrometer-sized magnetic particles)
composite synthesized also responds to magnetic fields of different intensities (Figure 6-12a) and is also
an electric conductive material (Figure 6-12b). From the magnetic hysteresis loop displayed in
Figure 6-12a it was found that the saturation and the remnant magnetizations, and the coercive field of
the PC,4(vim),-Cl,-magnetic composite investigated had values of 17.9, 3.7, and -159 kA m™,
respectively.
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Figure 6-12: (a) Magnetic hysteresis loop of a poly(1,4-di(vinylimidazolium)-butane dichloride)-magnetic
(PC4(vim)2-Cla/magnetic) composite. The PCy4(vim),-Clo/magnetic composite is formed by 77 wt % of PCu(vim),-Cl;
and 23 wt % of micrometer-sized magnetic particles. (b) Electro conductive properties of this composite material.

The magnetic properties of the polymer-IL-magnetic composites will be mainly ruled by the magnetic
properties of the particles used during their preparation procedure. In the materials discussed above
(Figures 6-11 and 6-12), micrometer-sized magnetic particles (magnetite) have been utilized for the
preparation of the polymer-IL-magnetic composites. However, the use of nanometer-sized magnetic
particles of the same material have yielded polymer-IL-magnetic composites with less pronounced
hyteresis in their respective magnetic loops in comparison to the cases where micrometer-sized particles
are utilized. This effect is illustrated in Figure 6-13 for the cases of PMMA-IL 4-magnetic composites
formed by 32 wt % of PMMA, 45 wt % of IL 4, and 23 wt % of micrometer- or nanometer-sized magnetic
particles. A similar effect has also been observed for the cases of PCy(vim),-Cl-magnetic
(77 wt % of PC4(vim),-Cl, and 23 wt % of micrometer- or nanometer-sized magnetic particles)
composites. From the magnetic hyteresis loops displayed in Figure 6-13 it was found that the saturation
and the remnant magnetizations, and the coercive field of the PMMA-IL 4-magnetic composite formed by
nanometer-sized magnetic particles had values of 26, 1.8, and -4 kA m™", respectively. In a similar way, it
was found that the saturation and the remnant magnetizations, and the coercive field of the
PC4(vim),-Cl,-magnetic composite formed by nanometer-sized magnetic particles had values of
16.9, 1.6, and -4 KA m™", respectively. The decrease of hysteresis in these latter cases is thought to be
related to the fact that the nanometer-sized magnetic particles resemble more to magnetic single domains
than the micrometer-sized magnetic particles. Hence, the magnetic moments created in the composites
during the magnetization measurements vanish more effectively in the absence of a magnetic field in the
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cases of nanometer-sized magnetic particles, which is responsible for the hysteresis decrease observed
and depicted in Figure 6-13.
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Figure 6-13: Magnetic hysteresis loops of poly(methyl methacrylate) / 1-butyl-3-methyimidazolium
trifluoromethanesulfonate / magnetic (PMMA-IL 4-magnetic) composites. In (a) and (c) the PMMA-IL 4-magnetic
composite is formed by 32 wt % of PMMA, 45 wt % of IL 4, and 23 wt % of micrometer-sized magnetic particles; plot
(c) is a zoom in of plot (a). In (b) and (d) the PMMA-IL 4-magnetic composite is formed by 32 wt % of PMMA, 45 wt %
of IL 4, and 23 wt % of nanometer-sized magnetic particles; plot (d) is a zoom in of plot (b). Note the hysteresis
decrease in the case of nanometer-sized magnetic particles.

Despite the achievements reported so far in the literature and in this work related to the properties of
polymer-ILs(-magnetic) composites and their potential applications as stimuli-responsive materials, a
clear and systematic understanding about the influence of the content of IL on the final properties
(e.g., ionic conductivity and mechanical properties) of these novel composites has yet to be identified.
The content of IL is thought to be a key variable for determining the final properties of these composite
materials. Future research in this field might be focused on the establishment of suitable formulation-
property relationships which may allow the optimal design of the polymer-ILs-magnetic composites
proposed for specific applications. By establishing suitable formulation-property relationships, the
characteristics of these stimuli-responsive composite materials, such as Tg, flexibility, mechanical,
thermal, magnetic and ionic conductivity properties, could be readily tuned for specific purposes.
The electro and magneto responsive polymer-ILs-magnetic composites proposed in this section could be
utilized, for instance, for the fabrication of novel sensors and/or actuators (see, for example, Figure 6-2).
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6.4 Conclusions

In this chapter, ILs were combined with polymers and/or magnetic particles in order to prepare electro
and magneto responsive composite materials. Surprisingly, the preparation of dispersions of magnetic
particles in ILs to be used as precursor materials in the fabrication of polymer-ILs-magnetic composites
proposed resulted in a new class of magnetorheological fluids (MRFs). Based on their relevance and
enormous potential applications, these MRFs have been analyzed and discussed in detail. Hence, a
series of MRFs based on ILs were successfully prepared, and their rheological and magnetorheological
properties were evaluated. The use of ILs as carriers in dispersions of magnetic particles has yielded
MRFs with low rates of sedimentation without the use of additional stabilizing additives. Thus, the rates of
sedimentation of MRFs based on ILs depend on the kind of IL utilized and on the concentration of
dispersed magnetic particles. Furthermore, the magnetorheological effect could also be observed in the
investigated new MRFs which allows for the reversible manipulation of rheological properties of the fluid
by means of a magnetic field. Thus the formation of large chains of magnetic particle aggregates,
responsible for the instantaneous and quasi-reversible modification of the rheological properties in the
fluids under the presence of a magnetic field, was also observed. The combination of the
magnetorheological phenomenon with the remarkable properties of ILs has allowed for the preparation of
outstanding stable fluids. The potential applications of MRFs based on ILs may be considerable, and may
include the improvement of current technologies based on the magnetorheological phenomenon
(e.g., automotive industry, mechanical, electronic and civil engineering, as well as medical therapies) and,
in addition, new applications may be developed. Owing to the variety of properties that ILs can provide,
MRFs based on ILs could be used, for instance, in the magnetically-controlled transport and delivery of
substances in different chemical and biological systems (heterogeneous and homogeneous),""® and as
reaction media with a magnetically-controlled diffusion process of reagents (even at extreme reaction
conditions of temperature and pressure).

In addition to the development of a new class of MRFs, the dispersions of magnetic particles in ILs
have been combined with suitable polymers, which have been synthesized in-situ, or polymerized
themselves to prepare novel polymer-IL-magnetic composites. It was found that the use of IL allows the
preparation of homogeneous polymer-IL-magnetic composites (well-dispersed magnetic particles in a
polymer-IL matrix) due to the surface active properties shown by ILs. Indeed, the composites obtained by
the preparation method proposed are electro and magneto responsive materials due to the presence of
ILs and homogeneously dispersed magnetic particles, respectively. Moreover, it is thought that the
mechanical, electro conductive and magnetic properties of the composite materials can be readily
manipulated using the preparation method proposed upon varying the reaction conditions of the
polymerization reactions, the amount and type of IL, the architecture and type of the polymer synthesized,
and the amount and type of magnetic material. Among the possible applications for the
polymer-IL-magnetic composites proposed in this chapter is the fabrication of micro-engineering devices
such as sensors and/or actuators, which could be used in many areas of science and technology (e.g., in
micro fluidic technologies,m electronic apparatuses,®" control systems, and medical therapies[52'6”).

6.5 Experimental part

6.5.1 Experimental part for dispersions of magnetic particles in ionic liquids

Materials. Iron(ll, 1ll) oxide (magnetite) powder (<5 pym, 98%, density 4.8-5.1 g cm™ (25 °C), Aldrich) and
magnetite nanopowder (spherical, 20-30 nm, >98%, density 0.84 g cm™?, Aldrich) were selected as magnetic
particles, and eight ionic liquids (ILs) were investigated as carriers for the preparation of the corresponding
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magnetorheological fluids (MRFs). The utilized ILs were: 1-Ethyl-3-methylimidazolium diethylphosphate (1), 1-butyl-3-
methyl-imidazolium hexafluorophosphate (2), 1-hexyl-3-methyl-imida-zolium chloride (3), 1-butyl-3-methylimidazolium
trifluoromethanesulfonate (4), 1-butyl-3-methylimidazolium tetrafluoroborate (5), AMMOENG™ 100 (6), 1-ethyl-3-
methylimidazolium ethylsulfate (7), and trihexyltetradecylphosphonium chloride (8). All the used ILs were synthesis
grade and dried under vacuum at 40 °C at least 3 days before usage. ILs 1, 2, 5, 6, and 7 were obtained from
Solvent-Innovation GmbH as a kind gift; ILs 3, 4, and 8 were obtained from Merck KGaA as a kind gift. In Table 4-1
some of the properties of the ILs investigated are listed, whereas in Figure 4-1 their chemical structures are
displayed.

Preparation method of the magnetorheological fluids. The preparation of the MRFs using ILs as carriers was
performed by mixing the corresponding IL with the magnetite particles. The compositions of the different MRFs
prepared are summarized in Table 6-1. The mixing process was performed in cylindrical polyethylene containers
using polyethylene stirring paddles. The mixing process was performed by mechanical stirring at a rate of 2400 rpm
for 15 min at room temperature (21 °C).

Characterization techniques.

Sedimentation measurements were performed under the influence of gravity in a similar way as described in the
literature.® The same volume amounts of the different prepared MRFs were poured into cylindrical polyethylene
tubes of 4 mm diameter and 53 mm length and closed. The tubes were placed vertically on a heavy marble table to
minimize vibrations. The experimental setup was placed in a room with a constant temperature of 21 °C. For these
measurements, the lengths of the supernatant (clear layer formed at the top of the fluid due to the sedimentation of
the dispersed magnetic particles in the corresponding ILs) were visually monitored over time. The lengths of the
formed supernatant clear layers at different times were subtracted from the initial lengths of the corresponding MRFs
(initially homogeneous), and the results were divided by the initial lengths of the corresponding MRFs in order to
obtain the sedimentation ratios.

Magnetization measurements were carried out using an alternating gradient magnetometer (MicroMag 2900) at
room temperature (21 °C). The sample holders were thin flat capillary glasses, placed in the magnetometer with the
narrow section perpendicular to the magnetic field. In this case, the demagnetizing field is negligible.[m] The sample
holders were filled with the MRF and weighted just before the measurements were performed. The volumes of the
samples measured were obtained from the mass of the samples and the densities of the corresponding MRFs. The
densities were measured with a picnometer at 21 °C (experimental values obtained are given in Table 6-1).

Magnetorheological measurements of the MRFs prepared were performed at 25 °C under steady shear at
different shear rates (see Figures 6-7 to 6-9) using a Physica UDS200 rheometer (Anton Paar) coupled with a
commercial magnetorheological device (MRD180-C, magnetorheological cell PP20/MR). The homogeneous
magnetic field was oriented perpendicular to the shear flow direction. A parallel-plate measuring system with a
diameter of 20 mm, which was made of non-magnetic metal to prevent the occurrence of radial component of
magnetic forces on the shaft of the measuring system, was used.

Images of MRFs selected were recorded with an optical microscope using an Axioplan 2 imaging system (Zeiss).
The samples were placed between glass microscope slides and the images were acquired with a CCD camera.

Before performing the characterization techniques described, the MRFs prepared were additionally homogenized
by vigorous shaking. After shaking, the MRFs showed no inhomogeneities (e.g., no supernatant clear layer formation)
for at least two days as revealed by sedimentation measurements.

6.5.2 Experimental part for the preparation and characterization of polymer-ionic liquid-
magnetic composites

Materials. Iron(ll, Ill) oxide (magnetite) powder (<5 pm, 98%, density 4.8-5.1 g cm™ (25 °C), Aldrich) and
magnetite nanopowder (spherical, 20-30 nm, >98%, density 0.84 g cm™?, Aldrich) were selected as magnetic
particles. The hydrophilic ionic liquid (IL) 1-butyl-3-methylimidazolium trifluoromethanesulfonate (4), which is a
thermodynamically good solvent for poly(methyl methacrylate), was synthesis grade and dried under vacuum at
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40 °C at least 3 days before usage. Methyl methacrylate (MMA) and N-vinylimidazole (Aldrich) monomers were
distilled under vacuum and stored under argon at —25 °C prior to use. 2,2'-Azobisisobutyronitrile (AIBN) was
re-crystallized from methanol and stored under argon at —25 °C prior to use. All other materials were used as
received.

Preparation of the dicationic salt 1,4-di(vinylimidazolium)-butane dichloride (C4(vim)2-Cl2) by
microwave-assisted synthesis. Cs(vim),-Cl, cross-linker monomer was synthesized by microwave heating in a
similar way to the method described in section 4.5.2 for the synthesis of water-soluble ILs. Hence, C4(vim),-Cl, was
obtained by reacting N-vinylimidazole with 1,4-dichlorobutane (Aldrich) (2:1 molar ratio, respectively). The reactions
were performed in sealed reaction vials (10 mL) specially designed for the single-mode microwave system Emrys
Liberator (Biotage). These vials were filled with the reagents, sealed and degassed with argon for 2 min. The reaction
volume was 5 mL. The reagents were mixed during the microwave-assisted reaction by using a magnetic stirring
system included in the microwave apparatus. Optimal reactions conditions for the synthesis of this cross-linker
monomer in the microwave platform utilized were found to be 120 °C using a reaction time of 10 min with high
absorption reaction mode (150 Watts). The product had a melting point around 160 °C.

Preparation of poly(methyl methacrylate) / 1-butyl-3-methyimidazolium trifluoromethanesulfonate /
magnetic (PMMA-IL 4-magnetic) composites. Free radical polymerization reactions of MMA initiated by AIBN
(1 wt % in respect to the amount of monomer) in dispersions of magnetic particles (micrometer or nanometer-sized)
in IL 4 (previously prepared as describe in section 6.5.1) were performed in cylindrical glass vials (1 mL) using a
reaction temperature of 70 °C and 3 h of reaction time. The polymer-IL-magnetic composites obtained by this method
had a composition of 32 wt % of PMMA, 45 wt % of IL 4, and 23 wt % of micrometer- or nanometer-sized magnetic
particles. The materials prepared by this method were solid and placed under vacuum at 40 °C at least 3 days in
order to remove un-reacted monomer.

Preparation of poly(1,4-di(vinylimidazolium)-butane dichloride)-magnetic (PC4(vim).-Clz / magnetic)
composites. Free radical polymerization reactions of C4(vim)2-Clz cross-linker monomer initiated by AIBN (1 wt % in
respect to the amount of monomer) were performed in the presence of magnetic particles (micrometer- or
nanometer-sized) dispersed in ethanol. C4(vim),-Cl; is soluble in ethanol, which was used as a solvent to perform the
polymerization reaction in order to obtained a better homogeneous dispersion of the magnetic particles. The amount
of ethanol utilized for the polymerization reactions was (33 wt % with respect to the amount of cross-linker monomer).
The polymerization reactions were carried out in cylindrical glass vials (1 mL) using a reaction temperature of 70 °C
and 3 h of reaction time. The polymer-IL-magnetic composites obtained by this method had a composition of 77 wt %
of PCa4(vim)2-Cl> and 23 wt % of micrometer- or nanometer-sized magnetic particles. The materials prepared by this
method were solid and placed under vacuum at 40 °C at least 3 days in order to remove the solvent (ethanol).

Characterization techniques.

Magnetization measurements of the polymer-IL-magnetic composites prepared were measured a room
temperature (21 °C) with a SQUID magnetometer. The direction of the applied magnetic field was parallel to the axis
of cylindrical-shaped samples obtained. A linear background was subtracted from the data of the samples recorded in
order to correct the substrate response using a proportionality constant obtained by fitting experimental data points at
high magnetic fields. Finally, the magnetic moments of the samples were divided by the volume to obtain the
magnetization values and the magnetic hysteresis loops of the composites.

Images of the polymer-IL-magnetic composites investigated were recorded by atomic force microscopy (AFM),
scanning electron microscopy (SEM), and optical microscopy. For the AFM and SEM measurements, the solid
composites investigated were frozen in liquid nitrogen and broken in order to obtained suitable flat surfaces for their
imaging. For the case of optical microscopy a thin film of the solid composite investigated was obtained by cutting the
sample with a blade and thereafter observed under the microscope.

AFM imaging was performed in intermittent contact mode on a Multimode SPM (Digital Instruments, Santa
Barbara, CA) using NSC36-type tips (~1 N m™", Mikromasch, Spain).

SEM imaging was performed on a JEOL JSM-840A microscope. The sample was initially dried under vacuum at
40 °C for three days before being analyzed. The dried polymer-IL-magnetic composite was mounted on a SEM
sample holder, sputter coated with gold for 2 min, and scanned at the desired magnification.
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Optical microscopy imaging was carried out on an Axioplan 2 imaging system (Zeiss). The dried sample was
placed directly under the microscope and the images were acquired with a CCD camera.

Electric conductivity measurements were performed on a home-made electric circuit composed by a power
supply and two multi-meters to measure the voltage applied to the composites and the current passing through the
samples.
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lonic systems in materials research: New materials and processes based on ionic

polymerizations and/or ionic liquids

Summary

Systems based on ionic interactions are usually related to reversible processes and/or transitory
chemical states and, nowadays, they are believed to be key factors for the understanding and for the
development of processes in several branches of chemistry and materials research. During the last
decades, scientists have developed different approaches for the preparation of new materials and/or
substances with outstanding properties based on ionic and other non-covalent interactions. In this thesis,
different chemical systems, based on ionic interactions, have been employed for the preparation of
different materials and for the development of more efficient synthetic methods in materials research. On
the one hand “classical” and emerging applications of ionic interactions are utilized for the preparation of
polymeric moieties and other materials, and on the other hand some of the results derived from these
single approaches are combined to produce and investigate more complex systems. These systems may
find applications in different fields of science and technology: From drug delivery and medical therapies to
engineering devices and novel catalytic reactions systems. Thus, this dissertation is divided in three
sections.

In the first section, the synthetic approach for the well-established anionic polymerization procedure is
enhanced by incorporating this technique into a high-throughput work-flow. The development of this
experimental approach has allowed and accelerated the systematic synthesis of new block copolymer
libraries. Some of the obtained block copolymers were utilized to prepare self-assembled micelles, which
were investigated and characterized in detail. Furthermore, the proposed experimental approach was
also applied for the development of a new synthetic route to prepare well-defined
end-functionalized polymeric architectures bearing supramolecular moieties (e.g., terpyridine groups). In
addition, this technique has shown to be a very useful tool for performing detailed kinetic investigations in
a short time. Thus, the high-throughput approach was established for one of the most demanding
experimental techniques in polymer synthesis. This new tool may help to speed-up research in this field,
which will allow a better understanding of structure-property relationships in polymer science.

In the second part of the thesis, ionic liquids are investigated as reaction media to carry out
polymerizations by different reaction mechanisms. Due to their outstanding chemical and physical
stabilities, ionic liquids are proposed as new ionic systems that can offer multiple advantages in polymer
synthesis. Thus, it is demonstrated that ionic liquids can be efficiently utilized to perform homogeneous
and heterogeneous polymerization reactions. In the homogeneous case, another important ionic
polymerization mechanism, cationic ring opening polymerization, was selected as an example for the
development of efficient and environmentally-friendly polymerization processes based on ionic liquids as
reaction media and microwave irradiation as a heating source. Polymerizations performed in ionic liquids

have shown faster reaction rates when compared to other solution polymerization methods, and also
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Summary

allow the synthesis of well-defined and chain extended polymers due to the fact that the investigated
polymerization reactions reveal a “living” character. Furthermore, it is shown that the proposed synthetic
method is not only limited to one reaction mechanism and can be readily extended to other types of
polymerizations, such as free radical processes. Due to the fact that not all monomers and/or polymers
are soluble in specific ionic liquids, it is also demonstrated that heterogeneous polymerization processes
can be carried out in these substances. For these cases, ionic liquids do not only act as a reaction
medium, but they also behave as surfactants to stabilize these heterogeneous systems. This has allowed
the synthesis of polymer beads with controlled particle sizes and surface areas. For all the investigated
polymerization reactions in ionic liquids, suitable and efficient approaches for the ionic liquid recycling and
polymer isolation were developed by the use of water as secondary substance during the separation
processes, which entirely avoids the use of volatile organic solvents. In addition, it is also demonstrated
that, with the approaches proposed, cleaner and more efficient polymerization processes can be
developed due to the known “green” characteristics of ionic liquids (e.g., negligible vapor pressure,
negligible flammability, and liquids in a broad range of temperatures) and to the high efficiency of
microwave irradiation in the presence of ionic liquids. The proposed environmentally-friendly
polymerization processes certainly arise as alternative methods for reducing emissions of harmful volatile
organic compounds still widely used throughout the polymer industry and for energy savings.

In the last part of the thesis, the materials and/or concepts developed in the first two sections are
combined in order to obtain more complex materials and systems. Specifically, amphiphilic block
copolymers that were synthesized in the first part of this thesis, or obtained by other methods, are utilized
for the preparation of self-assembled micelles in ionic liquids. This has revealed interesting properties due
to the fact that these block copolymer micelles, with and without encapsulated guest molecules in their
respective core, can be thermo-reversible transferred between two different phases (an aqueous phase
and an ionic liquid phase). Furthermore, it is also demonstrated that the investigated block copolymer
micelles provide confined environments that protect the encapsulated guest molecules from (sudden)
external changes in the surroundings. Finally, the surfactant properties revealed by ionic liquids are
utilized for the preparation of composite materials, which is illustrated by two examples: The utilization of
ionic liquids has allowed for the efficient and homogeneous dispersion of inorganic materials
(e.g. magnetite) into a polymeric matrix. Thus, polymer composites with both magnetic and conductive
properties were prepared by an inexpensive method. In addition, this latter concept is also extended to
the preparation of composite materials in a liquid state. As a result, novel magnetorheological fluids
based on ionic liquids were prepared by dispersing magnetic particles in ionic liquids. The use of ionic
liquids has allowed for the preparation of dispersions with low sedimentation rates and
magnetorheological fluids with enhanced properties. A combination of the outstanding properties of ionic
liquids with the magnetorheological technology led to the fabrication of new and “smart” fluids, which may
find applications in several areas of research and technology, such as medical therapies (drug delivery
and cancer therapeutic methods), engineering devices (dampers and breaks), as well as accurate

transportation and delivery of substances in multiphase biological and chemical systems.
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Samenvatting

Systemen gebaseerd op ionische interacties zijn gewoonlijk gebaseerd op reversibele processen
en/of overgangstoestanden bij chemische reacties. Deze ionische interacties nemen een sleutelrol in bij
het begrip van en bij het ontwikkelen van nieuwe processen in verschillende onderdelen van chemisch-
en materiaalkundig onderzoek. Gedurende de laatste decennia zijn verscheidene nieuwe materialen
ontwikkeld met buitengewone eigenschappen gebaseerd op ionische en andere niet covalente
interacties. Binnen dit promotieonderzoek is gebruik gemaakt van ionische interacties voor de synthese
van nieuwe materialen en voor het ontwikkelen van nieuwe, efficiéntere synthese routes ten behoeve van
de materiaalkunde. In eerste instantie zijn ‘klassieke’ en opkomende toepassingen van ionische
interacties gebruikt voor de synthese van polymeren en materialen. Tevens zijn sommige van de
resulterende inzichten gecombineerd om nieuwe geavanceerde materialen te maken die mogelijk
toegepast kunnen worden in medicijn afgifte systemen, medische behandelingen en nieuwe katalytische
systemen. Om de verschillende onderdelen te beschrijven is dit proefschrift onderverdeeld in drie secties.

In het eerste deel van dit proefschrift wordt het onderzoek behandeld dat gewijd is aan het vergroten
van de toepasbaarheid en mogelijkheden van anionische polymerisatie procedures door deze te
integreren in een combinatorisch werkschema. De resulterende combinatorische procedureheeft de
snelle synthese van een systematische serie blokcopolymeren mogelijk gemaakt. Sommige van deze
blokcopolymeren zijn gebruikt om zelf-assemblerende micellen te maken welke in detail gekarakteriseerd
zijn. Tevens zijn de nieuwe experimentele procedures gebruikt om goed gedefinieerde polymeer ketens
te verkrijgen met functionele supramoleculaire eindgroepen zoals terpyridines. Daarnaast is
gedemonstreerd dat de combinatorische aanpak zeer geschikt is om de kinetiek van polymerisatie
reacties te bestuderen. Geconcludeerd kan worden dat een combinatorische procedure ontwikkeld is
voor een van de meest veeleisende polymerisatie methodes. Deze procedure zal het huidige
polymeeronderzoek in deze richting versnellen, waardoor wellicht een beter inzicht in de relaties tussen
de structuur en de eigenschappen van de polymeren kan worden verkregen.

Het tweede deel van dit proefschrift beschrijft de toepassing van ionische vloeistoffen als
reactiemedia voor diverse polymerisatiereacties. Vanwege de uitstekende chemische en fysische
eigenschappen zijn ionische vloeistoffen potenti€éle kandidaten voor het ontwikkelen van nieuwe en
betere polymerisatie systemen. Zo wordt gedemonstreerd dat ionische vloeistoffen bij zowel homogene
als heterogene reacties als reactiemedia gebruikt kunnen worden. Voor het eerste geval is aan de hand
van een kationische ring-opening polymerisatie gedemonstreerd dat ionische vloeistoffen een efficiént en
milieuvriendelijk oplosmiddel zijn waarbij gebruik gemaakt werd van microgolf straling als verhittingsbron.
De polymerisaties uitgevoerd in ionische vloeistoffen vertoonden een hogere reactiesnelheid dan met niet
ionische oplosmiddelen. Tevens behielden de polymerisaties het levende karakter in de ionische vloeistof
wat de synthese van goed gedefinieerde en keten-verlengde polymeren mogelijk maakte. Bovendien is
nog gedemonstreerd dat de voorgestelde synthetische methoden niet alleen toepasbaar zijn voor
kationische polymerisaties maar dat ze ook eenvoudig gebruikt kunnen worden bij andere

reactiemechanismen zoals vrije radicaal polymerisaties. Vanwege het feit dat niet alle monomeren en/of
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polymeren oplosbaar zijn in alle ionische vloeistoffen kon de toepassing daarvan in heterogene
polymerisaties eveneens gedemonstreerd worden. In deze gevallen fungeert de ionische vloeistof niet
alleen als reactiemedium maar tevens als surfactant om deze reactiemengsels te stabiliseren. Hierbij
konden polymeerkorrels met controleerbare korrel grootte en porositeit gemaakt worden. Voor alle
genoemde reacties is de recyclering van de ionische vloeistof gedemonstreerd waarbij water als
scheidingsmiddel gebuikt werd zodat het gebruik van viluchtige organische oplosmiddelen volledig is
uitgesloten. Dit in combinatie met de ‘groene’ eigenschappen van de ionische vloeistoffen,
verwaarloosbare dampspanning, onbrandbaarheid en het vloeibare karakter in een breed
temperatuurbereik, evenals de efficiénte verwarming door microgolf straling in aanwezigheid van ionische
vloeistoffen betekent dat schonere en efficiéntere polymerisatie processen ontwikkeld konden worden.
Deze voorgestelde, milieuvriendelijke reactie procedures kunnen ingezet worden als alternatieven voor
tegenwoordige productieprocessen waarbij immer nog schadelijke viuchtige organische oplosmiddelen
vrijkomen.

In het laatste deel van dit proefschrift worden materialen en concepten resulterend uit de eerste twee
delen, gecombineerd om te komen tot complexere materialen en systemen. Zo worden de amfifiele
blokcopolymeren uit de eerste twee delen ingezet om micellaire aggregaten te verkrijgen in ionische
vloeistoffen. Deze micellen hebben in twee fase-systemen interessante eigenschappen aangezien er,
zowel met als zonder insluiting van gastmoleculen in de kern van de micellen, de mogelijkheid bestaat
temperatuur gestuurde reversibele faseovergangen te bewerkstelligen. Daarnaast is aangetoond dat de
verkregen blokcopolymere micellen een beschermende omgeving vormen voor ingesloten gastmoleculen
hetgeen ze kan beschutten tegen plotselinge veranderende omgevingsfactoren. Tenslotte zijn de
ionische vloeistoffen nog gebruikt in een tweetal composiet materialen. In het eerste geval zijn ionische
vloeistoffen gebruikt om magnetische magnetiet deeltjies homogeen te dispergeren in een polymere
matrix. Zo kunnen op goedkope wijze polymeren verkregen worden met zowel magnetische als
geleidende eigenschappen. In het tweede voorbeeld zijn magnetische deelties gesuspendeerd in
ionische vloeistoffen. De aldus verkregen magneto-rheologische vloeistoffen worden gekenmerkt door
goede eigenschappen en zeer lage sedimentatie snelheden. Deze combinatie van bijzondere ‘slimme’
eigenschappen betekent dat deze materialen toegepast kunnen worden in zowel de medische wereld (bij
gecontroleerde medicijn afgifte, bijvoorbeeld bij behandelingen tegen kanker) alsook in technologische
toepassingen (schokdempers en als remvloeistof) en bij accurate gespecialiseerde transport

toepassingen in meerfasen systemen binnen de biologie en chemie.
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