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KURZZUSAMMENFASSUNG

SiO,-Nanopartikel-Polymer-Grenzflachen wurden auf ihre Eignung als Diels-Alder (DA)
reversible Vernetzungsstelle untersucht. Die Rolle des chemischen Aufbaus der
Polymermatrix wurde gezeigt. Mehrere Millimeter groBe Schnitte konnten im Siloxan-
basierten Nanokomposit nach Herstellung eines Kontaktes der Schnittflachen mittels CHCl;
durch die DA-Reaktion geheilt werden.

Die Limitierung der Grenzflachenreaktivitdit wurde in einer Cofunktionalisierungsstudie
untersucht. Dazu wurden Fe,O,-Nanopartikel mit einer Monolage an DA-
alkylphosphonsauren funktionalisiert. Ein drastischer Einbruch des Umsatzes wurde bei
Verwendung der Maleimid-/Furan-Dodecylderivate anstelle von Maleimid/Methylfuran als
angreifende Reagenzien beobachtet. Dieses Ergebnis weist darauf hin, dass aufgrund der
Sterik nur ein minimaler Umsatz mit Polymerketten erzielt werden kann.

Daher wurden Dien und Dienophil statistisch in der Matrix verteilt, statt sie kumulativ an der
Fullstoffoberflaiche zu lokalisieren. Lineare Einkomponenten-Polymere, welche Dien,
Dienophil und ein zusatzliches H-Briicken-Motiv enthalten, wurden uber kontrollierte
radikalische Polymerisationen hergestellt. Urea-Gruppen tragende Spherosilikate wurden in
hohen Ausbeuten synthetisiert. Durch Mischen beider Komponenten wurden
Hybridmaterialien mit zweifach intrinsisch reversiblen Netzwerken erhalten. Die H-Briicken
halten Schnittflachen schon bei 30°C wieder zusammengehalten, wonach Schnitte im mm-
Bereich Uber die DA Reaktion geheilt wurden.



ABSTRACT

SiO,-nanoparticle-polymer—interfaces were tested according to their suitability as a DA -
reversible crosslinking site. The role of the chemical composition of the polymer matrix was
shown. Cuts of several millimeters could be healed within the siloxane-based nanocomposite,
after reconnection of cut surfaces with the help of chloroform, by the DA reaction.

The limit of interface-reactivity was investigated in a cofunctionalization study. Therefore,
Fe.O, nanoparticles were functionalized with a monolayer DA-alkyl phosphonic acids. A
drastic drop in conversion was recorded, when the attacking reagents were dodecyl
derivatives of maleimide and furan instead of maleimide/methylfuran. This result indicates,
that due to the sterical situation created by the attacking reagent on the surface only a
minimal conversion with polymer chains is possible

Therefore, diene and dienophile were distributed statistically within the matrix, instead of
being located cumulative at the particle surface. Linear one-component polymers, consisting
of diene, dienophile and one additional hydrogen bonding motive were synthesized using
controlled radical polymerization techniques. Urea-group bearing spherosilicates were
synthesized in high yields. By blending these both components, a hybrid material with double
intrinsically reversible networks was received. The H bonds reconnect cut interfaces at 30°C,
whereafter cuts in the mm-scale could be healed by the DA reaction.
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CHAPTER 1 INTRODUCTION

1 Introduction

1.1 Plastics

Plastics are distributed throughout the whole world and find widespread use in manifold
applications, such as automotive, architecture, packages and clothing. The discovery of
vulcanization of natural rubber by Goodyear around 1840 led to the first resin, called Ebonite,
which was commercially used. In 1905, one of the first entirely synthetic plastics “Bakelite”
was developed by Leo Hendrik Baekeland. The historical development of plastics is shown in
Figure 1. In the late 1930’s to early 1940’s intensive research was done to develop polymeric
materials with adjustable properties to produce new bulk materials. The major advantages, of
this novel material class, are the low production costs, low energy consumption in the
production and lightweight of the resulting materials. Polystyrene, polyvinyl chloride (PVC),
polyethylene terephthalate (PET) and Nylon name only a few results of this era. The "Age of
Plastics” began, when these products entered into objects of everyday life, in form of rubber
tires, electric insulators, safety glasses, laundry baskets, shopping bags, nylon tights and
many more.

The most special feature about plastics, which are classified in thermosets, thermoplastics
and elastomers is, that they can be molded into any shape, while mechanical properties can
be tailored.

1851 1930 1938 1953 1986
Rubber Polystyrene PVC Polycarbonate Biopol
Goodyear (GB) IG Farben (D) Klatte (D) ~ Schnell (D) ICI (GB)
1869 1930 1941 1954 1987
Celluloid Polyester Polyurethane Dralon org. LED
Brider Hyatt (USA) Carothers (USA) O. Bayer (D) Bayer (D) Kodak
1907 1933 1945 1957 2003
Bakelite Plexiglas Teflon Polypropene OLED-display
Baekeland (USA) Réhn&Haas (D) Plunkett (USA) Natta (1) Kodak
1923 1935 1953 1977
Aminoplasts Nylon HDPE electr. conductive Polymers

Baekeland (USA) Carothers (USA) Ziegler, Natta (D) Shirakawa, MacDiarmid, Heeger (USA)
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Figure 1: History of Plastics.[1]

Several Nobel Prizes in chemistry further highlight the role of this artificial material class
because the prize is given to whom, who made the most important chemical discovery or
improvement within the last years. In 1953, Hermann Staudinger received the prize for the
discovery, that polymers are built of macromolecules, instead of the former common opinion
that they are built of micelles. Ten years later, Karl Ziegler and Giulio Natta gained the prize
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for the usage of metal organic catalysts in polymerizations of olefins, which lowered the
necessary process pressure. In 1974 Paul Flory became a Nobel laureate for his theoretical
and experimental work concerning the behavior of polymer chains in solution. In 2000, Hideki
Shirakawa, Alan Heeger and Alan MacDiarmid received the prize for electrically conducting
polymers.

In general, most plastics are made of fossil fuels (natural gas and crude oil), which once
seemed to be a never ending raw material. The commercial industrial production of crude oil
began around 1855. Crude oil, containing mostly a mixture of hydrocarbons, is produced by
drilling a long hole into the earth, pumping it to the surface and bringing it to oil refinery to
separate parts of other materials. In petrochemical plants, large hydrocarbons getting
cracked into small ones, like aromatics, naphtha and olefins. These small monomers build the
basis to synthesize resins or plastics by controlled polymerizations. Further modifications, like
adding additives have to be done until plastic products can be molded, casted or drawn.
However, due to an increased demand because of industrialization, the crude oil prices are
rising (Figure 2). As a direct following product, the plastic prices strongly correlate with these
prices (Figure 2). Also, the worldwide production of plastics increased from 10.000 t /year in
1930 to 380.000.000 t/year in 2017.”

—— Thermoplastic Resins and Plastics Materials

1207 Plastics Material and Resins Manufacturing
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Figure 2: Correlation between Crude Qil price and Producer Price Index.[3, 4]

The era of plastics goes along with numerous environmental issues (Figure 3). Plastic nano
and micro particles are distributed in the oceans. Marine animals and birds getting trapped in
plastic waste or die because of plastic that fills their stomach. Around 10% of human waste is
caused by plastic and it takes 400-1000 years to degrade. One attempt to reduce the
problem, is recycling, especially of the one-way plastic. However, only 9% of ever worldwide
produced plastics are actually recycled, because it is difficult to collect or sort the different
types in a pure form. Since mixtures would lead to worse material properties, they are not
suitable for industry.
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FACTS ABOUT PLASTIC

annual petroleum production
converted directly into plastics

of plastics for single-use
disposable items

for plastics to
degrade

of all worldwide produced plastics
recycled up to now

incinerated

in landfills or environment
of total human waste is plastics

plastics end up in
the oceans each year

Figure 3: Facts about the plastic problem.

Various researches propose the ,Anthropocene”, as an epoch, which is significantly impacted
by humans® One of its characteristics would be the deposition of human-caused
technofossils, such as rainfalls of atomic bomb attempts and even the deposition of plastics.
These all are indications, that it is worthwhile to rethink the human’s behavior and leave
behind the time of one-way and throw-away materials.

Various approaches could help to realize this, like renewable and biodegradable raw
materials or the increase of lifetime of plastic based products. Healable polymers provide a
promising possibility to increase the useful lifetime of polymeric materials.

1.2 The idea of artificial self-healing materials

Inspired by the healing ability of natural organisms, scientists developed the wish to
manufacture healable, artificial materials. The magnificent complex mechanisms, that nature
uses to regain functionality, were developed as life forms evolved from single cell to
amphibian and finally mammal life.”! For example, in skin healing, an inflammatory response
induces the blood clotting followed by a proliferation in which new tissue is grown. In the
remodeling process, collagen becomes realigned along tension lines. Although scars can
remain, which lowers the performance of the tissue, the main functionality can be retrieved.

Encouraged by natural systems like the wound healing of skin, the general stages of healing
for artificial materials were concluded (Figure 4).”" The damage should lead to an activation
phase, followed by a transportation phase and as a final step the reparation phase.
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Synthetic route Biological route
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m Blaiszik B, et al. 2010.
Annu. Rev. Mater. Res. 40:179-211

Figure 4: Synthetic route (left) and biological route to healing. Reprinted with permission from Ref. [7]. Copyright
Annual Revies, Inc.

However, the main difference between living organisms and synthetic materials is, that the
former comprise a transportation system to deliver "healing agents” and fresh material
components, while destroyed material is carried away. These complex mechanisms, involving
precisely developed cells, perfected over millions of years of evolution, are difficult to mimic.
Therefore, the healing mechanisms in synthetic materials had to be broken down to
simplified procedures. Different healing approaches had to be developed according to the

nature of the material. Metal, ceramics and polymers are the three basic categories.”

Nowadays, most engineered materials are designed for damage prevention. In case of a
failure, damage repair is done by replacement of the broken part. These materials would
benefit from healable components. The incredible potential of continuous self-healing as a
promising, safe, environmentally friendly and cost efficient principle for material
constructions is already proved by the ancient romans. Amphitheaters, aqueducts, triumphal
arches and impressive buildings like the Pantheon in Rome withstand about 2000 years now
in an exceptionally good condition (Figure 5). The main component of these buildings consist
of "opus caementitium”, a sort of concrete, made of gravel, sand, water, cement and volcanic
ash. The healing principle is simple and highly efficient at the same time: when little cracks
occur, they can be filled back, after rain or moisture dissolves parts of the concrete and the

inorganic content (lime) newly solidifies within the crack upon drying.” '”




CHAPTER 1 INTRODUCTION

Figure 5: Roman Concrete is the first artificial Self-Healing material. Images: S.Schéfer.

Healing of artificial materials became a popular field in research with the beginning of 21.
Century in the context of the aforementioned throw-away society and the plastic era. The
number of publications by year containing the phrase “self-healing polymer” is continuously
increasing (Figure 6).

500 -
m  Number of Publications
containing the phrase
400 1 " i "
@ self-healing polymer T
2 .
8
§ 300
o
T y
5 200 +
Ke}
E
=}
P4
100
0 - W.
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Year

Figure 6: Increasing number of publications containing the phrase “self-healing polymer”.[11]

The word “"healing” is defined as “the process of making or becoming sound or healthy
again”."? In synthetic materials generally the restoration of only one property is regarded,
which means that upon healing, not all properties are restored.™. In literature, most often
mechanical properties, before and after healing are studied. The efficiency of the healing
process (n) is measured by building the quotient of initial and healed property (Equitation 1).
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n (%) — Khealed x 100 (Eq 1)

virgin

The healing efficiency is commonly determined by mechanical tests, such as fracture test,
fatigue test or tear test but also the surface smoothness can be regarded.'" The variety of
tests is reasoned by the numerous different materials investigated in artificial self-healing. For
this reason, a direct comparison of the healing efficiencies does only make sense, if similar
materials are regarded.

The main goal of this interdisciplinary research is, to increase safety, extend longevity of the
materials and enable a more sustainable and environmentally friendly handling of resources.
Less raw materials and transportation would be necessary if materials heal efficiently and
therefore the energy consumption in total would be lowered. Moreover, fatal accidents could
be prevented, when fractures which cannot be easily detected in the beginning, heal before
causing material failure.

It is worth mentioning, that the term “self-healing”, which was established within the past 20
years is somehow irritating, as at least most of the intrinsic systems need a trigger, and
therefore are not able to heal autonomously. The term "healable materials” would be more
precise in this regard, but the term “self-healing” is originated from the biological models,
which indeed do self-heal.

However, also living organisms do not heal autonomously, when taking into account that
permanently energy is added to the system, e.g. by eating and drinking. The consumption of
energy during healing is guaranteed because of the organization of the system, which means

[13, 14]

a negative entropy. The occurring processes differ significantly according to the

™31 In soft skin an interpenetration of injured material from the

consistence of injured tissue.
damage interface with underlying virgin material is possible. Thus, an equalization of new and
old material is possible. In hard bone, only surfaces can “reconnect”, because the initial
material is steady and cannot mix readily. According to the material, nature developed
different healing strategies. In all cases, firstly, a fast process that fixes only rough structures

begins, which is followed by prolonged mechanisms, to regain the original properties.

Based on this knowledge, scientists from different fields developed various healing
mechanisms depending on the material type and studied the resulting properties.® ™ ™ In
this work, the focus lies on polymer based systems.

1.3 Classification of self-healing polymer based materials

Within self-healing polymeric systems, two categories can be distinguished:"® the
autonomous and non-autonomous ones (Figure 7).
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Self-Healing Polymers
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Figure 7: Classification of self-healing polymer based materials according to V.K. Thakur and M.R. Kessler.[16]

Non-autonomous systems, which are always intrinsic (Figure 7), need an energy input like
heat, light, pressure or a chemical reagent, which is able to induce a chemical reaction or
provide contact, so that the bulk properties of the material can be recovered. Intrinsic means,
that the healing functionalities are incorporated homogeneously in the matrix on a molecular
level (Figure 8). In particular, this can be found in systems, where chemical bonds alone are
the key to healing. Reversible covalent bonds, hydrogen bonds, ionic bonds or coordinative
bonds are suitable for this. These latent functionalities are commonly directly incorporated
within the polymer matrix via copolymerization. In general, these reactions or interactions are
theoretically fully reversible, which means that healing can take place at the same location in
the material theoretically infinitely.

extrinsic intrinsic
only one healing event theoretically unlimited
irreversible reversible

b vascular € Intrinsic

‘fh Blaiszik BJ, et al. 2010.
Annu. Rev. Mater. Res. 40:179-211

Figure 8: Extrinsic (left) vs. intrinsic (right) reprinted with permission from Blaiszik et al. Ref. [7]. Copyright Annual
Reviews, Inc. Outer box added by Sandra Schafer.
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Autonomous systems can be both, intrinsic or extrinsic (Figure 7). Extrinsic means that
capsules or tubes are incorporated in the matrix, which contain a healing agent (Figure 8).
The healing agent normally consists of a mixture of monomers and catalyst, which is similar
or the same as the matrix. One drawback is, that the healing can take place only once in the
same region. The synthesis requires more steps, as the capsules or tubes and the matrix have
to be synthesized separately and mixed afterwards.

Non-autonomous, intrinsic healing systems are the subject in this work and will be described
in more detail in the following chapter.

1.4 Intrinsic self-healing systems

Intrinsic healing takes place at the molecular level, which specifies that healing occurs only at
nanometer scale or below, when the proximity of reactants is given."! All of these chemical
healing processes are only possible if the crack interfaces are in contact. However, it has to be
considered, that the reactions in bulk are slower than in solution, because they are hindered
by the lowered possibility of reactive groups to come in close proximity. In hard materials,
these conditions cannot be achieved because of the static surface, which makes heating or
the addition of solvent necessary to provide the required proximity and mobility of reaction
partners. In soft materials, the gap can be closed by pressing the surfaces of damaged area
together.

The very basic intrinsic healing is the physical self-healing in thermoplastics, which is induced
by a molecular movement and rearrangement of polymer chains above the glass transition
temperature (Ty). De Gennes, Prager et al and Wool et al described this phenomenon

18, 19]

theoretically in 1971 and 1981 respectively."” De Gennes already mentioned

dependency of healing time and the overall-mobility and diffusion and its relation to the

7 Prager et al. pointed out the importance of the

molecular weight of one polymer molecule.
initial configurational distribution of the chains according to the healing time.!"® Wool and
O'Connor published the theory of five stages in crack healing in polymers: 1) surface
rearrangement, 2) surface approach, 3) wetting, 4) diffusion, and 5) randomization.!"” One
basic approximation therefore is the reptation model, wherein one polymer chain is assumed

as a tube (Figure 9), which can move by self-diffusion through the bulk material.

Interface

,,,,,,,,,,,,,,

Figure 9: Polymer chain is diffusing as a tube according to reptation model within bulk.[19]
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Relations for strength, elongation to break, impact energy, and fracture parameters were
obtained as a function of time, molecular weight, temperature, pressure, and processing
conditions. Microscopy, spectroscopy, or scattering experiments were found to coincide with
restoration of mechanical properties after crack closure.!'”

First experimental results from Jud and Kausch on poly(methyl methacrylate) demonstrated
the possibility of healing of thermoplastic material.?® In this early stage, they already
described that the diffusion of whole molecular coils with a diameter of 20 nm is rather
unlikely to occur. The diffusion of chain end segments seem to penetrate into the matrix to
form physical linkages. Already in this early stage, the other option of healing in such a
material, namely, the homolytic or heterolytic cleavage of covalent bonds due to mechanical
stress, which leads to the formation of radicals, was identified almost not to contribute. Later
studies further confirmed this, by cleavage through the use of radical reporter molecules,
such as 2,2-diphenyl-1-picrylhydrazyl and pentamethylnitrosobenzene. These radicals are too
reactive towards atmospheric oxygen and get immediately quenched before a recombination
could occur.?"

In more recent studies specific reversible interactions were chosen to increase the ability to
self-heal, improve the strength of the material, and to accelerate, consolidate and trigger the
reversible processes. These interactions can be divided into non-covalent and covalent

ones.['®

The non-covalent interactions comprise T-Tt- stacking,®® 2 ** 2°! hydrogen bonding,#® 27 28 27!

[30, 31]

ionic interactions, and coordinative bonds.P? # 3* #! Although they are weak, when

regarded separately, the sum of many of these forces in total lead to a strong network. Most

often, these interactions are incorporated in relatively soft materials, like hydrogels.®

B37. 38 radical

Covalent interactions were designed using the Diels-Alder (DA) cycloaddition,
exchange,® *? dynamic urea bond,"*" and trans-esterification.** ** * The covalent bonds are
principally stronger than the non-covalent ones — and therefore the materials using this
healing type can be harder. Within the evolution of living organisms, nature developed
materials, which combine the advantages of the strong covalent and weaker reversible

bonds.["!

1.4.1 Dynamic covalent bond chemistry

The intrinsic healing method based on dynamic covalent bond chemistry (Scheme 1) can be
classfied in three main categories: the condensation, exchange and addition type of
equilibrium reactions,'*! but the transitions are fluent (Figure 10). Each of these reactions is
reversible under the addition of energy. The necessary energy input can be realized by
irradiation, light, increase of temperature or the addition of chemicals. Temperature is most
often employed as a trigger, because an increase in temperature assures a higher mobility of
functional moieties, which is one essential condition for intrinsic healing.
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Condensation Exchange Addition
boronate ester acylhydrazone vitrimers thiol-ene Diels-Alder
oxime metathesis urea Cycloaddition
imine siloxane disulfide Diarylbibenzofuranone
alkoxyamine

Figure 10: Intrinsic dynamic covalent bond chemistry. Adapted from Ref. [45].
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Scheme 1: Selected intrinsic reversible covalent interactions.

In the first type, the condensation reaction, two functional moieties react with each other
under release of a third small molecule (e.g. water, alcohol). Lehn et al. investigated the acid
catalyzed condensation of di(aldehyde) and di(acylhydrazines) to acylhydrazones under
release of water.*® ! The condensation of boronic acids with diols, such as catechol enables
the formation of boronate esters, which is responsive to the pH value.”® Both condensation
type reactions are commonly applied for the preparation of self-healing hydrogels having
low mechanical strength.

In the second type, the exchange reactions, the reactive, isofunctional groups can switch or
reshuffle their connections. Usually, the opening and closing of bonds proceed at the same

[49] [50]

time. Examples comprise imines”™” and oximes,”" which are most often employed in

9 which enable healing at low temperatures but these bonds are

41]

hydrogels, disulfide bonds,

weak and thermally unstable at elevated temperatures, dynamic urea bonds,*" which can

dissociate reversibly to isocyanate and an amine when bearing an appropriate bulky

[51, 52

substituent, siloxane exchange, I which offers access to a low toxic material, which is

chemically stable and can heal at ambient temperature, but has a low mechanical strength.

53, 54, 55
S[

Radical exchange in alkoxyamine I enables the use of polymers with higher mechanical

strength, but some of the systems are unstable towards O,. Because of the high reactivity of

10
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the NO radical, several side reactions occur, and elevated temperatures are required to shift

B3 Olefin metathesis®®® >7

the chemical equilibrium to the free radicals. shuffles strong C-C
double bonds by the application of transition metal catalysis.

In the third category, the addition reaction, two reactive molecules give one product without
the formation of any byproduct. Examples in this category include various types of the DA
reaction which is a [4+2] cycloaddition,®® *® the [2+2] cycloaddition of coumarin and
cinnamoyl groups and the [4+4] cycloaddition of anthracene. The cycloadditions involving 4n
1i-electrons always proceed photochemically, which leads to a problem with healing, because
the penetration depth of light into the bulk material is limited.* The Michael addition of
thiol-ene systems offers access to reversible C-S bonds, but they are generally weaker, and
the materials tend to degrade at higher temperatures.” ¢ "

Each of the mentioned reactions, which are known for intrinsic self-healing materials
possesses its specific range for a possible application. The advantages and disadvantages
have to be considered with respect to the desired properties. In Dahlke's review is was
pointed out, that good healing efficiency with high mechanical strength at the same time is
difficult to obtain.™ Intrinsic healing systems having the highest strength along with
relatively short healing times contain the DA chemistry. The further increase of mechanical
strength of intrinsic healing systems is still a challenging field of current research.

The DA chemistry probably represents the most versatile function for the generation of self-
healing polymers because of the high tolerance of functional groups, the temperature range
of application and the thermal trigger. According to that, the by far most often employed
reaction is the thermoreversible [4+2] cycloaddition, namely the DA reaction. Many
advantages, such as the formation of strong C-C bonds in high yields, the absence of side
reactions, the orthogonality, which means the reaction has a high tolerance of functional
groups, no need of further chemicals for association or dissociation, the temperature range,
in which the reaction is thermoreversible, the versatile possibilities of chemical modification
of required diene and dienophiles and the robustness (air stable, proceed in almost any
medium). The diene and dienophile pair can be chosen according to the desired temperature
range for the materials application. Also, the well-known DA chemistry makes this type of
reaction an appropriate tool for the covalent connection of polymers to inorganic materials in
composites.*”’ Compared to non-covalent bonds, the covalent ones are principally stronger -
and therefore the materials using this healing type can have a higher mechanical strength.
For these reasons, we chose to work with the DA reaction for the investigated approach and

therefore only this type of dynamic covalent bonds will be discussed in more detail.

1.4.2 Diels-Alder based systems

The DA chemistry provides a unique access to strong covalent, thermally reversible carbon-
carbon bonds within a suitable temperature range for polymers. As a click-reaction, the [4+2]
cycloaddition between diene and dienophile, has a high thermodynamic driving force with an
excellent selectivity for one single product and accordingly a high atom efficiency. Six m-
electrons rearrange in a six-membered cyclic transition state by a positive overlap of the
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highest occupied molecular orbital (HOMO) of the diene and the lowest unoccupied
molecular orbital (LUMO) of the dienophile, in DA pairs with normal electron demand (Figure
11).1? This overlap is the precondition of the formation of the two new o-bonds.

dienophile diene cycloadduct

T4

1 LUMO ——
L
m, HOMO

.

sLMo

A
%nHOMO G% %

common electron demand DA

Figure 11: Interaction of HOMO diene and LUMO dienophile.[62]

The chemical equilibrium state can be tailored by choosing the temperature according to Le
Chatelier. To produce starting materials from the DA adduct, energy has to be added to the
system by an increase in temperature. The probably most simple DA pair is 1,3-
butadiene/ethylene, but the reaction proceeds rather slow and requires high temperatures
for the back reaction. Accordingly, it has no meaning for material development. Better
suitable are cyclic dienes, as the substituents on double bonds are trapped in the cis-
conformation, and no rotation around the reacting bond is necessary.

The number of suitable DA pairs for materials applications is low, because of the specific
temperature ranges and the time in which these pairs can be reversible switched from
starting material to the product. Most DA pairs would show rather a degradation on thermal
treatment than dissociation into the starting materials. Only three types of DA reaction match
the condition to have a sufficiently low DA reaction enthalpy so that the dynamic equilibrium
can be affected by heating without thermal degradation. The three suitable DA reactions are:

a) the homoaddition of cyclopentadiene (Cp),

b) the addition of two different heterocycles; e.g furan and maleimide

) the hetero-DA reaction, in which a six-membered heterocycle having a C-X (e.g.
X=S) bond is built.

Their healing times and temperatures are depicted in Table 1.

12
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Table 1: The three suitable DA pairs and their healing times and temperatures.[63]

Diene Dienophile DA adduct Conditions

DA: 25-120°C
R’ rDA: >120°C
R' time: hours to days
R

R

[o} (o}
= DA: 80-120°C
P N N-R fDA: >120°C or > 180°C
depending on R and R’
o R (0]

R time: hours to days

R
i DA: 25-80°C
K > N R’ S N e
S s 7\ rDA: >80°C
R Z s \— time: minutes
/
R

catalyst TFA or ZnCl,

These three systems have in common, that the dienes are cyclic. Accordingly, the substituents
on double bonds are trapped in the cis-conformation and no extra-rotation around the
connecting o-bond is necessary before the addition can proceed. By chosing stable dienes,
such as the aromatic furan or producing less stable adducts, such as dicylopentadiene (DiCp)
or the pyridinyldithioformate, a low energy barrier for the equilibrium can be realized.

The most simple diene/dienophile pair are two cyclopentadienes, which can dimerize within
hours at ambient temperatures. This molecule can act as both, diene and dienophile and also
the DA adduct was found to react as dieneophile.®* ** ®I The main driving force of this
reaction, besides the formation of two new o-bonds, is the reduction of ring strain in both Cp
units. However, because cyclopentadiene tends to dimerize, crosslinking prior to shaping can
occur. The required temperature for the cycloreversion is rather high since cracking of
dicyclopentadiene affords a temperature of 170°C.1*"

Already in 1961, Stille and Plummer investigated the polymerization of 1,n-
bis(cyclopentadienes) alkanes by DA reaction, but they did not investigate the thermal

©7'1n 1979, Kennedy and Castner were the first who showed the

reversibility of these systems.
thermal reversibility of a dicyclopentadienyl crosslinked system.®® ¢ The polymers contained
either terminal or randomly distributed pendant cyclopentadiene groups.™ The latter ones
were able to undergo the DA and the reverse reaction at 170°C to afford remoldable

polymers (Scheme 2).

— (0 e

Scheme 2: Reversible dicyclopentadiene crosslinked polymer.[69]

Remolding under maintenance of the same polymer properties was possible two times. In the
third cycle, the polymer could no more adapt to the shape of the mold cavity, and the pieces
did not coalesce. Kennedy and Castner gave no explanation, but later Bergman and Wudl
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speculated that exposing the system multiple times to high reversal temperatures cause
undesired decomposition of the material.®® Further, they stated in their review from 2008,

that despite a few rather old reports, dicyclopentadiene (DiCp) DA systems have not been

investigated for remoldable polymers until Wudl et al. came up with a new modification.””

(@)
(0]
o] cooling to g !
ambient
0o 120°C °©
o temperature
7 o i — o)
(0] o) Q
O,
] electron deficient Cp > (\§ °© O}—%_

Scheme 3: Modified dicyclopentadiene crosslinked polymer with tremendously lowerd rDA temperature.[70]

In their work, they used a DiCp unit, which opens up to o,w-bis(cyclopentadiene) monomer
(Scheme 3). The DA adduct itself can undergo the DA reaction with nearby crosslinking
monomers, leading to trimer formation. Either the double bond of norbornene or the
cyclopentene bond can react as the dienophile. In the case of carboxylated cyclopentadienes,
the less sterically hindered cyclopentene double bond undergoes the reaction. Incorporated
in this network, the reverse DA reaction proceeds at 120-150°C instead of the required 170°C
for the cracking of the pure DiCp molecule. Crosslinking proceeds by cooling to ambient
temperature.

The required temperature in cyclopentadiene systems can be lowered to some extent,
depending on the substituents attached to the ring.”” However, electron rich dienes and
electron poor dienophiles exhibit a higher reactivity because of the electronical activation.
Hence, the furan/maleimide pair is the most often employed in intrinsic healing systems
(Scheme 3)."" 72 7 The dienophile is activated by strongly electron withdrawing, conjugated
C=0 groups, while the diene is a m-excessive aromatic. Thus, the LUMO of dienophile is
lower, and the HOMO of the diene is higher in energy, which allows a DA reaction between
room temperature and 80°C, and the cycloreversion between 80 and 120°C.***!

Two stereo conformers (Scheme 4) of the furan/maleimide adduct are possible, the exo and
the endo product. Although in prototype like DA reactions the endo isomer is favored, furan
[4+2] cycloadducts provide a mixture of both isomers, depending on the reaction
conditions.” The slight kinetic preference of the endo product is diminished by the aromatic
stabilization of the heterocyclic electron rich furan ring, which also allows the rDA reaction to
proceed at lower temperatures. Furthermore, maleimide and furan allow for numerous
chemical modifications, indicated by R and R" in Scheme 4.

o) 0
m . 0 o
<80° _p
C/ O + | NR' | o + | N-R
i >100 °C N—-R' (0]
R
w S 0 R

furan maleimide endo adduct exo adduct

Scheme 4: Diels Alder [4+2] cycloaddition equilibrium of maleimide and furan.
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The maleimide ring can be substituted differently at the nitrogen atom. In most cases, the
ring is synthesized staring from a suitable amine by adding maleic anhydride and a following
ring closure by elimination of water. Appropriate reaction conditions are necessary in which
the functional groups present in the molecule are tolerated and the undesired
homopolymerization (radical addition to the double bond) of maleimide is not favored.!””’

The heteroaromatic furan ring is generally already present in the starting molecule, as there
are numerous commercial, natural precursors, such as furan, furfurylalcohol, furfurylamine.
For example, furan can be modified starting with a deprotonation™ followed by a reaction

(78]

with alkyl halides."” Furfurylalcohol can be reacted e.g. with acid chlorides’® and

furfurylamine can be converted with epoxides.”!

The DA product between maleimide and furan forms between room temperature and 80°C
and the back reaction occurs above 120°C. For many polymer matrices, this is an ideal
temperature range, as the T, is below rDA temperature. A high mobility of chains and
flexibility of functional DA groups can be guaranteed above T,. Also, this temperature range
allows usage of the material at ambient temperature and slightly above.

Although the DA reaction was already discovered in 1928 by Otto Diels and Kurt Alder®®” and
awarded with the Nobel Prize in 1950, the first attempts to use the furan/maleimide pair for
thermoreversible crosslinking in polymers were made in 1966 by DuPont.®" The authors
claimed the synthesis of various polymer backbones such as polyesters, polyurethanes,
polyureas, polyimides and polyamides modified with furan, which could be thermally
crosslinked by bis- or trismaleimides.®” The products were reported to show a unique post-
formability and therefore could be used for gaskets or diaphragms. Moreover, the excellent
suitability as an adhesive or coating was claimed with “"the added advantage of being easily
repaired by heating”. In 1983, a patent of Minnesota Mining and Manufacturing Company
described an "one-part solvent free thermosettable blocked prepolymer composition,
containing a diene, together with chain extender, chain terminator and a dienophile” and
point out the ability to cure into solidified adhesives or coatings.”®”

Contrary to the patents, which normally come out because of an economic interest, in
scientific literature, only few publications in the field of thermoreversible crosslinked DA
polymers can be found until the early years of the 21. century. To the best of my knowledge,
the first who described maleimide-group modified polystyrene, which was crosslinked with
the difurylester of adipic acid, were Stevens and Jenkins in 1979.%% Saegusa et al. described
the reversible gelation of polyoxazoline hydrogel by the DA reaction in 1990.%Y This article
was first cited in 1997 by Gandini and Belgacem, who collected the state of the art of furan-
bearing polymers.® Several early attempts were mentioned in this work, which comprise
polymer backbones bearing furan as functional group being crosslinked with bismaleimides.
Up to then, the term “self-healing” was not developed in this context. Probably the first, who
brought the terms “self-healing” and “DA” in a context, were Wudl et al. in 2002.% A
multidiene (tetrafuran) and a multidienophile (tris-maleimide) were crosslinked to a polymeric
material, which showed healing of a macroscopic cut and load displacement measurements
showed a recovery of 57% of the initial strength. Since then, an increasing number of
different strategies for optimization, like crosslinking of dendrimers (molecular multi-furans
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with —maleimides),® 8 & 8 crosslinkers with polymers® * °" and two complementary
polymers have been tested (Scheme 5).84

) )

DA system of dendrimers (multi-functional group molecules)

Hy iy, Hy © o Q
—c CHC C% R HH H H Hy Hp H Hz
¢=0 ¢=0 *[|_ N-c-c'Ho-c-c'hfo-c-cfpfo-C-C N |
QHz o CH3 CHj CHs 4
CHy g

DA system of crosslinker with polymer

J[HEHCWL
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o=N_0o

CH3
CNC CNC
2n

DA system of two complementary polymers

Scheme 5: Various strategies using dendrimer, crosslinker, polymers and combinations of those for the design of
DA self-healing polymers.[58, 84, 89]

The polymers including various different backbones, such as methacrylates,®’

54, 951 o6l 7. %1 DA based self-healing materials have

polyurethanes, epoxies,”™, and siloxanes.
been intensively reviewed.?® " 7 73 |n general, a direct comparison of these systems is
inappropriate, as they do not aim to solve one specific problem. Crosslinking densities are
fundamentally different, when comparing multifunctional molecular crosslinker with modified
polymers, which can have only a small percentage of DA functional groups. Materials
properties vary according to the chosen main component, e.g. from elastomeric,®” to

97901 and hydrogels."®" But, they all have in common, the temperature range

thermosetting
in which the furan/maleimide system is reversible and healing occurs, when damaged
surfaces are in close proximity. In all systems a temporary local increase of mobility due to

decrosslinking of the polymeric chains is a necessary healing condition.

The reaction of two cyclopentadienes requires several hours to days in bulk,’®* ® but their
ability to undergo DA reaction under ambient temperature along with high temperatures
required for the reverse reaction (>120 or >180°C) makes this pair less favorable for the
design of new materials. The furan/maleimide pair also requires several hours to days in bulk,
but are advantageous regarding the reaction temperatures. Almost no conversion of the pair
is observed at ambient temperatures and accordingly a significant cycloaddition would
require days to proceed.’” Temperatures between 60 and 80°C lead to reaction times of
several hours.®” The reverse reaction can be started by heating the sample above 120°C.
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Outstanding fast is the hetero-DA reaction of dithioesters and cyclopentadiene, which
proceeds within minutes.!'% "% 1%l The reaction can be further accelerated by the addition of
a catalyst, such as trifluoroacetic acid (TFA)®> ' or ZnCl,!"% which further decrease the
electron density of diene by coordinating the S atoms. The reverse reaction of unstable 6-
dihydro-2H-thiopyranes can be performed above 80°C within minutes.['® 1%

For example, in 2010 Barner-Kowollik et al. described a cyanodithioester/Cp pair, which is
thermoreversible between 40-120°C within less than five minutes and without the need of a

catalyst (Figure 12).1%!

a)

o
HO- ,~OH  BrA, o
o X o ——> X

e)

b)

CN NC
@}Q O Py
R R A
0 2 B

S = P(iBoA-nBA)

Broken Specimen
(After Rheology)

Figure 12: Cyanodithioester/Cp pair developed by Barner-Kowollik et al. Reprinted with permission from Ref.
[108]. Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

However, this fast reaction allows only for material usage in a small temperature range and

the compounds are labile at elevated temperatures.®> 10 108!

Hence, because of the high robustness and adequate temperature range, the
furan/maleimide pair is probably the most interesting one for the design of self-healing
materials.

1.4.3 Dynamic non-covalent bond chemistry

The non-covalent interactions, which are able to form dynamic supramolecular networks

] [30, 31]

comprise Ti-Tt- stacking,” % ** **! hydrogen bonds,*® #" %® *! jonic interactions, and

(323334 351 Examples for these intercations are depicted in Scheme 6.

coordinative bonds.
Although non-covalent forces are weak, when regarded separately, the sum of many of these

forces in total lead to a strong network.
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Scheme 6: Intrinsic reversible non-covalent interactions.

These forces have an impact on strength, flow and viscosity and intrinsic polymer chain

B3 Of particular interest is the generation of liberated

ordering of the modified polymer.
supramolecular moieties at interfaces, after a damage occurred. Because of the weakness of
these bonds compared to covalent bonds, the supramolecular ones will fail first. These
unbonded moieties recombine spontaneously after damage to return to equilibrium, which

leads to a rather fast healing.””!

Most often, these interactions are incorporated in relatively soft materials, like hydrogels,©®
because the supramolecular forces can lower the chain mobility, which is crucial for the self-
healing process. Therefore, the reasonable amount of incorporated supramolecular has to be
considered for each material.

In this work, only hydrogen bonds were used as a second intrinsic reversible bond and

accordingly, only this supramolecular force will be more intensively discussed.

1.4.4 Hydrogen bond based systems

The non-covalent, dynamic hydrogen bonds are another outstanding interaction for self-
healing polymers, as they form spontaneously and autonomously at room temperature.!'*
They are in an equilibrated state, which means, that they immediately reconnect when
cleaved within a bulk material."! Therefore, a general requirement is a sufficiently soft matrix,

to guarantee the required mobility for recombination by this weak interaction.

The weak bond energy of hydrogen bonds is between 0.2 - 40 kcal/mol,"™® but collectively
they form stable networks, like in the nucleobases within our DNA. In nature, hydrogen
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bonds are the most often represented non-covalent interaction for the assembly healing of
soft tissue. In literature, this strength is most intensively used for self-healing hydrogels,
which are soft-solids or solid-like materials containing a large amount of water.""" These
systems are mostly applied in biomedicine. When aiming for other applications e.g. in
mechanical engineering, the main task is to realize high mechanical strength in combination
with autonomous self-healing due to supramolecular forces.

N o
L R
|
N\(N\/\/

2-ureido-4-pyrimidone (Upy)
Scheme 7: General Scheme Hydrogen bond interactions. Hydrogen bonds depicted in blue.

Already in 1997, Meijer et al. reported 2-ureido-4-pyrimidone (Upy) (Scheme 7), which is self-
complementary with four hydrogen bonds, and employed it as an end group in reversible
self-assembling polymers.”® It was the first example of a reversible hydrogen bond unit
which realized the synthesis of linear supramolecular polymers due to a sufficiently high
association constant.””” Due to cheaper and faster production, along with reduced energy
consumption during processing and the improved recycling properties compared to
conventional polymers, systems based on Upy units have been already commercialized in the
company “SupraPolix".?"

Leibler et al reported a self-healing rubber composed of a fatty di- and triacid diethylene
triamine adduct, which is further reacted with urea.”®® The product mixture consisting of
oligomeric amidoethyl imidazolidone, di(amidoethyl) urea and diamido tetraethyl triurea self-
assembles by directional hydrogen bond interactions. After damage, self-healing takes place
at room temperature without any further action when the surfaces of the cut are brought
back into contact. A dominant parameter for the quality of the healing is the time passed
after the damage was done and contacting the split surfaces again, because after a certain
waiting time, the number of available, non-associated groups decreases.

Through the combination of covalent and supramolecular interactions the mechanical
performance of self-healing materials was improved.!'® ''* 1% 1 Sjihesma et al. incorporated
different ratios of covalent and UPy dimer crosslinks into polyester-polyurethanes, to create a
mixture of covalent and non-covalent crosslinks. "' These materials showed simultaneously
typical thermoset properties as well as some features of thermoplastic materials. The authors
describe, that the UPy groups lead to a higher creep compliance below Ty, which means that
mechanical tensions in the material can be relaxed again. Recovering from internal stresses
thanks to UPy units is a type of completely autonomous healing. Guan et al. reported a free
radically polymerized polystyrene backbone bearing amide functionalized brushes."™ This
polymer collapses into a core-shell nanostructure, in which the polystyrene unit forms the
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hard particle-like segment while the amide brushes form the dynamic reversible surrounding.
This thermoplastic elastomer showed a high autonomous self-healing potential and reached
between 75 and 90% recovery of extensibility after 24 h healing. In 2014, Picchioni et al. were
probably the first who combined DA and hydrogen bonding moieties in one polymer. A
furan, carbonyl and amine bearing polymer was crosslinked by bismaleimide. Thus, an
increase of Ty from 100°C to 185°C was realized."'® As shown in these few examples, the
synergistic combination of these two reversible intrinsic healing forces, namely the hydrogen
bond and the DA reaction is promising for ongoing work.

1.5 Combination of intrinsic healing interactions

As mentioned before, during the evolution of living organisms, nature took the advantages of
combining both, the strong covalent and weaker reversible bonds for the design of
materials.!”®! For example, proteins are composed of unbranched amino acid chains, and their
shape is caused by noncovalent interactions within this chain."'"! Cysteine, which is part of
many proteins, is able to form additional intramolecular reversible covalent disulfide bonds.
This bond can be built under oxidative and cleaved under reductive conditions. The
intramolecular disulfide bonds contribute to the physical and thermal stability of proteins.!'®
Despite this increase in stability, denaturation can be caused by temperature, pH or
chemicals. The primary structure of the proteins often remains, and due to the reversible

bonds, the initial functionality can be recovered.!""”

Slowly, this double intrinsically reversible principle, developed by nature, begins to enter the
field of artificial self-healing materials. Through the combination of covalent and
supramolecular bonds, a molecular memory within the material can be achieved.'*” The
weaker supramolecular bonds are reversible under ambient conditions and reassemble
spontaneously, while the robust covalent bonds can be triggered via various stimuli. In the
following, several doubly intrinsic healing systems are presented.

Oxime exchange/Boronate ester bonds

Collins et al. synthesized a double dynamic self-healing hydrogel based on oxime and
boronate ester bonds (Figure 13),"*" by mixing glycerol ethoxylate tribenzaldehyde,
tetraethylene glycol bishydroxylamine and 3,5-diformylphenylboronic acid. After addition of
polyphenol or tannic acid, the boronate ester bonds formed. The increased crosslinking
density compared to the pure oxime hydrogel led to a doubled strength of the material.
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Figure 13: Double intrinsic reversible system by combination of oxime and boronic acid bonds. Reprinted with
permission from Ref. [121]. Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

The double intrinsic reversible gel was cut in two halfs and pressed together physically to
self-heal. After 3 h, the gel withstands pulling perpendicular to the cut. In a rheology
experiment, stress was applied to the gel until the material failed. Ten minutes after stress
relief, the storage modulus was fully recovered.

Boronate ester bonds /Disulfide bonds

Chen et al. developed quadruple-stimuli (temperature, pH, glucose, and redox-responsive)
sensitive hydrogels based on boronate-catechol interactions between a disulfide-containing,
boronic acid-based crosslinker, and a catechol-functionalized poly(N-isopropyl acrylamide)
(Figure 14).1%]
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Figure 14: Quadruple intrinsic reversible system developed by Chen et al bonds. Reprinted with permission from
Ref. [122]. Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

The hydrogel was able to heal after putting the pieces into contact for 5 min.
Disulfide bonds/Hydrogen bonds

In 2018, self-healing polyurethanes based on disulfide bonds and hydrogen bonds were
described by Xiao and colleagues.”® Polyurethane networks were prepared by reacting
polytetramethylene ether glycol, 3-isocyanatomethyl-3,5,5-trimethylcyclohexyl isocyanate
and 2-hydroxyethyl disulfide in a common one-pot polymerization (Figure 15, left).
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Figure 15: Left: Synthesis of polyurethane having disulfide and hydrogen bonds. Right: Healing of the specimen
after cutting into two halfs, reconnected at 12 h by contact at ambient conditions. Reprinted with permission from
Ref. [123]. Copyright 2017 John Wiley & Sons, Ltd.

The specimen was cut into two halfs, and after 12 h at 60°C, the healed sample could not be
manually separated (Figure 15, right). In this material, a compromise between the mechanical
stiffness and the healing capability has to be found. On the one hand, hydrogen bonds
increase the stiffness, but on the other hand, they decrease the polymer segment movement
which lowers the self-healing ability. Using a reference material, having no sulfide bonds, the
authors determined a healing efficiency of around 46% solely by hydrogen bonds. The
double reversible network can reach efficiencies of 100%.

Disulfide exchange/Acylhydrazone exchange

Deng et al. developed dual reversible, multi-responsive hydrogel based on acylhydrazone
and disulfide exchange reactions (Figure 16).'*” Both reactions are reversible upon a change
in pH, acylhydrazone exchange in acidic conditions and disulfide exchange in basic ones.
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Figure 16: Synthesis of a dual responsive dynamic hydrogel by acylhydrazone and disulfide groups. Reprinted
with permission from Reference [124]. Copyright 2012 American Chemical Society.

In a self-healing experiment, the cut samples were able to heal at room temperature in air
saturated with moisture within 48 h under either acidic (acylhydrazone) or basic (disulfide)
conditions. Under the addition of catalytic amounts aniline, the authors managed even to
heal the hydrogel under neutral conditions, due to the acceleration of acylhydrazone
exchange.
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Acylhydrazone exchange/Hydrogen bonds

Lehn et al. combined hydrogen bonds with the acylhydrazone exchange. Oligo-dynamers
connected by reversible covalent acylhydrazones are connected to supramolecular polymeric
units through supramolecular hydrogen bonds.'*! However, this study focused on the
preparation of the material, and no self-healing experiment was conducted. The same group
developed a similar double dynamic supramolecular polymer, having a sextuple hydrogen
bond and the reversible acylhydrazone unit.!® Also in this study, no healing experiments
were conducted.

Later, Lehn et al developed double dynamic self-healing polymers using Dbis-
iminocarbohydrazide motifs, having the opportunity to form hydrogen bonds and
acylhydrazone linkages (Scheme 8)."*”! An o,w-aldehyde group bearing polydimethylsiloxane
(PDMS) was condensed with carbodihydrazide.
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Scheme 8: Synthesis of a dynamic polymer by polycondensation of the monomeric bis-aldehyde and
carbohydrazide.[127]

The synthesized polymer films could be healed under ambient conditions in a few hours
without application of any additional pressure or load, and recovered 90% of its original
strain. Despite this result, the authors mentioned, that probably mainly hydrogen bonds
cause the healing behavior. A control experiment, in which an acid catalyst was added to
accelerate the acylhydrazone exchange did not change the healing time.

DA reaction/hydrogen bonds

Probably the first who studied the combination of DA and hydrogen bonds was the group of
Picchioni.l"® ' As a first attempt, aliphatic polyketones were modified with furan and
primary amines, which were crosslinked with commercial bismaleimides. An increase in T4 was
observed by the formation of hydrogen bonds. However, this system suffers from an
irreversible side reaction between amine and carbonyl groups.""® In the following work of

Picchiono et al. this problem was solved using OH groups instead of amines (Figure 17).'*!
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Figure 17: Double intrinsic healing system by DA chemistry and hydrogen bonds. Reprinted with permission from
Ref. [128] Copyright 2016 Elsevier Ltd.

In 2017, Raquez et al. reported one-component DA based polyurethanes in three different
compositions.!"® In tensile tests, the best composition regained a tensile strength of 68%
after reconnecting two cut pieces by a thermal treatment (30 min at 130°C and 24 h at 50°C).
The authors emphasized that this recovery is superior compared to the majority of reported
polymers.

The combination of several reversible principles can create the next generation of more
complex self-healing materials. Up to now, all double reversible systems are only for pure
matrices, mostly for hydrogels. To the best of my knowledge, none has been described for
composites so far.

1.6 Peculiarity of self-healing composites and hybrid materials
compared to self-healing polymers

Hybrid materials and nanocomposites are material classes, which commonly consist of an
inorganic and an organic compound. In hybrid materials both components are blended on a
molecular scale.®™ In nanocomposites at least one of the components has at least one

dimension of the order of nanometers,!*" [130]

more particular in a size range of 1-100 nm.
Both material classes exhibit properties, which are not achievable with conventional materials
(Figure 18). For example, lightweight can be combined with high mechanical strength, as it is
realized in carbon fiber reinforced plastics. In insulating polymers, electrical conductivity can

be implemented by adding an appropriate filler.
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Figure 18: Strength vs. healing temperature for self-healing materials. Reprinted with permission from Ref. [132].
Copoyright 2016, Macmillan Publishers Limited.

Self-healing polymer nanocomposite materials in general have been reviewed by Kessler et
all" Recently, Arslan and Tasdelen reviewed polymer nanocomposites based on click
chemistry reactions."*® Herein, the ones based on DA chemistry are summarized in two
categories: DA composites with physically incorporated filler - DA groups solely in the matrix
(Chapter 1.6.1) and DA composites with DA groups on the filler-matrix interface (Chapter
1.6.2).

1.6.1 DA composites with physically incorporated filler - DA groups solely in the
matrix

The following examples for DA based composite materials comprise the ones, in which the
healing event is caused solely in the matrix. Both diene and dienophile are located in the

organic matrix, which surrounds fibers or coils of various materials, such as copper coils,**

135 carbon fibers, %6 137 [138]

or glass fibers. Until now, it is not possible to heal the
reinforcement itself.

Nemat-Nasser et al. incorporated straight and coiled copper wires in a DA healable polymer
matrix reinforced with various fibers, which makes the material electrically conductive. The
matrix is a DA polymer a polymer consisting of three maleimide and four furan groups per
polymer (3M4F), composed of a trismaleimide crosslinking molecule (3M) and a tetrafuran

propionic acid crosslinking molecule (4F) (Scheme 9).
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3M4F DA polymer

Wudl et al. 2002
Scheme 9: 3M4F developed by Wudl et al.[37, 88]
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Originally, this matrix system was investigated by Wudl et al.®?” ® and behaves partly like a
thermoplastic, because of the thermoreversible bonds and partly like a thermoset, because of
the high crosslinking density. E-glass fibers impregnated with epoxy resin, Spectra (Honeywell
UHMW polyethylene) fibers impregnated with vinyl ester resin or quartz fibers impregnated
with cyanate ester resin, were used for the reinforcement of the material. The authors declare
that all components contribute to the self-healing performance: the matrix with
thermoreversible covalent bonds, the compression of the material by reinforcing fibers and
the electrical and thermal conductivity of the copper wires. However, no self-healing tests
were conducted, as the authors focus on the preparation of this three-component material.
Similarly, Hahn et al incorporated carbon fibers within a mixture of tetrafuran -
bismaleimides, in which healing after delamination was carried out by electrical resistive
heating."** Again, the DA polymer, composed of a bismaleimide crosslinking molecule (2M)
and tetrafuran propionic acid crosslinking molecule (4F) (2M4F) was investigated by Wudl et
al.®® The corresponding monomers are depicted in Figure 19.

J Before heating

e
Waudl et al. 2003 After heating

Figure 19: Left: Chemical structures of monomers to make 2M4F. Right: X-ray tomography of carbon fibers in
damaged and healed composite. Reprinted with permission from Ref. [136]. Copyright 2010 Elsevier Ltd.

The damage in the material was caused by a three-point flexural test. Within this test,
Hahn et al. tried not to break the carbon fibers, because the healing process is limited to the
matrix. Electrical resistive heating with 1.2 A via silver coated carbon fiber was used to initiate
the healing process. Temperatures of 100-110°C were caused in the middle of the specimen
for various healing times (1, 2, 3 h), followed by cooling to room temperature. However, the
authors mentioned, that although the damage of fibers visually almost disappeared, which
was studied by X-ray tomography (Figure 19, right), the strength of composite could not be
recovered once the fibers were broken. An average healing efficiency of 86%, measured by
strain energy, was determined after 3 h of resistive heating.

Ghezzo et al. also investigated carbon fiber reinforced polymer (CFRP) laminates,!*” using a
same polymer matrix like Hahn et al. The thermo-mechanical properties of pure 2M4F, and
the CFRPs were investigated and concluded and it turns out that the CFRPs have Tg4's around
or above the pure polymer. Since the materials have a drop in stiffness around the T, the
authors mentioned that it would be advantageous to adapt the healing temperature, so that
a decrease in the material's performance during healing can be prevented. However, no
healing experiments were shown for this system.

Palmese et al!*® developed a glass fiber reinforced epoxy-amine thermoset (Figure 20, left).
The polymer is composed of three components. Phenyl glycidyl ether and furfuryl glycidyl
ether are polymerized by the addition of 4,4'-methylene biscyclohexanamine. The furan
bearing polymer matrix is capable to be crosslinked via a BMI-DMF (BMI = 1,1'-(methylenedi-

26



CHAPTER 1 INTRODUCTION

4,1-phenylene)bismaleimide; DMF = N,N-dimethylformamide) healing solution under slight
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Figure 20: Left: Components for the synthesis of the epoxy-amine thermoset. Right: Proposed healing mechanism
— first swelling by DMF, second covalent crosslinking by bismaleimide with furan bearing polymer. Reprinted with
permission from Ref. [138]. Copyright (2010) American Chemical Society.

The schematic healing process is shown in Figure 20 on the right. Healing is caused by
injection of the curing agent, which causes swelling of the polymer and thus the bismaleimde
can contact the crack surfaces and react to the DA adduct. In double cantilever beam testing,
mainly the resin-fiber interface failed, but the healing ability of the matrix led to 67% of
recovered interfacial strength.

1.6.2 DA composites with DA groups on the filler-matrix interface

In the following, examples for DA based composite materials, the filler-matrix interface is the
location where reversible crosslinking takes place. The diene or dienophile is attached to the
inorganic surface, and the corresponding DA unit is located in the organic matrix, which
surrounds the organically modified particles, fibers or nanosheets of various materials, such
as glass fibers,* 491 or CaCusTiyOq, nanoparticles.™" Until

now, also in this approach, it is not possible to heal the reinforcement itself.

or graphene oxide nanosheets

Based on DA chemistry, a glass fiber reinforced composite was synthesized by Palmese et al.
(Figure 21).*¥ Maleimide surface-functionalized fibers were incorporated in a furan-modified
epoxy-amine thermosetting material. The fibers were modified by attachment of (3-
aminopropyl)triethoxysilane (APTES) on the surface, followed by a post-modification in a
Michael addition of BMI (Scheme 10). Furan-functionalized polymers were prepared by
adjusting the weight ratio of bisphenol A diglycidyl ether to furfuryl glycidyl ether and mixing
these epoxy monomers with a stoichiometric quantity of the amine curing agent 4,4'-
methylene biscyclohexanamine. Most tests were carried out in a 6:4 weight ratio of bisphenol
A diglycidyl ether to furfuryl glycidyl ether. The reversible covalent bonding at the network-
reinforcement interface led to 41% healing efficiency.
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4 0,

Figure 21: Schematic representation of the DA interface healing concept on glass fibers. Reprinted with
permission from Ref. [139]. Copyright 2010 Elsevier Ltd.
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Scheme 10: Modification of glass fibers by attachment of APTES followed by a Michael Addition of BMI. Reprinted
with permission from Ref. [139]. Copyright 2010 Elsevier Ltd.

Wong et al crosslinked furan-polyurethane modified graphene oxide sheets with BMI
(Scheme 11).% The polyurethane (PU) prepolymer was synthesized from graphene oxide,
4,4-diphenylmethane diisocyanate and poly(tetramethylene glycol) and terminated with
furfuryl alcohol. The organic modification of graphene oxide sheets led to a homogenous
distribution of the filler and a reinforcement of the material. The material’s performance was
tested in a scratch-healing test analyzed by atomic force microscope. After thermal treatment
at 150°C for 4 h and 65°C for 24 h, a healing efficiency of 78% in average was obtained.
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Scheme 11: Synthesis of furan-polyurethane modified graphen oxide sheets crosslinked by BMI. Reproduced
from Ref. [140] with permission from The Royal Society of Chemistry. Copyright The Royal Society of Chemistry 2014.

Moreover, multi-walled carbon nanotubes (MWCNTSs) represent a special case of interface
connection via DA reaction."** The surface of the carbon nanotube, which is characterized by
sp2 carbon-carbon bonds itself is suitable for the DA reaction, either with electron-deficient

(42 or with the electron-rich furan."* ¥ For example, Raquez et al.

dienes (e.g. tetrazine)
developed an electrically conductive poly(ester-urethane)-poly(e-caprolactone) having the
matrix connected to MWCNTs via DA chemistry and additionally DA crosslinks originating

144 This composite is able to heal macroscale

from the furan/maleimide pair within the matrix.
damages by the Joule effect. Changes in local resistivity induce a local increase in
temperature (ca. 110°C after 90 s), high enough for the rDA reaction. This increase led to
healing within 3 min. In this special case, not the interface was the healing site, but there are
also systems, requiring higher temperatures, in which the interface is the healing site.!"*’
Usually, these systems require higher temperatures for rDA reaction than the ones based on
the furan/maleimide pair.

Chujo et al. developed a hybrid material consisting of 20% furan modified polystyrene, which
was reacted in situ with tetraethyl orthosilicate (TEOS) and a maleimidoalkoxysilane."*! Under
appropriate conditions, a highly solvent resistant, homogeneous material was produced. The
authors did not investigate the healing properties, but described a successful cleavage of DA
bonds, which was evidenced by the liberation of the furan modified polystyrene by treatment
in DMF at 130°C and occurrence of the endothermic signal of rDA in differential scanning
calorimetry (DSC) measurements.

Kickelbick and Engel investigated pFMAcoBMA@SIO, (FMA = furfuryl methacrylate, BMA =
butyl methacrylate) nanoparticles in a surface initiated atom transfer radical copolymerization
(ATRP) of butyl and furfuryl(methacrylate) (Figure 22, left)."*®! After embedding these particles

in the corresponding pMiMAcoBMA (MiMA = maleimidoalkyl methacrylate) and subsequent
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crosslinking of the material, scratch healing tests showed the disappearance of the damage in
the um scale upon thermal treatment (Figure 22, right).
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Figure 22: left: Nanocomposite of pFMAcoBMA grafted onto silica nanoparticles, crosslinked by deprotected
pMiMAcoBMA,; right: Optical microscope images of scratch healing test. Reproduced with permission from Ref.
[146]. Copyright 2013 Society of Chemical Industry.

Liu et al. described an octamethyl methacrylate modified polymeric octahedral silsesquioxane
(POSS), which was either reacted with furfurylamine in a DA reaction with the furan group or
in a Michael addition with the amine group to afford a partially thermoreversible network.!*”
Scratched samples were treated at 160°C for 1 h to realize the rDA reaction and at 120°C for
12 h to re-crosslink. Although the material gained higher mobility due to the cleavage of DA
adduct, which decreases the damage, due to the high brittleness (40% filler) of the material,
no satisfying healing was obtained.

Lin et al. developed an octafuranfunctional silsesquioxane crosslinked with commercial BMI
(Figure 23), which afforded a tough solid.”® Crosslinking proceeds predominantly within the
first 4 h, as evidenced by ultraviolet-visible spectroscopy (UV/Vis). In a healing test, cracks
disappeared upon treating at rDA temperature (150°C, 30 min), but heavy scratches remained
because of material loss in this region and the lack of material transport within the short rDA
temperature period. This observation again emphasizes the necessity of a close proximity of
damaged edges in the application of intrinsic self-healing, since healing occurs on the
molecular level.
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with permission of The Royal Society of Chemistry. Copyright The Royal Society of Chemistry 2013.

Based on the work of Lin et al", our group incorporated octafuran-functional
spherosilicates, synthesized by hydrosilylation of
octakis(hydridodimethylsiloxy)silsesquioxane, in BMI or in o, Ww-
maleimidodimethylsiloxane.*® In the first case, a hard glassy solid was obtained, while using
the siloxane resulted in an elastomeric material. Both showed a high self-healing potential.
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The BMI-containing system was able to heal scratches by treatment at 110°C for 10 min,
which was evidenced by transmission light microscopy images. The PDMS containing system
could be reshaped within 10 min at 100°C.

Later, Zelisko et al. also synthesized a hybrid material composed of octafuran-modified
spherosilicate, namely octakis(furan-2-ylmethyl)-functionalized polyhedral oligomeric
silsesquioxane, which was crosslinked with maleimidocarboxyphenylpentansiloxane-
8 Two pieces of the cut specimen could be reconnected upon

thermal treatment for 2 h at 110°C prior to 5 h at 50°C. Furthermore, the cyclability was

dimethylsiloxane copolymer.

evidenced with solid-state '"H NMR (nuclear magnetic resonance) experiments along with
DSC measurements.

Very recently, in June 2018, Singha et al. published a self-healing material composed of a
polyurethanes, functionalized with furan groups (FPU) on each side of a linear polymer chain
and monomaleimidoheptaisobutyl POSS. The components were linked in a DA reaction.
Although this material is not actually crosslinked by DA, because the silsesquioxanes are
mono-maleimide functional, the material showed scratch healing in um scale after treatment
of the samples at 130°C for 3 h and subsequent heating at 70°C for 15 h. Contrary, pure FPU
did not show any healing performance. The amount of monomaleimidoheptaisobutyl POSS
has to be sufficient (~ 12-36 mol%) to observe self-healing behavior.

Zhu and Xiong et al. developed a recoverable motion sensor using maleimide surface-
modified CaCusTi,O1, nanoparticles. These were embedden in a DA polymer build of the
commercially available monomers BMI and 2,2'- (thiodimethylene)difuran (Figure 24)." The
surface modification was again realized by the attachment of APTES on the surface with a
post-modification of the primary amine group.

TOF o mMDPB o Healable polymer

Figure 24: Maleimide functionalized CaCu;3TisO1, nanoparticles in DA polymer matrix. Reprinted with permission
from Ref. [141]. Copyright 2015 Elsevier Ltd.

In this material, both, diene and dienophile, are simultaneously located in the matrix, and
additionally the dienophile is attached on the inorganic surface. Thus, the healing process is
less dependent from the successful crosslinking at the interface. The organic modification on
CaCu;Ti4Oq, probably only assures a homogenous distribution, without having covalent

31



CHAPTER 1 INTRODUCTION

bonding at the interface. Nevertheless, the authors were able to restore up to 82%
capacitance after the ten times cutting the material.

In general, in the field of self-healing materials, fewer studies have been conducted for
nanocomposites and hybrid materials than on pure polymers. The incorporation of a filler
makes the systems more complicated and is contradictory to the requirements for efficient
self-healing. Fillers reduce the chain mobility, which is essential for healing. The increased T,
lowers the mobility of the functional groups, and moreover, the perfect miscibility has to be
guaranteed between matrix and filler to ensure a homogenous distribution. The filler itself
should not be damaged during crack formation or should be able to heal under the same
conditions as the matrix. Fillers can be classified in the particle- and the fiber-type. Healing of
fiber-reinforced composites is difficult since irreversible fiber breakage of fiber-matrix
debond can occur. While fibers are often brittle and can easily break, particles are not
affected by mechanical stress. Moreover, nanoparticles were found to diffuse to damaged
interfaces.!'"* % 1> 13 |n case of extrinsic healing systems, when nanospheres filled with a
healing agent are incorporated, this can be advantageous because the healing agent would
be directly transported to the crack. Contrary, in intrinsic systems this phenomenon can be
undesired because it leads to an inhomogeneous distribution of the filler and consequently
to inhomogeneous material properties. These considerations point out the complexity of the
design of self-healing nanocomposites and hybrid materials. Nevertheless, using the
technique of material combinations is highly promising, because it supports the economic
and ecological idea of artificial self-healing materials. Less bulk material is needed to
synthesize better or at least identical good materials compared to traditional materials and
lower energy consumptions can be realized in the transportation sector because of the
lightweight of these materials.

The field of self-healing nanocomposites based on intrinsic mechanisms or in particular on
DA chemistry are way less investigated than the ones based on extrinsic healing mechanisms.
For DA composites, or hybrid materials, different strategies can be followed. The DA groups
can be located only in the matrix or on the filler-matrix interfaces. Adhesion of the
reinforcement to the polymer matrix is essential for load transfer from the polymer matrix to
the reinforcement material in fiber-reinforced composites. In hybrid materials, compared to
nanocomposites, the sizes of filler and polymer chains are more similar, so that they provide
a higher degree of crosslinking per inorganic content. Therefore, the strategy and thus the
resulting materials always have to be adjusted to the specific demand given. Numerous
inorganic fillers are possible, which allow incorporating additional functionality like
magnetism, or conductivity. The fillers have to be tuned on their surface for a perfect
interface match. Therefore, the fillers applied in the present work and their surface
functionalization will be discussed in the following chapter (1.8) as well as possible organic
matrices (1.9).
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1.7 Analytical methods for the determination of reversibility and self-
healing behavior

Plenty of common scientific measurement methods are suitable to follow the healing
processes.
The observation of the reversibility of the DA healing reaction on a molecular scale can be

481 Fourier-transform infrared

realized using spectroscopic methods, such as NMR*
spectroscopy (FTIR),!" UV/Vis.’® 8 For example, in '"H NMR, the peaks of unreacted furan
and maleimide can be distinguished from the DA adduct.”® ¥ By integration of these signals
and measurements over time, reaction kinetics can be followed in solution. Although this
method is a useful tool for the comparison of different model systems, it should be
considered, that processes in bulk require more time, due to the limited mobility of the
reacting species. Solid state NMR of either *C®" # or the "TH®® nucleus can help to overcome
this disadvantage, but the recording of numerous measurements require a lot of time, sine
one measurement takes several hours. Accordingly, this method is better suited for a
comparison of crosslinked and non-crosslinked state, but less for the investigation of a
kinetic.

Contrary, attenuated total reflection (ATR-) FTIR and UV/Vis are very fast methods (one
measurment is in the range of seconds) and can be measured on thin films of polymers,
nanocomposites or hybrid materials.”” Following specific absorption bands over time, e.g.
the maleimide ring deformation band around 695 cm™ or the H-C= band at 830 cm™ in IR

(79, 146] reaction kinetics can be

and the absorption of maleimide around 300 nm in UV/Vis
easily obtained.
Thermal analysis, especially DSC is a very useful tool to follow the endothermic rDA reaction

| [37.79.88.97. 1531 Dapending on the DA pair, the signal can be found in the

within a bulk materia
concerning temperature ranges. For the furan/maleimide adduct, the signal is visible in the
range of 100 and 200°C, depending on the heating rate. Because the DA reaction is rather
slow, usually this process cannot be observed. Also, the Ty is a valuable indicator because in a
crosslinked material, the T, should be significantly increased compared to the virgin material.
Dynamic Mechanical Analysis (DMA)® " and rheology** ™ measurements also provide
access to bulk properties. Storage Modulus (G'), Loss Modulus (G”) and T4 indicate the
inherent structure properties in dependence of the temperature. When crosslinking takes
place, an increase in G’ is observed.!"* ¢ A repeatable intersection of G' and G” indicates the
reversible crosslinking by the DA reaction. In a crosslinked system, G’ is higher than G" and in
an uncrosslinked system, the roles are exchanged. This observation results from the change
of a solid-like behavior, when G’ is higher than G” and the fluid-like behavior when G" is
higher than G'. All methods mentioned so far can prove the reversibility of the DA reaction by
doing the experiments in temperature cycles, or by reversion of the DA reaction, e.g. in an
oven and perform the measurement cycle again.

Different imaging procedures, such as optical”®'*, atomic force!™® or scanning electron®”
33 microscope images are commonly used to observe the actual healing process itself on a
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fracture site. This tests are a valuable supplement, because the observation of the reversibility
of a reaction does not automatically imply the ability to heal. In intrinsic healing systems, a
contact in the nanometer or molecular scale of fracture surfaces is indispensable to observe
healing. The condition is not always realized satisfactory, although the reversibility is given,
e.g. when materials are too brittle or the material cannot flow upon heating.

Mechanical tests are the ones, which are important when mechanical properties shall be
regained. Depending on the nature of the material, the fracture test, fatigue test or tear test
can be made." The fracture strength of initial and healed material can be compared, which
gives information on the healing efficiency (Chapter 1.2). Since the presented work focusses
on the chemical aspects of healing and targets the deeper understanding on a molecular
scale in self-healing nanocomposites, the mechanical methods will not be discussed in detail
herein. The interested reader is referred to Reference 14. If properties different from
mechanical ones, such as conductivity shall be regained the tests have always to be matched
on the specific question given.

1.8 Inorganic filler and their surface adjustment for the incorporation
into organic matrices

This chapter provides a brief introduction to the field of organically modified nanoparticles.
The field of “nano-research” emerged in the last 30-40 years and is fast growing further.™"
Numerous different materials such as metals, metal oxides, silica and carbon have been
investigated in manifold nanostructural shapes. Compared to bulk material, an enormous
surface to volume ratio and high surface areas per gram material are reached (Figure 25).
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Figure 25: Surface to volume ratio of nanoparticles. Reprinted with permission from Ref. [155]. Copyright 2016
Elsevier Inc.

The energy of surface atoms is higher than the one in the inner material, because of the
unfavorable thermodynamic state. In order to minimize surface tension, non-stabilized
particles tend to aggregate. Because of these differences compared to bulk material novel
properties are observed. The applications range from catalysis, medicine and sensing to
energy storage and information technology. The most important point to obtain non-
aggregated particles within colloidal dispersions or organic matrices is to focus on the
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surface of inorganic nanoparticles. So called coupling agents provide the possibility to

stabilize inorganic fillers and incorporate them into organic matrices.!>®

) 2000

anchoring group functional group
spacer

OR 0
RO | /\/\ HO. ”
\sli NH, \Fl’/\c11 Has

OR OH
R = Me, Et, ...
Aminopropyltrialkoxysilane Dodecylphosphonic acid

Scheme 12: General structure of coupling agents with selected examples.

Coupling agents consist of an anchor function, a spacer and eventually a functional group
(Scheme 12). They are used to create a suitable transition from an inorganic filler, such as
nanoparticles, to an organic matrix. For example, this can be realized by elements, forming
stable X-C bonds on the one hand and stable X-O bonds on the other hand. For example, X
can be silicium or phosphorus. Alkoxysilanes or phosphonic acids as anchoring groups realize
this demand (Scheme 12). The synthesis of complex coupling agents can be challenging
because the functional group and anchoring group has to tolerate each other. Also, the
group that is introduced in the molecule first has to tolerate the reaction conditions
necessary to build up the other group. The nanoparticles itself are most often synthesized in
a wet chemical bottom-up approach, but also gas-phase or top-down methods are
represented among others.

1.8.1 Silica nanoparticles and silane coupling agents

Silica nanoparticles are often synthesized in a bottom-up approach from TEOS, in the so-
called Stéber-process.”” This reaction belongs to the field of sol-gel chemistry, which is
characterized by the hydrolysis and condensation of alkoxy group bearing monomers
(precursors) to colloidal solution (sol) or an integrated network (gel) consisting of either
discrete particles or three dimensional polymers."”® The reaction times can be influenced by
the choice of leaving group. For example, chlorosilanes and methoxysilanes provide shorter
reaction times than the corresponding ethoxysilanes.

Surfaces of SiO, nanoparticles are commonly modified applying organoalkoxysilanes or
chlorosilanes.™ Both are capable to form stable Si-O-Si bonds. While mono alkoxysilanes
and chlorosilanes can form only monolayers, di- or trifunctional alkoxysilanes are able to
undergo homocondensation or form networks and thus they are able to build multilayers
(Scheme 13).1">
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Scheme 13: Binding modes of monoalkoxy (left) and trialkoxysilane (right) to metal oxide. Formation of
monolayer vs. multilayer according to reference [156].

Therefore, the surface modification using di- or tri alkoxysilanes has drawbacks in terms of

[156

reproducibility and hydrolytic stability.>® Nevertheless, silane coupling agents are intensively

used to tailor various substrate surfaces to modify the polarity, bind ligands for catalysts or
create chemically reactive surfaces.!”®
Since the development of glass fiber reinforced resins around 1940, a huge requirement of

59 hecause these substances were able to overcome the drawback of

coupling agents arose
debonding on the interfaces. A broad variety of silane coupling agents was explored since
then and afforded manifold silane coupling agents. The interested reader is referred to
reference 159.

The field of DA group bearing alkoxysilane coupling agents provides the additional feature of
building up thermoreversible chemical bonds close to the organic/inorganic interface in
materials or on surfaces of inorganic nanocontainers. In the first case, scientists are interested
in rebonding, if delamination occurs and in the second case, they are interested in terms of
drug delivery systems.

However, for the synthesis of maleimidoalkylalkoxysilanes only one general procedure is
known (Scheme 14)."°? Addition of maleic anhydride to the commercially available APTES at
room temperature affords the maleamic acid intermediate. This open structure can be
cyclized using ZnCl, and hexamethyldisilazane (HMDS) as a catalyst at elevated temperatures.
This type of catalyst is necessary because of the hydrolytic instability of the alkoxysilane

group.!'®"

o)
P ZnCl 0
o ntly OEt
OEt OEt HMDS  EtO.]
EtO\S‘i/\/\NHz o EtO\S:i/\/\HM(OH s §i/\/\N )
OFt OFEt o) 2 OEt G

Scheme 14: Synthesis of maleimidopropyltriethoxysilane.

All following reports of the synthesis of this molecule used the same strategy with slight
modifications.!'® 163 164131 Ajso other spacer lengths (C4-C17) have been realized using the
same method."® Contrary, corresponding furan molecules were not reported in the
literature. Another common method to attach DA functional groups on inorganic surfaces is
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the usage of a post-modification. For the attachment of maleimide, a Michael Addition of
bismaleimdes is used.!*® Therefore APTES is attached to the surface, and the amine group is
used for further chemical conversion after the silane group has reacted, and thus the
hydrolytic instability does not longer exist. Also, furan was attached in a post-modification
beginning from APTES grafted to the silica surface and adding furfural to the amine-bearing
surface.'®”’ However, one disadvantage of this procedure is, that no precise control of the
number of functional groups is possible. The procedure of post-modification will not be
further discussed, because it does not actually imply the synthesis of maleimide or furan-
silane coupling agents.

1.8.2 Silsesquioxanes and Spherosilicates

S 11681591 and the related polyhedral oligomeric silicate, also

The smallest silica units are POS
called spherosilicates (POS) (Scheme 15).7% Both are polycyclic oligomers, containing a core
with the general formula (R-SiO;s), (n = even number, mostly 8, 10, 12). POSS directly bears

an organic rest (R = alkyl, aryl, arylene) whereas POS bears R = OSiMe;R units at the corners.

RSI\ ,
R R l I L SR
o—Si—O=Si RSi  g—Si—O—si” |
red 8o 9% N T do P01
Si—O-\—gi_ Si—o\—Si_
O\O/I O TR Qo7 060,
/ 1.0 \ 70 1O sir
/SI— —O—S\I \ /SI—,_O—S{ |
R ~Si— /
) ) Rs/i/O R O—sir
|

Scheme 15: Examples for closed cage silsesquioxane (POSS) left and spherosilicate (POS) right.

These cubic molecules consist of a rigid, high symmetrical SiO, core have a core size of
0.54 nm for n = 8, and generally bear organic rests on each corner.!" The synthesis of

silsesquioxanes is realized by catalytic homocondensation of organotrialkoxysilanes or

hydrolyzed trichlorosilanes, to afford octa- vinyl-""" hydrido-I'"? (73l

(170

or methacrylate-
silsesquioxanes to name only a few.""”” However, these synthesis suffer from drawbacks, such
as many byproducts due to incomplete condensed, e.g. ladder like or open cage structures,
low yields (below 50%) and long reaction times. Contrary, spherosilicates made from TEOS
using a bulky base to selectively form an octaanion can be synthesized in straightforward
reactions and in high yields (Scheme 16).'""* " In a nucleophilic substitution reaction, a

variety of organic rests can be introduced by the addition of organo chlorosilanes.
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Scheme 16: Modification of spherosilicate octa anion (POS).

Adjusting the substituents at the corners, this type of nanocages can be incorporated into
almost any conventional polymer by covalent attachment or by physical blending. These
monodisperse inorganic-organic hybrid particles have the ability to improve material
properties, regarding their fire resistance, lightweight, higher temperature use and increase of

mechanical stability.['®® 17

DA group bearing spherosilicates and silsesquioxanes

DA functional group bearing spherosilicates and silsesquioxanes are rarely reported. Only two
silica cubes bearing maleimide are known: octa(maleimido phenyl) silsesquioxane firstly

synthesized by Laine et al. in 2001!"®

and mono(maleimido)hepta(isobutyl) silsesquioxane
synthesized by Hybrid Plastics."’” The octa(maleimidophenyl) silsesquioxane was synthesized
starting from phenyltrichlorosilane, which is condensed to octa(phenyl)silsesquioxane in
water, using benzyltrimethylammonium hydroxide as a catalyst (Scheme 17). Treating this
cube in fuming nitric acid led to octa(nitrophenyl) silsesquioxane, which was catalytically
reduced using formic acid and triethylamine with Pd/C as catalyst. The
octa(aminophenyl)silsesquioxane was treated with eight equivalents maleic acid to afford the
intermediate maleamic acid POSS. Cyclization was conducted using acetic anhydride as a
solvent and trimethylamine as a catalyst, affording 79% of the desired octa(maleimidophenyl)

Q @\go SQ )\‘ Z;SI/\/\N;j
cS>I S'O os‘lﬁf@ ;j s?—gcln ° ©
ok TS
HE ©© R
ey’

Laine et al. Hybrid Plastics, USA
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Scheme 17: Two POSS molecules bearing maleimide moieties are known.[176, 177]

Mono(maleimido)hepta(isobutyl) silsesquioxane, which was synthesized by Hybrid Plastics,
should be synthesized in a similar cyclization, starting from an (aminopropylheptaisobutyl)
POS. Unfortunately, no information is given for that synthesis.

All of the three furan bearing silsesquioxanes and spherosilicates were already mentioned in
chapter 1.6.2. The molecular structures, developed by Lin et al, Kickelbick et al. and Zelisko et
al. are depicted in Scheme 18.
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Lin et al. Kickelbick et al.

\ Zelisko et al.

Scheme 18: Three cubic molecules bearing furan moieties are known.[79, 98, 148]

Lin et al used a commercially available octa(glycidyl) POSS and added a slight excess
furfurylamine.” After reacting the mixture 22 h at 60°C in DMF, the desired product was
obtained (yield not given). Kickelbick et al. and Zelisko et al used hydrosilylation reactions to
afford the desired octafuran functional cubes.”® ' The first mentioned group used
octakis(hydridodimethylsiloxy)octasilsesquioxane and added 2-[(prop-2-en-1-yloxy)methyl]
furan using platinum divinyltetramethyldisiloxane (Karstedt catalyst) in toluene. After stirring
at 60°C for three days, the desired product was obtained in quantitative yield. Similarly,
Zelisko et al. used octakis(dimethylsiloxy)-silsesquioxane and added furan-2-ylmethyl undec-
10-enoate. The reaction mixture was refluxed in pentane, using the Karstedt catalyst. The
desired product was obtained in 71% yield after work-up.

Hydrogen bond motif bearing spherosilicates and silsesquioxanes

Several examples of spherosilicates and silsesquioxanes which are able to form hydrogen
bonds have been reported. Only a few of them have been synthesized explicitly for the use in
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hydrogen derived self-healing hybrid materials. Nevertheless, cubes bearing interesting
motifs for this purpose are summarized in the following and depicted in Scheme 19.

In 2006 Kuo et al synthesized octakis(acetostyrenedimethylsiloxy)octasilsesquioxane in a
hydrosilylation  reaction  of  octakis(hydridodimethylsiloxy)octasilsesquioxane  and
acetoxystyrene applying Karstedt's catalyst and received 93% yield.'"”® The product was
incorporated in a phenolic resin. Hydrogen bonding between the phenolic O-H and the
carbonyl group and siloxane groups of  octakis(acetostyrenedimethylsiloxy)-
octasilsesquioxane were shown by FTIR.

Unno et al. reported in 2008 the synthesis of octa(carboxyphenyl) spherosilicate."”® Starting
from TEOS, an octaspherosilicate anion, coordinated by NMe,™ as counterion was converted
with chloro(dimethyl)tolyl silane to afford octakis[dimethyl-(p- methylphenyl)silyl]silicate. This
cube was brominated by N-bromosuccinimide to produce octakis[dimethyl(4-
tribromomethylphenyl)-silyl]silicate in 85% yield. After hydrolyzation under treatment with
AgNO; and formic acid afforded octa(carboxyphenyl) spherosilicate was achieved in 90%
yield.

Reddy and Madhaven synthesized ester-amine-functionalized silsesquioxane starting from
octakis(hydridodimethylsiloxy)octasilsesquioxane and performing hydrosilylation applying
Karstedt's catalyst with either allyl 4-aminobenzoate or allyl(oxy)ethyl 4-aminobenzoate. They

18 These cubes were incorporated in PU

obtained 75 and 70% yield respectively.
prepolymers. Although the cubes are not highly dispersive, hydrogen bonding in the hybrid

films was observed.
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Scheme 19: Cubes bearing interesting motifs for hydrogen bonding.

The group of Watkins built silsesquioxanes bearing maleamic acid or aminophenyl groups on
all eight corners which are able to form hydrogen bonding with the poly(ethylene oxide).""®"
The aminophenyl cube was described before by Laine et al!"® No information on the
preparation of the cubes of Watkins et al. can be given, as they were purchased by Hybrid
Plastics. However, it can be assumed that the synthesis proceeds as previously mentioned for
the octa(maleimidophenyl)silsesquioxane. Therefore, octa(nitrophenyl)silsesquioxane s

catalytically reduced to octa(aminophenyl)silsesquioxane which can be treated with maleic
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acid to afford the octa(maleamic acid)silsesquioxane. The maleamic acid unit, having two
acceptors and two donor units, enabled to incorporate 80% silsesquioxane within
poly(ethylene oxide). The amino unit, having only one donor site, the incorporation was
limited to 40%.

Ervithayasuporn et al synthesized an octafunctionalized thioacetate POSS derivative.[®.

Octakis(3-chloropropyl)octasilsesquioxane, which was synthesized as previously reported by

co-condensation of 3-chloropropyltrimethoxysilane,!'®*!

was converted with a slight excess
potassium thioacetate within 16 h at room temperature in DMF. The desired product was
obtained as a colorless solid in 83% yield, and the authors were able to recrystallize the
substance to perform single-crystal X-ray diffraction. The authors focused on the preparation
and no experiments on incorporating this cube in materials is given.

Kung and coworkers synthesized a spherosilicate bearing eight malonic acid groups in one or

two reaction steps respectively.'®!

Octakis(hydridodimethylsiloxy)octasilsesquioxane was
reacted by hydrosilylation using Karstedt's catalyst with dibenzyl allylmalonate and gave 87%
yield. The benzyl ester bonds were cleaved by treatment with H, under catalytic reduction
over Pd/C after stirring for 7 h at ambient temperature and a yield of 97% was obtained.
Treating this product with trivinylchlorosilane and diethylamine afforded the octa(allyl silyl
ester) cube, which can be easily hydrolyzed in 85% yield. Moreover, octa(allyl silyl ester) cube
can react intramolecularly by hydrosilylation or the arms can be crosslinked by treatment with
1,4-bis-dimethylsilylbenzene to afford core-shell nanospheres. The authors emphasize that
the polyacids can be donor and acceptor in hydrogen bonding which can be interesting for
crystal engineering or the use as building blocks for supramolecular structures.

John et al described five octa(amido) group bearing POSSs, which were prepared by
treatment of octa(@aminopropyl) POSS-based salts (octaammonium salts, counterions: CI" ,
CF3SO37, CF3COO™ with 45, 95 and 90% yield respectively) with 1.1 equivalents of acid chloride
(benzoyl chloride and its 4-nitro- and 4-fluoro-derivatives as well as hexanoyl chloride) in
DMF at 0°C and afforded yields around 95%.'® The 4-aminobenzoyloamide-POSS was
obtained using zinc dust and concentrated hydrochloric acid for the reduction of 4-
nitrobenzoyloamide POSS.

In 2017 Winum et al reported the preparation of stable glyoxylic aldehyde bearing octa
functional silsesquioxane, which can be obtained in multigram scale in three reaction steps in
83% vyield.® This cube can readily react with oxyamines or hydrazides to form oximes or
acylhydrazones. Octa(glyoxylic aldehyde)silsesquioxane was synthesized starting from
commercially available octa(3-aminopropyl)silsesquioxane hydrochloride in a peptide
coupling reaction with protected serine Boc-L-Ser(OtBu)OH. Treating this compound with
TFA cleaved the tert-butyloxycarbonyl protecting groups. Oxidative cleavage of intermediate
amino alcohol using NalO, (8.8 equiv.) gave the pure product in 94% yield by dialysis. As the
authors are interested in bioconjugates, they did not discuss the hydrogen bonding aspects
of this molecule.

The most of the synthesized cubes contain aryl units, which makes the organic arms attached
to the silica core less flexible. Even more interesting for material development are those
cubes, having flexible alkyl arms attached to the core. However, the cubes having alkyl arms
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are limited to propyl chains. Longer chains would be interesting because they provide more
flexible arms, more space and greater distribution of functional groups. Although, the urea
motif would be a strong hydrogen bonding unit having two donors (N-H) and one acceptor
(C=0), no cube bearing this functional group has been described so far.

1.8.3 Metal oxides and phosphonic acid and acid ester coupling agents

Another important type of nanoparticles are metal oxides.>* ®1 They provide access to tailor

manifold material properties, such as conductivity,!"®® (189]

[188]

antibacterial and cytotoxic," ** catalytic

activity!” or magnetism."® Various methods were developed to synthesize metal oxide
nanoparticles like ZrO,, HfO,, TiO,, ZnO, Al,O; and Fe,O,. Manifold processes, reaching from
chemical vapor deposition to milling processes, wet chemical processes, autoclave reactions

amongst others, have been developed in the rather young field of nanoparticle research.!"®"

189, 191]

For example, magnetite (Fes0,) can be produced in a precipitation from FeCl, and FeCl; by
the addition of NaOH as a base at room temperature.”'® High yields are obtained using this
protocol, but careful adjustment of pH value is difficult and inhomogeneous sizes and shapes
were reported. Also, these particles do not bear any stabilizer on their surface, hence they
tend to aggregate. Sun et al. developed a thermal decomposition procedure of Fe(acac);
under the presense of stabilizing oleic acid, 1,2-hexadecanediol and oleylamine and received
highly monodisperse iron oxide.'™ Due to control experiments, the authors assumed that
there should be a mix of oleic acid and amine on the particle surface. However, Klokkenberg
et al. reported later, that oleic acid has a greater affinity to the iron oxide surface and the
amine facilitates the bonding because of deprotonation of the carboxylic acid.!"® This result
agrees with the hard-soft acid-base principle. While the softer Fe** ion coordinates nitrogen
and oxygen, the harder Fe** ion has a higher affinity to oxygen." Several methods reported,
that superparamagnetic iron oxide nanoparticles have a magnetite core (Fe**, Fe**) and a
maghemite shell (only Fe’*) at the surface.l'®> '*

To organically modify iron oxide nanoparticles, several coupling agents, such as carboxylic
acids, amines, catechols, phosphonic acids and silanes are possible. While carboxylates and

[197, 198]

amines bind primarily by coordinative and ionic interactions, catecholates build a

[194]

covalent bond with contributions of o- and m-donor bonding ™ and phosphonic acids or

silanes are able to form more stable covalent bonds. Different substitution patterns in
catechol derived anchoring groups can change the electronic situation that much in Fe**’*
that much, that a subsequent particle degradation can occur." Phosphonic acids are
superior over silanes because they were found to be fast reacting under mild conditions and
form stable M-O-P bonds, serving as a protective layer against oxidation.™® '*% 29 Only
monolayers are formed because phosphonic acids and acid esters do not have the tendency
to react intermolecularly and thus they have no ability to form networks, as it is the case for
silanes.® Scheme 20 shows the different possible binding modes according to reference

156.
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Scheme 20: Possible binding modes of phosphonate to metal oxide according to reference 156.

Mono-, bi- and tridentate binding, bridging and non-bridging binding modes to only one or
to several metal atoms can occur. The P=0 double bond can either coordinate to the surface
or to a residual O-H group of a neighboring coupling agent via hydrogen bonds.*"!

This class of coupling agents is of particular interest in the field of nanoparticle research,
because the monolayers form quickly, are hydrolytically stable, the surface reactions can even
be conducted in water (at least when the substrate tolerates it) and the M-O-P layer protects
the substrate underneath.

Mefford et al tested coupling agents concerning their exchange reaction against
"C radiolabeled carboxylic acid.”®? The "C radiolabeled carboxylic acid was bound on iron
oxide nanoparticles and coupling agents, containing carboxylic acid, catechol, phosphonic
acid or amine, were offered to the system for an exchange. Mefford et al. determined a
binding hierarchy, in which catechol and phosphonic acids are superior over amine and
carboxylic acid. All of the tested substances react readily with the iron oxide surface under
ambient temperature.

Several techniques for the generation of P-C bonds were developed, but the Michaelis-
Arbuzov and the Michaelis-Becker reaction are by far the most versatile and cheapest ones
(Scheme 21).2% 2% |n the Michaelis-Arbuzov reaction, a trialkyl phosphite is reacted with an
organo halogenides and in the Michaelis-Becker reaction a dialkyl phosphites are reacted
with a base to form the dialkyl phosphite salt, followed by the subsequent addition of an
organo halogenide. In both cases, organo phosphonic acid esters are obtained.
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Michaelis-Arbuzov Reaction

P(OR) R, R'—IOFI’/OR

3 “OR
R' = alkyl, aryl
R = alkyl

Michaelis-Becker Reaction
Q or Nbase 9 on
H_P\OR' 2) R'-X R_P\OR'
R = alkyl, aryl
R' = alkyl

Scheme 21: Two most common procedures to form P-C bonds: the Michaelis-Arbuzov and the Michaelis-Becker
reaction.

The P-O-C bonds can be cleaved using either acid or base or by reaction with a halologen
substituted trimethylsilane, followed by the addition of water, to afford the free acids.

Since organophosphonic acids are rather young compounds in the field of coupling agents,
functional molecules are rarely reported.* In one early report, Arbuzov et al. described the
synthesis of furfurylphosphonic acid and the corresponding ethyl ester (Scheme 22).2%!
Furfuryl alcohol was converted with PBr; to obtain furfuryl bromide. In a Michalis-Becker
reaction, using Na as a base, the diethyl furfurylphosphonate was obtained in 56% yield.

P
N\ 7N\
HO OH EtO OEt

Arbuzov and Lugovkin, 1952
Scheme 22: First furan alkyl phosphonic acid synthesized by Arbuzov et al.[204]

Hydrolysis in hydrochloric acid at 100-110°C led to a tar, but treating the ethyl ester with
NaOH gave a residue, which could be extracted with ethanol to obtain the desired acid in
84% vyield. These early authors reporting about such compounds were exclusively interested
in the preparation of this compound.

Oh et al. reported the preparation of various 2-arylethenephosphonates (Scheme 23).% In a
reaction of a-lithio methylphosphonate with carbonyl compounds (such as furfural) followed
by the addition of diethyl chlorophosphate yielded in bisphosphates, which could undergo
an elimination by treatment with ‘BuOK. Diethyl (2-(furan-2-yl)vinyl)phosphonate was
obtained in 80% vyield.

O (0] (0]
\ _OEt || I
O A P\ O NS ™ |ID\OR O O ™ (CH2)3_FI’\OR
U/\/ OEt <\J/\/\/OR @/\/\/ o~
R =Et, Pr
R = Me, Et, iPr
Oh et al. 1995 Chen et al. 2000

Scheme 23: 2-Arylethenephosphonates synthesized by Oh et al.[205]
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Chen et al. reported several unsaturated phosphonates bearing furan rings (Scheme 23).12%!
Dialkyl-4-(furan-2-yl)buta-1,3-dien-1-yl)phosphonate was synthesized by the Wittig-Horner
reaction of bisphosphonylmethane with 3-(furan-2-yl)propenal. Dialkyl-7-(furan-2-yl)hepta-
4,6-dien-1-yl)phosphonate was synthesized using the Michaelis-Becker reaction of w-
bromodienes with sodium phosphite. Also, in this case, the authors focused solely on the
synthesis of the organic substances.

Phosphonic acids or acid esters bearing the maleimide ring are even less described. Two US
patents mentioned such compounds in 1975 and 1991.%%" 2! |midomethyl phosphonates

7] These compounds were synthesized by reacting N-

were invented by Golborn and Duffy.
hydroxymethyl imides with trialkyl phosphites at elevated temperatures. The synthesis of the
maleimide derivatives is depicted in Scheme 24. The invention targets the usage of these

compounds as flame retardants for thermoplastic or thermosetting resins.

O O
- + POR); —
[ N-OH OR)s zn LN 0
-160° N
5 50-160°C ORO OR
R = alkyl (1-6), alkenyl
Ph, CH,CH,CI

Scheme 24: Synthesis of maleimidomethyl phosphonates according to Golborn and Duffy.[207]

Imai and Sorori reported a presensitized aluminium plate for the application in lithographic
printing using maleimido phosphonate coupling agents (Scheme 25) to improve the

adhesion between the substrate and the photodimerizable polymer.*%®!
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Scheme 25: Synthesis of maleimido phosphonates with different spacers according to Imai and Sorori.[208]

Unfortunately, although many molecular structures were given in their report, no information
on the synthesis of the compounds is part of the patent.

Furan or maleimide bearing phosphonic acids or acid esters have been rarely reported so far,
and to the best of my knowledge, they have not been used for the design of interfaces in
self-healing materials.
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1.9 Polymer Matrices for self-healing

Polymers can be divided into three main categories, the thermoplastics, elastomers and
thermosets, according to their properties, mainly based on their behavior which they show
upon heating.?® This behavior depends on the crosslinking type on molecular scale.
Thermoplastics generally have unbranched polymer chains, which can slide past each other
when heated and makes them malleable at higher temperatures. Elastomers have a few,
widely distributed crosslinks between the chains, which causes their softness and elasticity,
but also that they are non-formable. Thermosets have plenty of the interchain crosslinks,
which causes their hardness, but at the meantime the inflexibility of the chains. Therefore, this
polymer class is non- malleable upon heating. Consequently, the two interesting matrices for
self-healing polymer-based systems are elastomers and thermoplastics. In this work,
siloxanes were used as elastomer and pBMAs as thermoplastic matrix, so that only a brief
introduction in the synthetic access to these materials is given.

1.9.1 Elastomeres - Siloxanes and their synthetic access

Elastomers (acrylnitrile/butadiene/acrylate, acrylnitril/methyl methacrylat, isoprene-rubber,
polyisobutylene, ..) are elastically malleable and have a T, below the operating
temperature.”® Upon mechanical stress, they transform into another shape, but re-shape
upon relaxation. Commonly, organic elastomers are synthesized by free radical
polymerizations (FRPs). In this work, the polydimethylsiloxanes [SiO(CHs).],, which are elastic
at low temperatures and viscoelastic at high temperatures, were employed for the design of
self-healing materials.

Polydimethylsiloxanes

Polydimethylsiloxanes are synthetically available by the reaction of dimethyldichlorosilane
with water (Scheme 26).2'% 2" 212 polymers synthesized by this reaction are commonly OH-
terminated , which gives the possibility to introduce various functional groups or chains on
the a,w — end.

CH;
|

NMe,SiCl, + (n+1)H,0 ——= HO+Si—O~]—H + 2nHCI
' n
CH,

Scheme 26: General synthetic access to PDMS.

DA group bearing siloxanes are rarely reported. Already in 1986, Tesoro et al. described
siloxane-containing bis(furans), which were crosslinked with three different bismaleimides
(Scheme 27).12"!
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Scheme 27: Siloxane containing DA polymers synthesized from siloxane-bis(furans) and three different
bismaleimides.[213]

The bismaleimides had either a hexyl-, methylene-4,1-phenylene- or a tetramethyldisiloxane
linker. In this early time, the authors were not interested in self-healing properties of the
material. The DA adduct was even destroyed by treatment with acetic acid under reflux to
afford the phthalimide. Nevertheless, this work showed the possibility of functionalization
and DA polymerization in bulk, when having siloxane backbones.

Gandini et al developed a DA derived system using a low Ty (around -112°C)
maleimidodimethylsiloxane ~ copolymer as a  dienophilic  unit and  bis(2-
methoxyfuran)dimethylsilane as a crosslinker (Scheme 28).*” The siloxanes were synthesized
from commercially available propylamine dimethylsiloxane in a two-step procedure by
adding maleic anhydride and treating the intermediate maleamic acid with acetic anhydride
and trimethylamine. The diene unit was prepared by nucleophilic substitution of furfuryl
alcohol with dimethylsilyl dichloride.

oo SO §i-O oo

CH;
CH,
GH
o=N_0
Ha | Hy
Cc -0-Si-0—-C
|
07 N0
|
CH;
CH,
CH,

| 7
a, b: two different mole ratios were used,
2.2 or 3.4 funtional groups/polymer chain

Scheme 28: DA crosslinked siloxane developed by Gandini et al.[89]

The network was formed in dichloromethane while stirring for three days at room
temperature. The obtained gels were tested in thermal de-crosslinking (chlorobenzene, 80°C,
12 h) in the presence of an excess 2-methylfuran and an excellent reversibility of these
systems was found.

Aubert et al developed removable epoxy resins by the employment of three different
bismaleimide siloxane crosslinkers, forming a DA product with furfuryl glycidyl ether (Scheme
29).2" The glycidyl ether function allows for covalent bonding to the epoxy resin. The
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bismaleimide crosslinkers were synthesized reacting 4-hydroxyphenyl maleimide with 1,7-
dichlorooctamethyltetrasiloxane, 1,5-dichlorohexamethyltrisiloxane, or 1,6-
bis(chlorodimethylsilyl)-hexane (Ets;N/THF, 4 h, ambient temperature), respectively. All of
these compounds led to low viscous oils at 60°C.

Scheme 29: Epoxy resins with three different bismaleimide siloxane crosslinkers developed by Aubert et al.[214]

The siloxane moieties led to easily removable encapsulants by rDA, which are promising for
the repair of encapsulated electronic components.
More recently, Xia et al described a nontoxic, biocompatible self-healing polysiloxane

elastomers based on maleimide propylmethylsiloxane—dimethylsiloxane copolymers, which

were converted with 1,3-bis(3-furanopropyl) tetramethyldisiloxane (Figure 26).””

AcOH at 140 °C for 6 h
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Figure 26: Left: Synthesis of biocompatible self-healing DA crosslinked polysiloxane. Right: Remolding experiment
with DA polysiloxane and non-functional siloxane. Reproduced from Ref. [97] with permission from The Royal Society
of Chemistry. Copyright The Royal Society of Chemistry 2016.

Crosslinking was realized by mixing both compounds in dichloromethane, evaporating the
solvent and leaving the mixture for 4-10 days at 80°C. The healing efficiency was reported to
be significantly dependent on the healing time. An increase from 29% to 95% was observed
by raising the reaction time from 1 h to 24 h.

Bismaleimidosiloxanes were also already employed in self-healing hybrid materials by
Kickelbick et al."*® and Zelisko et al.,®® as mentioned in chapter 1.6.2.
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1.9.2 Thermoplastics and their synthetic access via Controlled Radical Polymerizations

Thermoplastic (polyethylene, polypropylene, polystyrene, polymethacrylate, ...) is probably
the most widely used type of plastic. Commonly, they are synthesized by FRPs. But the low
level of control of the reaction, due to free radicals, encouraged scientist to develop
Controlled Radical Polymerizations (CRPs), which are more useful for the demanding
synthesis of smart materials, such as self-healing materials.

Synthetic access to Thermoplastics via Controlled Radical Polymerizations (CRP)

Back in 1982, Otsu and co-workers were the first who described living radical

polymerization.©™

The “Living Polymerization” was defined by IUPAC in 1996 as follows: “A chain polymerization
from which chain transfer and chain termination are absent. Note: In many cases, the rate of
chain initiation is fast compared with the rate of chain propagation, so that the number of

kinetic-chain carriers is essentially constant throughout the polymerization.”®'®!

In 2010, the IUPAC recommended to use the terminology “reversible-deactivation” radical
polymerization for the previously called “controlled” radical or "living” radical polymerization,
because the word “living” is to unprecise for “radical polymerizations, no matter how minimal
the termination might be within such systems.” The new definition is: “Chain polymerization,
propagated by chain carriers that are deactivated reversibly, bringing them into active-
dormant equilibria of which there might be more than one.”®"! Furthermore the authors
mention in Note 3, that atom-transfer radical polymerization (ATRP), reversible addition-
fragmentation chain-transfer polymerization (RAFT) and polymerization mediated by an
aminooxyl (= Nitroxide-mediated Polymerization = NMP) (or a similarly acting substance)
belonging to this polymerization category.

These three main techniques were intensively studied since 1990.%'® In this work, only the
two first mentioned ones were used as a tool to build self-healing materials, so that the NMP
will not be described.

This modern techniques enabled scientist to design linear polymer chains, control the
molecular weight and its distribution and extend the scope of functional polymers.®™® A
special feature of these reversible deactivation radical polymerizations is, that the dormant
species can even be reactivated after isolation of polymer chains. This gave researchers the
ability to design novel e.g. mixed polymers, brushes, dendrimers, block copolymers among
others to build numerous novel polymeric architectures.

ATRP

IUPAC defined ATRP as “Controlled reversible-deactivation radical polymerization in which

the deactivation of the radicals involves reversible atom transfer or reversible group transfer

catalyzed usually, though not exclusively, by transition-metal complexes.”?"”
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The general mechanism of ATRP is depicted in Scheme 30.2' First, a metal, most often
copper (along with others, such as Ru, Fe, Mo, Os,...), which is stable in two different oxidation
states (M™ and M™"") form a complex with a chelating N donor ligand. The lower oxidation
state complex (activator) react with an alkyl halide initiator (RX) to form the higher oxidation
state complex (= deactivator) with coordinating halide and a radical R with a certain rate
constant k... After this activation step, the radical can react either with a monomer, to give a
growing polymer chain, with the growing polymer chain itself or termination can occur due
to radical recombination. Based on the ability of the coordinating halogen atom on the
higher oxidation state complex, to be transferred to an alkyl rest (monomer or growing
polymer), a transformation of the the growing polymer into the dormant species P,-X can
occur, while regenerating the lower oxidation state complex (= activator). The ATRP
equilibrium is determined by kict/Kgeact (Kgeact = deactivation rate constant), which means it is
dependent on the activity of the catalyst. Therefore, many catalysts, ligands, solvents and
monomers have been tested to control the equilibrium. The deactivation, which means the
dormant state should be favored. Thus, a low population of propagating radicals and
therefore minimimal radical recombination of propagating chains is ensured.

kact . m+1

Pr—X * L-M™X ——— P, + LIX-M™TX
kdeact \\\ N

QA) N \t?rmmatlon

k \Pn_Pn

p
Scheme 30: ATRP mechanism/ equilibrium.

In ATRP, various monomers like acrylates, styrene derivatives, acrylamides and acrylonitrile
are tolerated.”™ Functional groups are tolerated, as long as they do not serve as a
competing ligand for the metal complex.®” The incorporation of monomers bearing glycidyl,

hydroxyethyl, azido, vinyl pyridine, furan and protected maleimide has been reported.”® 2

221,222, 223]

One of the mayor drawbacks of ATRP is the requirement of high amounts transition metal
(up to 5000 ppm) ®* and the O, sensitivity, when e.g. Cu(l) species are employed. Many
modifications have been developed, such as AGET (Activators Generated by Electron
Transfer), ARGET (Activators ReGenerated by Electron Transfer) and ICAR (Initiators for
Continuous Activator Regeneration) amongst others, to overcome these disadvantages.”®'

The aspects of these variated ATRPs have been reviewed.”'® 2"
Furan/maleimide bearing polymers synthesized by ATRP

ATRP has been used to synthesize thermoreversible methyl- co furfuryl- methacrylates by
Singha et al.®®?*>??®) An exemplary reaction is depicted in Scheme 31
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EBIB FMA MMA p(FMAcoMMA)
Scheme 31: ATRP of FMA and MMA.

The authors compared FRP with ATRP of methyl(methacrylate) (MMA) and FMA. While FRP
led to insoluble, gelled polymers, in ATRP soluble polymers were obtained. In a typical ATRP
containing FMA as a monomer, ethyl a-bromoisobutyrate (EBiB) was used as the initiator,
CuX (X = Cl or Br) as a catalyst and 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA) as
a ligand. Under oxygen-free conditions, the mixtures were heated to 90°C in toluene. The
progress of the reaction was monitored with SEC and NMR. A linear increase of the molecular
weight and a relatively narrow molecular weight distribution were found. The main advantage
of ATRP compared to FRP is, that no undesirable side reactions occur with the double bond
of the furan ring. Moreover, ATRP affords linear polymer chains, having a higher mobility
than the crosslinked polymers obtained in an FRP. In 2009, Singha reported, that converting
FMAcoMMA polymers which were obtained in an ATRP, with BMI, a thermoreversible, self-
healing material was observed.!"™”

In 2010, the same group established ABA triblock copolymers (poly(FMA)-b-poly(2-ethylhexyl
acrylate)-b-poly(FMA)) by application of an ATRP. The reaction was carried out at 90°C for
30 min, using CuCl with HMTETA as a catalyst and a,w-dibromo-poly(2-ethylhexyl acrylate) as
a bifunctional macroinitiator. Two Tg4's were found which showed that the polymer consists of
a soft and hard phase having a polydispersity index (PDI) of 1.28. The triblock copolymer
afforded a self-healing system after conversion with BMI, which showed complete healing of
a surface after 4 h in scanning electron microscopy images.

Schubert et al. further developed this FMA based system in 2013, by the development of
one-component polymers bearing furan and maleimide rings at one polymer backbone
(Scheme 32)."* To avoid undesired crosslinking during ATRP, the maleimide moiety was
protected by furan, as it was established before for FRPs.”?”) The protection is necessary
because the maleimide double bond can also undergo polymerizations, which would lead to
undesired crosslinking. This system was the first, which had no need of an additional
molecular, low molecular weight crosslinker to obtain thermoreversible methacrylates. A ratio
of 10 mol% per functional monomer was found to ensure the best healing behavior.
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Scheme 32: Schematic representation oft he copolymerization of AMA, FMA and MiMA by ATRP.[153]

The same group further developed their system in 2015 by copolymerizing FMA, maleimide
(methacrylates) having three different spacers (CoHs CeHpp CH4OCoH,) between both
functional groups, and a non-functional comonomer, which is one of the following three:
polar 2-hydroxyethyl methacrylate (HEMA) or dimethylaminoethyl methacrylate or non-polar
BMA.** EBiB was used as the initiator, CuBr with coordinating HMTETA as a catalyst. Again,
each functional was applied in 10 mol%. The polymer consisting of 2-(hydroxyethoxy)ethyl
methacrylate and the maleimide unit having C,H,OC;H, as spacer accomplished the best self-
healing behavior and was able to heal millimeter range scratches at 140°C.

Galbis et al. synthesized poly(HEMAcoFMA) (Scheme 33) in various mol% by the employment
of EBiB, CuBr/2,2"-bipyridyl ligand in high yields (>95%).”* Low PDIs (1.17-1.30) were
obtained after reacting the mixtures for 5 h. The polymers were tested concerning their
hydrogel-behavior after reacting it with 1,8-dimaleimide-3,6-dioxaoctane.

o
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Scheme 33: Crosslinked poly(HEMA-FMA) copolymer with 1,8-dimaleimide-3,6-dioxaoctane as a crosslinker.[229]

Kickelbick et al. described pBMAcoMiMA synthesized using the CuBr/HMTETA system as a

(1481 The reaction was carried out in toluene at 70°C for 3 h,

catalyst and EBIB as the initiator.
and again the maleimide monomer had to be protected as mentioned before. A PDI of 1.22
was found and a yield of 36% was obtained. This system was already described in chapter
1.6.2.

In 2016, Oh et al synthesized pMiMA and pFMA using benzylbromide as initiator and
CuBr/PMDETA (N,N,N',N",N "-pentamethyldiethylenetriamine = PMDETA) as catalyst system

(Scheme 34).2¢
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Scheme 34: Synthetic Route to pMiMA and pFMA homopolymers by ATRP.[230]

Rather high PDls (1.70-1.99) were found, along with conversions between 30 and 60% in 1-7
h reaction time. The crosslinking of both homopolymers afforded healable films.

Hydrogen bond motif bearing polymers synthesized by ATRP

To the best of my knowledge, the group of Guan is the only one who was interested so far in
the incorporation of hydrogen bond building motifs in polymers synthesized by ATRP. The
first article on this topic was published in 2012, were a system consisting of multiphase
polymers polystyrene backbone with polyamide brushes was described (Scheme 35).1"" The
backbone was synthesized by FRP of styrene along with the desired amount ATRP initiator 4-
(2-bromoisobutyloylmethyl)-styrene. The amido brushes were attached to this prepolymer in
CuBr/PMDETA catalyzed ATRP. These polymers showed autonomic healing behavior, due to
its multiphase morphology, which is caused by collapsing of styrene backbone to a hard
segment and leaving the dynamic soft amido brushes in the periphery.

5 (5 57'1\/ m *Oko/\/\/\”i
o)KﬁBr O)HQBF

ATRP

Scheme 35: Polystyrene backbone and PA-amide brushes.[114]

Following this promising concept, the group developed triblock copolymers bearing a pMMA
block in the middle and dynamic hydrogen bonding (amide) blocks at both ends using ATRP
(Scheme 36).12" 4 As the previous system, also this one self-assembles in a microphase-
separated morphology consisting of a hard and a soft phase.
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a. Synthesis of the glassy PMMA block by ATRP

MeO._O
o CuBr, PMDETA, Toluene o 0 -
Bl>l\n,0\/\0J\IKBr + )\(0 > Br : \/\Owﬂ
o} o}

OMe 70 °C, 24h 0% OMe

2BrBu MMA Br-PMMA-Br

b. Synthesis of the self-healing ABA triblock copolymer by ATRP

/O(I:n

070 CuBr, PMDETA, DMF PMMA
Br-PMMA-Br + l -
. L/
5-AAPA 50°C, 24 h PA-amide PA-amide NH
“NH oA
N (PA-amide)-b-PMMA-b-(PA-amide)

Scheme 36: Triblock copolymer ABA bearing amide blocks on both ends. Reproduced from Ref. [231] with
permission from The Royal Society of Chemistry. Copyright The Royal Society of Chemistry 2014.

The same conditions as for the polystyrene system were applied for the ATRP except of using
the pMMA macroinitiator in this case. These systems are able to heal at room temperature
solely by hydrogen bonds.

RAFT

IUPAC defined RAFT as “Degenerate-transfer radical polymerization in which chain activation
and chain deactivation involve a degenerative chain-transfer process, which occurs by a two-

step addition-fragmentation mechanism.”?"”

The mechanism of a RAFT polymerization (Scheme 37)* 23 is based on the so-called RAFT
agent (or CTA = Chain Transfer Agent, mostly thiocarbonyl compounds), which can reversibly
deactivate propagating chains (radicals) and transfer them into dormant species. Contrary to
ATRP, RAFT requires an additional free radical source (initiator), such as azobisisobutyronitrile
(AIBN), which has to be initiated first, to form free radicals. These can react with a monomer,
to form the propagating chain radical (P,). The P, reacts with the CTA on the C=S double
bond and forms an intermediate thiocarbonylthio radical, which liberates a radical (R), while
the thiocarbonylthio rest remains on the growing polymer chain. The liberated radical can
reinitiate polymerization on CTA terminated chains or react with a fresh monomer to form a
new propagating chain. When all CTA has reacted, the equilibrium between propagating
chains and dormant species of the reaction is reached. Like in FRP, recombination of radicals
can occur. Remaining dormant species in the polymeric product give the possibility to further
modify the chains or to synthesize block copolymers.

HS S—R S S. k S S
Pn. + Y add Pn/ \Or R add Pn/ \f + R

K k
4 sub 4 sub z QA) *_termination
A

Ko P,—R

Scheme 37: RAFT mechanism/ equilibrium.
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Because the RAFT reaction conditions are almost the same as in conventional
polymerizations, nearly the same scope of monomers can be used.*® Acrylates, acrylamides,
acrylonitrile, styrenes, dienes and vinyl monomers were successfully converted.”” In RAFT,
[234, 235]

also reactive and strong donating functional groups such as isocyanate, acid

chlorides,”® and acetylenes®” and amines®®> ¥ are tolerated.”* #% 29 This variety of

reactive groups opens the way to post-polymerization modifications.[3* 247 242

Although RAFT is a very promising route in CRP techniques, because it proceed without metal
catalyst at low temperatures, it suffers from drawbacks like the necessity to carefully adjust
the chain transfer agent (CTA) to the monomer, avoid oxygen to control the polymerization

and the need of a radical source, which inevitably causes undesired termination reactions.®®*’

These aspects have been discussed in a recent review.**’

Furan/maleimide bearing polymers synthesized by RAFT

RAFT has already been used for the synthesis of DA based self-healing materials. Singha et al.
were the first who polymerized FMA using different RAFT reagents and RAFT reagent:initiator
mole ratios in toluene at 90°C™*' Using the RAFT agent 4-cyano-4-
[(dodecylsulfanylthiocarbonyl) sulfanyl] pentanoic acid and 4,4'-azobis(4-cyanovaleric acid) as
the initiator, 85% conversion and a PDI of 1.38 were determined after 5 h. These polymers
were crosslinked using three different bismaleimides to afford thermally amendable polymer.

Table 2: Two DA polymers synthesized by RAFT polymerization with the corresponding RAFT agent and
initiator.[244, 245]

pFMA synthesized by Singha et al. pMMAcoMiMA synthesized by Zhang et al.

Polymer fo)
CN
NC
HO)K/\HCHZ —S——S—CH,~C11Hps WL}CHZ CH,
0 S

Q

CH, CH2 CH3
RAFT agent

S
Hows S—CyzHys S

4-cyano-4-[(dodecylsulfanylthiocarbonyl) sulfanyl]
pentanoic acid

Initiator
CN__Ns J( Fe(0)

)( °N

2-cyanoprop-2-yl 1-dithionaphthalate

In an ensuing work, the same procedure was used to obtain pFMAcoBMA in different mol
ratios by RAFT polymerization in DMF at 80°C for 16 h.”*% Treating the polymer having the
composition FMA:BMA = 41: 59 with BMI for 24 h at 50°C in chloroform afforded a viscous
oil, which solidified upon drying and showed thermoreversible properties due to the DA
reaction. In 2016, Singha's group showed a green method of RAFT polymerization of FMA 44
The authors used a recyclable ionic liquid  (2-butyl-3-methylimidazolium
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hexafluorophosphate) as a solvent, AIBN as an initiator and again 4-cyano-4-
[(dodecylsulfanylthiocarbonyl) sulfanyl] pentanoic acid as a RAFT agent and heated the
mixture at 70°C for 1 h. Using chloroform to extract the product, the desired pFMA (Table 2)
was obtained with 95% conversion and a PDI of 1.38. An additional advantage is that the
reaction is accelerated compared to common organic solvents like toluene or DMF.

In 2018, the first report in which MiMA was used in a RAFT polymerization was published by
Zhang et al.”*' The authors copolymerized MMA and ca. 20 mol% MiMA using 2-cyanoprop-
2-yl 1-dithionaphthalate as RAFT agent and zero-valent iron powders as an initiator (Table 2).
The reaction was carried out at 30°C for 72 h in DMSO. A PDI of 1.21 and a yield of 14.6% was
obtained under these conditions. Since the authors were interested in the formation of
polymeric nanoparticles, no experiments towards self-healing were conducted.

Hydrogen bond motif bearing polymers synthesized via RAFT polymerization

Since the direct polymerization of hydrogen bond forming monomers is often difficult, a very
promising step is to polymerize isocyanate bearing monomers and use the high reactivity
towards NH and OH in post-modification methods. The conditions in RAFT polymerization
tolerate the isocyanate group and accordingly, several reports of isocyanate group bearing
reactive polymers exist in the literature.

Hawker and coworkers synthesized poly(isocyanatoethyl methacrylate coMMA)
(pICEMAcOMMA; ICEMA = 2-isocyanatoethyl methacrylate) to produce intermolecular
collapsed nanoparticles, by post-branching of isocyanate chains by the addition of 2-
methoxyethylamine.®¥  The pICEMAcoOMMA was synthesized by applying S-
methoxycarbonylphenylmethyl dithiobenzoate as RAFT agent and AIBN as an initiator in
benzene at 75°C for 17 h. The polymer was obtained in 67% yield with a PDI of 1.13. Within
2 h at ambient temperature, the polymer reacted with the diamine to a crosslinked-polymer
derived nanoparticles.
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Scheme 38: Post-modification of poly(isocyanatoethyl methacrylate).[235]
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McCormick et al described the homopolymerization of 2-(acryloyloxy)ethylisocyanate
applying N,N-dimethyl-S-thiobenzoylthiopropionamide as a RAFT agent and 2,2'-azobis(2,4-
dimethylvaleronitrile) as an initiator in dioxane.* At a reaction temperature of 50°C, a
conversion of 40% and a PDI of 1.13 was observed within 13 h.

The obtained polymer was reacted with alcohols, amines or thiols (Scheme 38). While the
reaction between amine and isocyanate is a click-type reaction, the reaction with thiols
affords the presence of a basic catalyst and the conversion with alcohols is very slow but can
be completed by the addition of dibutyltin dilaurate.

Perrier et al. described a two-step polymerization for block copolymers consisting of either
dimethyl meta-isopropenyl benzyl isocyanate (TMI) with styrene or ICEMA and MMA,
respectively (Scheme 39).**’ A pMMA prepolymer was synthesized using cyanoisopropyl
dithiobenzoate (CPDB) as RAFT agent and AIBN as initiator at 60°C in dioxane until 75%
conversion of monomer and a PDI of 1.23 was observed. Then the isocyanate bearing ICEMA
was added to the solution, and the reaction was stopped when 55% conversion of ICEMA was
observed. The PDI of the final block copolymer was determined to be 1.60. The authors
declare that the rapid increase in PDI is a result of crosslinking between the polymer chains.
Previously, Yoon and Lovell suggested a mechanism, involving traces of water, which cause a
reaction with the OCN group and results in a carbamic acid.**® In the following, CO, is split
off and leaves an amine group in the polymer. This amine group is able to react with
isocyanate groups to form urea bonds. However, most of the isocyanate groups are still
present in the block copolymer.

s s
yo o 0P 07! N @A CN
! ! H NCO

NCO
Scheme 39: Block copolymers: left MMA/ICEMA and right TMI/styrene system developed by Perrier et al.[239]

Analogously, the TMI/styrene system (PDI = 1.30) was prepared at 125°C in p-xylene, trying
(propionic acid)yl butyl trithiocarbonate (PABTC) and CPDB as RAFT agents. The same results
regarding the PDI were found for both RAFT agents. PABTC being a trithiocarbonate is known
to mediate the polymerization faster than dithiobenzoates, like CPDB, but the
dithiobenzoates are better chain transfer agents in RAFT polymerizations. However, Yoon and
Lovell reported, that carboxylic acid rest on PABTC is able to catalyze the reaction between
TMI and water, to finally form urea bonds as mentioned above.”® Therefore, and also
because trithiocarbonates are not suited for the RAFT polymerization of methacrylates, the
authors decided to do all studies for comparison of the ICEMA/MMA and the TMI/Styrene
system using CPDB as RAFT agent. Both systems were coupled with cellulose-OH groups to
form urethane bonds. The isocyanate groups of TMI showed a lower reactivity towards post-
modification, compared to ICEMA, due to sterical hindrance.

One-component polymers, having DA groups simultaneously with hydrogen-bond motifs,
have not been synthesized by CRP techniques so far. The high tolerance towards functional
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groups such as isocyanate (RAFT), furan or protected maleimide (ATRP, RAFT) allows to
produce polymer chains with reactive moieties, that can be used for post-modification or
reversible crosslinking. However, the possibility to tailor molecular weight and mole ratios of
functional monomers along with obtaining soluble polymers makes this technique important
for the design of self-healing nanocomposites and hybrid materials.

1.10 Knowledge gaps in the known systems

Although a lot of work has been done in the field of DA based healing in polymers, only a
few reports on nanocomposites and hybrid materials (1.6) exist. In intrinsic healing systems
the mechanical strength is rather low compared to extrinsic systems.“”! The incorporation of
inorganic filler, which lowers the mobility of functional groups, provides a promising way to
increase the mechanical strength of intrinsic healing systems. The challenge is, to realize a
system, in which healing can still take place as it is known for thermoreversible DA polymers.
Additionally, until now, no study dealt explicitly with the understanding of the surface
reactivity of DA functionalized spherical nanoparticles. This knowledge would help to not only
manufacture self-healing composites phenomenologically and instead to plan the necessary
material composition in advance.

Moreover, the usage of inorganic material itself to influence the healing process is barely

044 or microwaves®” to

investigated. Few groups used electrical conductivity (MWCNT's)
induce a temperature change for DA self-healing. Superparamagnetic iron oxide
nanoparticles would be another interesting species because they can be heated in an
alternating magnetic field (AMF), which would allow for selective local heating. To the best of
my knowledge, only one report has been published in January 2018 by Bose et al. comprising
magnetite particles in a DA based system. However, these particles were incorporated in
reduced graphene oxide, and the authors were not interested in AMF induced healing
experiments.**’! Also, this system does not use the particles as a crosslinking site.

Another promising technique for the design of self-healing materials is the one in which
multiple reversible interactions or reactions are assembled. In the rather young field of self-
healing materials, this more complex approach is in a very early stage, since researchers have
been busy with the understanding of systems, which do not comprise a “cocktail effect”. In
particular, this concept has not been regarded for nanocomposites or hybrid materials.

In the following chapter, the research goals and studies, which have been made to target
these points in the presented work, are introduced and further discussed in chapter 3.
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2 Research Goals

2.1 Objective

This work aims to improve the healing capacities of intrinsic self-healing nanocomposites and
hybrid materials based on the DA chemistry by studying varying fillers and matrices.
Therefore, the careful synthesis of the single components, like coupling agents and
monomers have to be done with respect to the tolerance of functional groups in the target
molecule (Figure 27). After surface-functionalization of inorganic nanoparticles and
polymerization of the monomers, the two ingredients are combined to afford the
nanocomposite material.

‘ Coupling Agents ‘ ‘ Monomers
y v

Functionalized Functional

Inorganic Filler Polymers

}

Composite or Hybrid
Material

!

Characterization &
Optimization

Figure 27: General procedure to synthesize self-healing nanocomposites.

The suitability of DA group modified inorganic nanoparticles as a crosslinking agent,
depending on e.g. nanoparticle size, spacer length of coupling agent or crowdedness of the
surface shall be investigated. Therefore, DA modified silica nanoparticles have to be
embedded within different polymer matrices, such as elastomers or thermoplastics.
Monolayer functionalized magnetic iron oxide nanoparticles shall be synthesized by the
usage of phosphonic acids. Reacting these particles with either small molecules or sterical
demanding derivatives of those, an even deeper understanding of how the particle surface
can interact with functional groups bound on polymeric backbones shall be gained.

A further improvement of the self-healing nanocomposites shall be carried out by the
incorporation of smaller inorganic fillers, namely spherosilicates and by providing a higher
degree of freedom of diene and dienophile at the same time. To realize a greater degree of
freedom of diene and dienophile, none of them should be trapped on the inorganic surface.
Nevertheless, still an ideal miscibility of filler and polymers has to be provided. Hydrogen
bonds can be introduced on the inorganic-organic interface, which would guarantee a
perfect matching and integrate a second reversible and intrinsic force in the material.
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Therefore, the spherosilicates should be chemically surface modified and conclusively bear
hydrogen bond motifs on their surface. The supramolecular interaction rapidly re-equilibrate
upon cleavage. This phenomenon realizes close contact of damaged interfaces and
consequently guarantees a necessary condition for efficient DA healing.

2.2 Concept

In detail the following studies were carried out:

e DA modified SiO, nanoparticles were synthesized and embedded in
corresponding matrices. DA group modified siloxanes and poly(butyl
methacryalates) are chosen to study the influence of the chemical nature of
the polymer matrix. The single components were characterized using FTIR and
NMR spectroscopy, and for the particles also dynamic light scattering (DLS),
elemental analysis (CHN) and transmission electron microscopy (TEM)
measurements were carried out. The crosslinking ability and the healing
performance of the materials were tested by optical microscope images, DSC
analysis and rheology measurements.

e Iron oxide nanoparticles were synthesized that bear DA group modified
phosphonic acids as a monolayer on the surface. The synthesized compounds
were characterized using FTIR, CHN, and for the organic molecules also NMR
and electrospray ionization — mass spectrometry (ESI-MS) measurements were
conducted. This system shall help to understand the chemistry on the particle
surface. Small, as well as sterical demanding attacking reagents, were offered
to the system, and the difference in conversion, determined by DSC, FTIR and
CHN measurements, was analyzed to understand the reactivity towards
polymers. One proof-of-principle self-healing experiment was carried out
applying BMI as a crosslinker.

e Small molecular SiO, units, having no DA groups on the surface, were
considered as alternative fillers. Therefore, spherosilicates, having long flexible
alkyl substituents and the ability to form hydrogen bonds, shall be synthesized
starting from TEOS. The novel cubes were characterized using NMR, ESI-MS,
CHN and FTIR analysis. The hydrogen bonds depict a reversible intrinsic force,
which equilibrates at ambient conditions. This is a promising feature for the
system described in the following point.

e The functional spherosilicates were incorporated into an organic matrix, which
contains two intrinsic reversible forces. One of them, the hydrogen bonds are
reversible at room temperature and the other, the DA reaction is thermally
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triggerable, which allows controlling the healing process. The synthesis were
carried out using controlled radical polymerizations (CRPs), namely the ATRP
or the RAFT polymerization. The polymers were characterized by NMR, FTIR,
DSC and SEC measurements.

In this hybrid material, both diene and dienophile are located in the matrix.
Hydrogen bonds on the surface of the inorganic filler and within the matrix
shall help to assure homogeneous distribution and reconnection of crack
surfaces at ambient temperature. The self-healing behavior was tested using
optical microscope images, FTIR, UV/Vis, TEM images of microtome cuts and
rheology experiments.

61



CHAPTER 3 RESULTS AND DISCUSSION

3 Results and Discussion

The results of this work have been published before.

3.1 Self-Healing Polymer Nanocomposites based on Diels-Alder-
Reactions with Silica Nanoparticles: The Role of the Polymer Matrix

The self-healing performance of DA modified nanoparticles as crosslinking agents within
different polymer matrices, namely the elastomeric siloxanes and the thermoplastic pBMAs,
was studied. In a first step, maleimidopropyl- (MPTES) and furanundecyl-trialkoxysilane
(FUTES) were synthesized and used as coupling agents for silica nanoparticles with a diameter
of 12 - 18 nm. Based on a literature-known reaction for surface functionalization,
trialkoxysilanes were attached to silica surfaces using the polar isobutylmethylketone and
high temperatures.*®® The successful surface functionalization with DA alkoxysilanes was
shown by FTIR and TGA measurements. The modified particles were further characterized
using elemental ananlysis, nitrogen sorption, DLS and TEM measurements. The surface
coverage was found to be 1.23 molecules/ nm? (1.26 mmol/ g) for MPTES@SiO, and 0.79
molecules/ nm?® (0.86 mmol/ g) in case of FUTES@SIO,, respectively.

Commercially available side chain or terminal aminopropyl-functionalized dimethylsiloxanes
(My, 3000-5000 g/ mol) were modified to bear maleimide groups. Maleic anhydride was
added and the intermediate maleamic acid was catalytically cyclized using ZnCl,.
Analogously, the furan ring was attached to the according hydride dimethylsiloxanes (M,,
400-17000 g/ mol), using a hydrosilylation reaction. Functional pBMA was synthesized in an

[146

ATRP according to a literature procedure.® The functional siloxanes were unambiguously

characterized using '"H NMR and FTIR.

The composites are obtained by mixing the functional components in a ratio of 5:1 for diene
to dieonophile. The excess is always located in the polymer matrix. Ren and Yoshie et al.
reported, that the non-stochiometric ratio increases the probability of reconnection after
damage.™” The synthesized siloxanes from this work contain varying amounts of functional
moieties in the backbone. According to this, the materials differ in their appearance because
the weight percent of particles range from 18-286 wt%. The ability of crosslinking and
therefore healing ability of these materials was investigated using DSC and rheology
measurements. While the composites of low T, elastomeric siloxanes indicated successful
reversible crosslinking by an endothermic signal in DSC (0.9 — 0.4J/g) within the rDA
temperature range (100-200°C), the thermoplastic pPBMA samples showed no signal. Thus, it
was concluded that a high molecular weight and T4 along with small amounts of functional
groups per polymeric molecule lowers the conversion with DA group-modified silica
nanoparticles. This further supports the literature known dependency from DA polymers of
healing efficiency from mobility and flexibility of functional groups within the matrix.**¥ To
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further verify the role of group mobility in conversion of polymers with particles, the reaction
was carried out in chloroform and a 10 times higher DSC signal was observed. This result
pointed out, that the functional groups can simply not reach each other efficiently within the
bulk sample.

A cut healing test was done exemplarily on one siloxanes based composite. Optical
microscope images showed that the material is too rigid to heal only by heating. After adding
a few drops of chloroform to the surface, the interfaces came back into contact with each
other which enabled the healing process.

These results were published in a special issue on self-healing polymers within the journal
Polymer from Elsevier (Guest editor: Wolfgang Binder). Reproduced by permission of Elsevier.
https://doi.org/10.1016/j.polymer.2015.03.017

Sandra Schafer, Guido Kickelbick, Self-healing polymer nanocomposites based on Diels-
Alder-reactions with silica nanoparticles: The role of the polymer matrix, Polymer, 2015, 69,
357-368, https://doi.org/10.1016/j.polymer.2015.03.017.

Sandra Schafer has written the publication and carried out all practical work (experiments and
characterization). Guido Kickelbick has contributed with discussions about the topic and
improvements for the final presentation of data and results within the manuscript.
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Self-healing nanocomposites were studied consisting of surface-functionalized silica nanoparticles and
polymers with different glass transition temperatures. The silica nanoparticles were synthesized using
the Stober process and afterwards surface-functionalized with the coupling agents 2-furyl-(undecenyl)-
11-triethoxysilane or 3-maleimidopropyltriethoxysilane. The obtained nanoparticles were studied as
cross-linking agents in thermally triggered self-healing nanocomposites based on Diels-Alder (DA)
chemistry. Cross-linking of the nanoparticles with modified poly(butyl methacrylates) containing DA
groups revealed that the rigid thermoplasts show only low tendency to undergo the cross-linking re-
actions. Contrary, similarly modified polysiloxanes display thermally reversible cross-linking in DSC as
well as in rheology measurements. The results reveal that a specific extent of mobility and flexibility of
the polymer backbones is crucial for a reasonable fast self-healing process if Diels-Alder groups are used

as crosslinking agents.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, self-healing materials became a major research
interest due to the public awareness that long lasting materials can
save various resources, such as energy and raw materials. Generally,
failure, damage, and degradation are natural consequences of ma-
terial applications. Polymers with self-healing properties could
significantly extend the lifetimes of materials [1].

Polysiloxanes are widely used in high-tech applications based
on their unique properties such as high flexibility, abrasion and
heat resistance, chemical inertness, high transparency, and excel-
lent adhesion to various surfaces [2]. For self-healing applications
particularly the extraordinary backbone flexibility is a key property
for reversible bond formation. Several self-healing mechanisms
applying polysiloxane based structures were previously demon-
strated in literature, such as capsule based systems [3], hydrogen
bonding mechanisms [4], or ring opening polymerization [5]. Many
of these systems are either very sensitive to environmental

* Corresponding author. Inorganic Solid State Chemistry, Saarland University, Am
Markt, Zeile 3, 66125 Saarbriicken, Germany.
E-mail address: guido.kickelbick@uni-saarland.de (G. Kickelbick).
1 http://www.uni-saarland.de/lehrstuhl/kickelbick html.

http://dx.doi.org/10.1016/j.polymer.2015.03.017
0032-3861/© 2015 Elsevier Ltd. All rights reserved.

conditions because they are based on weak interactions, or self-
healing can only be applied once at a localized damage. An alter-
native route for the production of self-healing polymers is the use
of reversible covalent bonds as cross-linking mechanisms in the
materials. One of the most studied reaction types with regard to
such functional materials is the thermoreversible Diels-Alder (DA)
reaction [6] typically based on the combination between furyl and
maleimide groups as diene and dienophil. This reaction type
showed in the past its efficiency in self-healing materials such as
poly(ethylene oxide) [7], polyesters [8], multi-arm polyacrylic
systems [9], linear polymerized polyacrylic systems by ATRP [10],
poly(e-caprolactone)-urethane chains [11], poly(oxazoline)s [12],
and elastomers such as polysiloxanes [13]. Furthermore inter-
penetrating organic—inorganic hybrid networks were studied
applying furan—maleimide systems in conjunction with a silica
network generated in situ by the sol—gel process [14]. It was shown
that the self-healing ability of such systems depends primarily on
the mobility of the functional groups and the ratio of maleimide to
furan [15].

A further improvement of polysiloxanes in areas like mechani-
cal, thermal, and optical properties can be obtained by the incor-
poration of inorganic nanoparticles. This approach can also be used
to create a new generation of self-healing nanocomposites using
inorganic nanoparticles as crosslinkers. In previous studies we
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showed the importance of the velocity DA/rDA, diffusion, and
mobility of the components in the matrix for the self-healing ca-
pacity of the material. Smaller inorganic building blocks as well as
less viscous polymers generally increase the reaction rates [16].
Core-shell nanoparticles showed slow healing capabilities. Smaller
furan-modified spherosilicates could be healed within minutes
[17].

The goal of the present study was the systematic investigation of
the influence of the polymer matrix viscosity, degree of function-
alization, and chain length in reversible cross-linking processes.
The nanocomposites analyzed consisted of diene or dienophil
modified silica nanoparticles in polysiloxane matrices.

2. Experimental
2.1. Materials

Furan, 10-bromoundec-1-en, triethoxysilane, triphenylphos-
phine, tetrabromomethane, n-butyllithium (2.5 M in hexanes),
butyl methacrylate, isobutyl methyl ketone (IBMK), toluene (abs.),
dichloromethane (abs.), and hexamethyldisilazane were purchased
from Sigma Aldrich. Silica gel was purchased from Fluka. Aluminia
oxide 90 active neutral was purchased from Merck Millipore. The
polysiloxanes and the Karstedt catalyst (in xylene, Pt 2.1—-2.4%)
were purchased from ABCR Chemicals. Tetraethyl orthosilicate
(TEOS) was provided by Wacker Silicones. Maleic anhydride was
purchased from Acros Organics. Zinc chloride was purchased from
Griissing GmbH and purified in boiling dioxane with zinc dust and
recrystallized from dioxane. All other chemicals were used without
further purification. All synthetic procedures were carried out un-
der inert gas atmosphere applying Schlenk techniques.

2.2. Methods

Fourier transform infrared (FTIR) spectroscopy measurements
were performed applying a Bruker Vertex 70 spectrometer under
ambient air (40 scans at a resolution of 4 cm™!) in attenuated total
reflectance (ATR) mode. Thermogravimetric analysis (TGA) was
performed on a Netzsch Iris TG 209C in an alumina crucible heating
from room temperature to 700 °C under nitrogen followed by
heating to 800 °C under oxygen with a rate of 20 K min~". Differ-
ential scanning calorimetry (DSC) measurements were performed
using a Netzsch DSC 204 F1 Phoenix and a TA Instruments Q100
with samples in aluminum crucibles with pierced lids and heated
under nitrogen at a rate of 10 K min~. Solution NMR spectra were
recorded with a Bruker Avance 300 spectrometer at 25 °C ('H at
300.13 MHz, 13C at 7548 MHz, 2°Si at 59.63 MHz). Elemental
analysis was performed with a Leco 900 CHN analyzer. Dynamic
light scattering (DLS) measurements were performed by noninva-
sive backscattering with an ALV/CGS-3 compact goniometer system
with an ALV/LSE-5003 correlator at a wavelength of 632.8 nm
(He—Ne Laser) and at 90° goniometer angle. The dispersing media
were purified before use applying a syringe filter (200 mesh). The
determination of the particle radius was carried out by the analysis
of the correlation function by the g2(t) method followed by a
linearized number-weighting (n.w.) of the distribution function.
Nitrogen sorption measurements were performed on a Sorptomatic
1900 instrument from Fisons Instruments at 77 K. The samples
were degassed under vacuum at 60 °C for at least 2 h prior to
measurement. The surface area was calculated according to Bru-
nauer, Emmett, and Teller (BET). Rheological measurements of the
polymers and nanocomposites were carried out on an Anton Paar
Physica MCR 301 rheometer equipped with a CTD450 convection
oven. The silicones were measured in a shear mode and the pre-
pressed samples were analyzed in oscillation mode using the CP50

measuring system with 25 mm plate diameter and a plate-to-plate
distance of 0.101 mm. Films were compression-molded between
baking paper by means of a heatable press (Specac). Transmission
electron microscopy (TEM) was carried out using a JEOL JEM-2010
microscope. The samples were attached to Plano S160-3 copper
grids by dispersing them in ethanol using an ultrasound cleaning
bath, adding 30 pL on the copper grid and evaporating the solvent.
Microscope images were recorded under polarized light using an
Olympus BX60 microscope equipped with a Sony CCD-Iris color
camera.

2.3. Syntheses

2.3.1. 11-Bromo-1-undecene (1) [18]

To an ice-cold solution of 10-undecenol (14 mL, 70.0 mmol) and
PPhs3 (20.2 g, 77.0 mmol) in CH,Cl, (abs., 100 mL) was added CBr4
(23.2 g, 70.0 mmol) portionwise. The solution was stirred at the
same temperature for 1 h and concentrated to give a white solid.
Hexane was added to the solid, and the mixture was filtered. The
solvent was removed in vacuo and the colorless liquid was purified
over a pad of silica gel (n-hexane). The filtrate was concentrated,
and the residue was distilled to afford 11-bromo-1-undecene.
Yield: 16.0 g (70.0 mmol, 100%) colorless oil, bp 90—-91 °C
(0.13 mbar). IR 2923, 1640, 994, 910 cm~". TH NMR (300 MHz,
CDCl3) 9 5.80 (ddt, J = 17, 10, 7 Hz, 1H), 5.04—4.88 (m, 2H), 3.40 (t,
J = 6.9 Hz, 2H), 2.04 (q, ] = 6.8 Hz, 2H), 1.85 (quint, | = 6.8 Hz, 2H),
1.49—1.24 (m, 12H). 3C NMR (75 MHz, CDCl3) & 134.3 (Cany1), 109.2
(Cany1), 29.0, 28.7, 27.8, 24.3, 24.0, 23.8, 23.7, 23.1(Caiy1). CHN
(C11H31Br) € 55.83% H 8.69% CHNpeo C: 56.65% H: 9.01%.

2.3.2. 2-(11-Undecenyl)-furan (2)

THF (abs., 80 mL) was cooled to 0 °C and n-butyllithium (20 mL,
2.5 M solution in hexanes, 48.0 mmol) was added while stirring
under argon. Freshly distilled furan (3.4 mL, 50 mmol) was added
dropwise, into the n-butyllithium solution. The mixture was stirred
for 30 min at 0 °C, then 11-bromo-1-undecene (40.0 mmol, 9.32 g)
was added dropwise with vigorous stirring and the mixture was left
overnight at room temperature. The reaction was quenched by the
addition of saturated NH4Cl aqueous solution (40 mL) and extracted
with ethyl acetate (3 x 40 mL). The organic phase was separated,
dried over MgSOy4, and the solvent removed in vacuo. The residue
purified over silica (n-hexane) resulting in 2-(11-undecenyl)-furan.
Yield: 8.80 g, (40.0 mmol, 99%) colorless oil, bp 105—106 °C
(0.13 mbar). IR 2923, 1640, 727 cm~ L. TH NMR (300 MHz, CDCl3)
07.35(dd,J = 1.8,0.7 Hz, 1H), 6.33 (dd, ] = 3.1,1.9 Hz, 1H), 6.06—6.00
(m, 1H), 5.88 (ddt,J = 16.9,10.2, 6.7 Hz, 1H), 5.12—4.96 (m, 2H), 2.69
(t,J = 7.6 Hz, 2H), 2.11 (dt, J = 7.0, 3.9 Hz, 2H), 1.78—1.65 (m, 2H),
1.54—1.31 (m, 14H). '*C NMR (75 MHz, CDCl3) & 156.63 (Cyran)s
140.68 (Cfyran), 139.20 (Caity1), 114.25 (Cfyran), 110.08 (Cryran), 104.62
(Cany1), 33.95 (Caiy1), 29.64, 29.61, 29.50, 29.32, 29.27, 29.08, 28.19,
28.11 (Cjiky1). CHN (C15H240) € 81.31% H 10.74% CHNheo C: 81.82% H:
10.90%.

2.3.3. 2-Furyl-(undecenyl)-11-triethoxysilane (3)
2-(11-Undecenyl)-furan (2) (9.9 mmol, 2.18 g) and Karstedt
catalyst solution (1 pL) were dissolved in toluene (abs., 16 mL). The
mixture was heated to 80 °C, then triethoxysilane (10.4 mmol,
1.71 g, 1.92 mL) was added and the temperature was held for 4 h.
After cooling to room temperature, the catalyst was removed over
neutral Al;03 (1.5 g) and the solvent was removed in vacuo and side
products were distilled off at 120 °C at 0.15 mbar, to afford 2-furyl-
(undecenyl)-11-triethoxysilan. Yield: 3.80 g (9.90 mmol, 67%). IR
2925,2973,1078,727 cm™ . '"H NMR (300 MHz, CDCl3) 3 7.29 (quart,
J=1.8,0.8 Hz, 1H), 6.27 (dd, J = 3.1, 1.9 Hz, 1H), 5.98—5.94 (m, 1H),
3.82 (dt, J] = 14.0, 4.9 Hz, 6H), 2.61 (t, ] = 7.6 Hz, 2H), 1.64 (dd,
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J=14.2,7.8 Hz, 2H),1.34—1.18 (m, 27H), 0.63 (dd,J = 9.0, 7.1 Hz, 2H).
13C NMR (75 MHz, CDCl3) & 156.80 (Cfuran), 140.75(Curan)s
110.15(Cturan), 104.64 (Cruran), 58.43 (SiOCH>), 33.34, 32.65, 29.77,
29.68, 29.51, 29.40, 29.34, 28.19, 28.13, 22.91, 18.45 (SiOCH,CH3),
10.54 (CH,Si). 2°Si NMR (60 MHz, CDCl3) & —44.75. CHN
(C1H400,Si) C 65.54% H 10.09% CHNiheo C: 65.63% H: 10.12%.

2.3.4. Synthesis of silica nanoparticles

The silica nanoparticles were synthesized according to a modi-
fied literature procedure [19]. Methanol (500 mL) was mixed with
aqueous ammonia (33%, 5.0 mmol, 255 mg) and water (9.9 g,
550 mmol) and stirred for 10 min. Then TEOS (52.05 g, 250.0 mmol)
was added. The solution was stirred for two days, and a small part
of the particles was isolated to characterize the unmodified sample.
Therefore the particles were precipitated with 10 mL of hexane and
5 mL of diethyl ether. Afterwards they were isolated and washed
three times with ethanol by centrifugation at 13,000 rpm and dried
overnight in a vacuum oven (=50 mbar) at 60 °C. The remaining
particle solution was transferred to iso-butyl methyl ketone (IBMK)
by adding the high boiling solvent (500 mL) to the methanol so-
lution and removing methanol in vacuo [20]. For a complete ex-
change, IBMK (250 mL) was added and again 250 mL solvent were
removed. This was repeated three times to afford 250 mL particle
suspension in IBMK containing 15 g SiO, nanoparticles. CHN(SiO;)
C: 6.14%, H: 2.16%, N:-; DLS: diameter in methanol 5.95 + 0.4 nm,
diameter in IBMK 8.8. + 0.4 nm. BET 755 m?/g.

2.3.5. Functionalization of silica nanoparticles [21].

The IBMK-silica nanoparticle suspension (16.67 mL, containing
1.0 g SiOz-nanoparticles) was diluted with IBMK (60 mL) and the
appropriate coupling agent (FUTES (3) or MPTES (4), 4.31 mmol)
was added. The resulting dispersion was stirred at 115 °C for 24 h.
After the reaction, the dispersion was concentrated to ' volume
and the particles were isolated and washed three times with
ethanol by centrifugation at 13,000 rpm.

MPTES@SiO,: Yield: 0.92 g. IR 1704, 1369, 696 cm~!; CHN
(MPTES@SiO;) C: 15.75% H: 2.52% N: 1.12%; DLS: diameter
63.3 + 0.23 nm. BET 615 m?/g. TEM: see Fig. 2.

FUTES@Si0;: Yield: 0.84 g. IR 2978—2852, 1418, 721 cm™!;
CHN(FUTES@SiO,) C: 12.60% H: 2.38% N: -; DLS: diameter:
68.1 + 0.3 nm. BET 654 m?/g.

2.3.6. Hydrosilation of polysiloxanes (S1—S4)

The amount of Si—H was determined by 'H NMR spectroscopy
and the vinyl-compound was used in equimolar ratio. 2-(11-
Undecenyl)-furan (2) was dissolved in toluene (abs., 10 mL
(S1-S3), 20 mL (S4)), the Karstedt catalyst solution (3 pL) was
added and the mixture was heated to 100 °C. Then the appropriate
polysiloxane was added and the temperature was held for 5—12 h.
After that, the solvent was removed in vacuo to afford the furan
functionalized polysiloxanes. Completion of the reaction was
monitored via IR, 'TH NMR (Supp. Inf.). Rheological measurements
were performed.

2.3.7. Synthesis of maleimidopropyl-modified
polydimethylsiloxanes (S5—S6)

The amount of Si—(CH,);NH, was determined by 'H NMR
spectroscopy and the maleic anhydride was used in equimolar ratio.
A solution of aminopropyl-modified PDMS (a,w-diaminopropyl-
PDMS or aminopropylmethylsiloxane-dimethylsiloxane copol-
ymer) in CH,Cl, was added dropwise to dissolved maleic anhydride
in CH,Cl,. The resulting solution was stirred for 1 h. Afterwards, the
solvent was removed in vacuo. The resulting viscous liquid was
dissolved in toluene (abs.), and ZnCl, was added as the mixture was
heated to 80 °C. After the addition of hexamethyldisilazane, the

reaction was continued for 18 h. First, the solid was removed by
centrifugation (8000 rpm, 10 min), then the solvent was removed in
vacuo. The reaction was monitored via IR, 'H NMR (Supp. Inf.).
Rheological measurements were performed.

2.3.8. Synthesis of siloxane-nanoparticle-composite materials

Polysiloxanes (S1—S6) respectively the cofunctionalized poly-
butylmethacrylates (CP1—CP2) and modified particles were mixed
in a molar ratio of 5:1 of reactive groups in IBMK (Table 1). The
solvent was removed in vacuo and the resulting solid was cured at
120 °C, for 12 h. Films were compression-molded between baking
paper by means of a heated press at 120 °C for 10 min and 60 °C for
30 min under a pressure of 2 tons. Afterwards the samples were
quenched to 20 °C.

2.3.9. Synthesis of polysiloxane-nanoparticle-composite materials
in chloroform

The particles and the polysiloxanes were mixed in the same
ratios which are given in Table 1. The starting materials were
reacted in 6 mL of chloroform at 60 °C for 12 h. Afterwards the
solvent was removed to obtain the composite material.

3. Results and discussion

N-((3-Triethoxysilyl)propyl)maleimide (MPTES, 4) [22], furfuryl
methacrylate (FMA, 5), the protected maleimide monomer - 3-(3,5-
dioxo-10-oxa-4-azatricyclo[5.2.1.02,6]dec-8- en-4-yl)-propyl 2-
methylprop-2-enoate (pMiMA, 6), poly[(butyl methacrylate)-co-
(protected maleimidopropylmethacrylate)] (pMiMAcoBMA, P1)
and FMAcoBMA (P2) were synthesized using literature known
procedures [16,21].

3.1. Synthesis and characterization of silica nanoparticles

Spherical amorphous silica nanoparticles were synthesized ac-
cording to a modified Stober process [19]. Tetraethyl orthosilicate
(TEOS) was hydrolyzed and condensed in methanol while using
aqueous ammonia solution as a catalyst. Dynamic light scattering
(DLS) measurements in methanol showed a diameter of the final
particles of 5.95 + 0.4 nm (Fig. 1).

The surface functionalization was carried out applying a
solvent-exchange method, which results in a high surface coverage
and a low agglomeration of the modified silica particles [20]. In this
procedure, IBMK was added to the freshly prepared silica particles
in methanol and the methanol was subsequently removed in vacuo.
Using IBMK as the medium during the modification results in
ionized OH-groups due to the high dielectric constant of the solvent
(&€ = 13.1). The high boiling point of 115 °C makes the functionali-
zation possible at increased temperatures which favors the elimi-
nation of ethoxy groups and condensation of silane coupling agents
(FUTES (3) or MPTES (4)).

Table 1
Composition of nanocomposites with S1—-S6.!

Composite Polymer Particle wt% particle
C1 S1: 05¢g MPTES@SiO,: 0.27 g 54
Cc2 S2:05¢g MPTES@SiO,: 0.09 g 18
c3 S3:05¢g MPTES@SiO;: 0.57 g 114
Cc4 S4:05¢g MPTES@SiO,: 1.43 g 286
c5 S5:05¢g FUTES@SiO;: 0.09 g 18
C6 S6:05¢g FUTES@SiO,: 0.14 g 28
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Fig. 1. DLS size distribution of SiO, particles before and after solvent exchange and
after modification.

3.2. Coupling agents

The two different coupling agents, 2-furyl-(undecenyl)-11-
triethoxysilane (FUTES (3)) and N-((3-triethoxysilyl)propyl)mal-
eimide (MPTES (4)), were used for surface modification of the
nanoparticles. The triethoxysilane group acts as anchoring group
on the surface of the nanoparticles and the maleimide or furan,
respectively represents the corresponding groups for the reversible
DA/rDA reaction with the polymer or siloxane. MPTES (4) was
synthesized according to a literature procedure (Scheme 1) with an
overall yield of 96% [22].

FUTES (3) was prepared in a three-step synthesis (Scheme 2).
The first step is the exchange of the OH-group against a bromo-
substituent using PPh3 and CBr4 in an Appel-reaction to afford 11-
bromo-1-undecene (1) [18,23]. In the second step, furan was
deprotonated in 2-position with n-butyllithium at 0 °C in THE.
Adding 1 dropwise to the 2-lithiumfuranid results in the desired 2-
(11-undecenyl)-furan (2) in 99% yield. A selective hydrosilation at
the terminal double with triethoxysilane using the Karstedt catalyst
creates the desired product. The furan double bonds show a lower
reactivity, because of the aromaticity of the ring, which is the
reason for the selectivity of the hydrosilation reaction for the ter-
minal bond.

3.3. Surface modification and characterization

After modification of the silica particles in IBMK, the particles
were isolated and redispersed in 1-propanol for DLS measure-
ments. An increasing hydrodynamic radius of the particles in DLS
measurements proves the organic surface modification (Fig. 1).
The redispersability is important to make sure that the functional
groups are available for the DA-reaction in the nanocomposites.
The particles reveal almost the same size after solvent exchange

1. CH,CI,, RT, 1h

(Fig. 1) whereas the functionalized particles show a much larger
hydrodynamic radius (MPTES@SiO, 63.3 + 0.23 nm; FUTES@SiO,
68.1 + 0.3 nm) but the size distribution remains small after
modification.

TEM analysis of MPTES@SiO, proves that the particles still have
a diameter of about 5 nm, as they had before modification (Fig. 2).
Due to low contrast and partial decomposition of the organic
functionalization in the electron beam, only the inorganic particle
cores are visible in the image. The DLS investigations displayed
much higher values due to the organic surface modification, which
interacts with the relatively polar solvent 1-propanol.

Nitrogen sorption measurements (BET) reveal a surface area of
755 m?/g before surface modification, and a slightly reduced value
of 654 (FUTES@SiO,) and 615 m?/g (MPTES@SiO,), respectively
afterwards. Potential reasons for the decrease in surface area are
the blocking of pores and the lower interaction of the nitrogen
molecules with the organically functionalized surface.

The FTIR analysis of the particles shows the success of the
functionalization (Figs. 3 and 4). All samples reveal the typical
Si—0-peaks in the area of 1200—600 cm~ .. The Si—0—Si vibration
at 1100 cm~! was used to normalize the absorbance.

The FTIR spectra of MPTES@SiO, display the characteristic
signal for this coupling agent [21]. At 1704 cm~! is a strong signal
for the asymmetric stretch vibration of the C=O-bond. The
symmetric C—N—C-bond at 1369 cm~! and the ring deformation
peak at 696 cm~! proves the successful modification with
maleimide.

In case of FUTES-modification the strong band at
~3000—2850 cm~! indicates the successful functionalization as
well as the C—H-deformation vibration at 1418 cm™ . The peaks at
3000—-2900 cm~! of pure silica particles before modification
belong to the remaining ethoxy groups (CH, and CH3 vibrational
modes) on the surface from TEOS. The furan ring deformation is
visible at 721 cm™ .

TG and CHN analysis was used to determine the surface
coverage of the organic groups on the silica particles.

TGA analysis of MPTES@SiO, and FUTES@SiO, (Fig. 5) was
carried out by heating the samples to 700 °C under nitrogen, and
from 700 to 800 °C under oxygen. In case of MPTES functionali-
zation an overall mass loss of 28.46% was obtained while in case of
FUTES the mass loss was 18.84% [21,24]. Using the CHN analysis of
the functionalized nanoparticles (MPTES@SiO, C: 15.75 H: 2.52 N:
1.12; FUTES@SiO, C: 12.60 H: 2.38; SiOy: C: 6.14 H: 2.16), the
surface coverage can be determined for MPTES@SiO, [21]. In case
of FUTES@SIiO; the surface coverage was evaluated using the molar
mass of the organic compound on the surface and the residual
mass from TGA. For MPTES a surface coverage of 1.23 molecules/
nm? (1.26 mmol/g) was obtained and in case of FUTES 0.79 mol-
ecules/nm? (0.86 mmol/g). Previous experimental results in our
group determined that sterical hindrance in chemisorption of end
group functionalized long alkyl chain coupling agents can play a
crucial role for the surface coverage compared to the short chain
coupling agents. On the other hand we think that there is an
advantage when the surface coverage is less crowded because
sterical hindrance of densly packed molecules can hinder the six-

0=_9%__o0 2. toluene, HMDS, 80°C, 5h
ﬁ . HZN/\/\Si(OEt)3 —
]

HMDS = hexamethyldisilazane

0
QN/\/\SKOEUE
0 4

Scheme 1. Preparation of MPTES (4).
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Scheme 2. Preparation of FUTES (3).

Fig. 2. TEM image of MPTES@SiO».

membered transition state required for passing the Diels-Alder

reaction as we showed in a previous study [21].
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Fig. 3. FTIR of SiO, particles and MPTES@SiO,.
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Fig. 4. FTIR of SiO, particles and FUTES@SiO.

3.4. Synthesis of MiMacoBMA and FMAcoBMA (P1&P2)

Mass [%]

The modified butylmethacrylat (BMA) polymers (maleimide
modified P1, furan modified: P2) were synthesized referring to a
literature procedure applying a copper catalyzed atom transfer
radical polymerization (ATRP) using 1,1,4,7,10,10-hexamethyl-
triethylenetetramine (HMTETA) as a ligand (Scheme 3) [16].

100
1 N2 02
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90
85 t
80
75 .
—Sio, residual mass 84.52% \
1 ——FUTES@SiO; residual mass 81.16%
09— MPTES@SiO2 residual mass 71.54%
T T T T T T 1
200 400 600 800

Temperature [°C]

Fig. 5. TGA curves of MPTES@SiO, and FUTES@SiO,.
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Scheme 3. Synthesis of DA-group modified polybutylmethacrylates P1 and P2 [16].
Furfurylmethacrylat and protected maleimidopropylmethacrylat 12] — PDMS H-terminated S1-E
were used as comonomers in the polymerization reaction. ' — 81
By choosing the amount of diene or dienophil-bearing co-
monomers the degree of substitution was tailored. The BMA to FMA 104 727 §(Furan)
respectively MiMA ratio was 10:1 which was verified by 'H NMR ‘ /
spectroscopy [16]. X 08+ ( ‘\j‘m
g 2120 v(Si-H) ] \
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3.5. Synthesis of undecenylfuran- and N-propylmaleimide modified § ! “ \
polydimethylsiloxanes (S1—S6) 0442970 3(0,Si-CH, )“ L J
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Commercially available H-terminated polydimethylsiloxanes 0.2 1
(S1-E&S2-E), methylhydrosiloxanedimethylsiloxane copolymers 1
(S3-E) (SiMes terminated), and polymethylhydrosiloxanes (S4-E) 0,0 — — . . . .
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(SiMes terminated) were treated with 2-(11-undecenyl)-furan (2)
in a hydrosilation reaction applying Karstedt catalyst in toluene
(Scheme 4) at 100 °C to reach quantitative yield. In case of poly-
methylhydrosiloxanes the reaction time had to be increased to 12 h
and a twofold amount of solvent was used, because the system gets
highly viscous during the reaction.

The hydrosilation reaction was monitored using '"H NMR and IR-
spectroscopy (see Supp. Inf.). The disappearance of the Si—H-bond
vibration at 2200—2100 cm~! indicates the completion of the re-
action (Fig. 6). 'TH NMR spectroscopy shows also the successful
modification of PDMS (see Supp. Inf.) due to the disappearance of
Si—H and vinyl-H signals. Furthermore, the signals for the furyl
group and the alkyl chain can be identified.

l\‘/Ie l\‘/Ie l\‘/Ie o
H—s‘u—o—Ps‘u—ots‘u—H + / 9
Me Me Me
[PY J
0o s.—o+s.—o+s.
\ A\ /
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m=7,197

100 °C,5h
toluene

Wavenumber [cm™]

Fig. 6. FTIR spectra of H-terminated PDMS S1 before and after modification with 2-
(11-undecenyl)-furan (2).

a,w-Diaminopropyl-PDMS and aminopropylmethylsiloxane-co-
dimethylsiloxane copolymer were modified according to a litera-
ture procedure to afford the maleimidopropyl-PDMS (Scheme 5)
[3¢,13,17]. In the first step, the aminopropyl-PDMS was treated with
maleic anhydride followed by a ring closure with zinc chloride and
hexamethyldisilazane.
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l\‘/le
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S3-S4
m =25-26, 0; n= 1-2, 32-37

Scheme 4. Preparation of furan-modified PDMS (S1-S4).
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Scheme 5. Preparation of a,w-bismaleimidopropyl-PDMS (S5) and maleimidopropylmethylsiloxane-co-dimethylsiloxane copolymer (S6).
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Table 2
Viscosities according to Fig. 7 and the quotients of change in viscosity.!

Polymer Nmodified [Pas] Munmodified [Pa s] %
Ss1 56 x 1073 48 x 107 11.65
S2 1.05 23 x 107" 457
S3 1.8 x 1072 1.4 x 1072 1.28
sS4 16.78 2.7 x 1072 621
S5 56 x 107! 4.7 x 1072 11.91
S6 8.6 8.3 x 1072 104
184 —=—S1-E — S1
16
14
— 124
(2]
*(U
o 10
Pl
B 8-
Q
@
S 7
4
24
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T T
unmodified modified
Siloxanes

Siloxanes

Fig. 7. Viscosity of the PDMS polymers before and after DA group modification
(S1-S6).

Because of the macromolecular nature of the compounds, the
ring closing time has to be increased from 5 h for molecular systems
to 12 h. The ring closure occurred in quantitative yield for a,w- and
in 95% for aminopropylmethylsiloxane-dimethylsiloxane. The yield
was determined by '"H NMR spectroscopy.

Scheme 6 gives an overview of all DA-group modified poly-
siloxanes (S1—S6) (IR and 'H NMR see Supp. Inf.).

3.6. Rheological measurements of polysiloxanes

Viscosity is dependent on the molecular mass and the degree of
substitution in the functionalized polysiloxanes. As described in
literature, unmodified polydimethylsiloxanes show viscosities be-
tween 2 and 3 mPa s up to 10,000 mPa s at a molecular weight
between 400 and 500 g/mol and 62,000 g/mol, respectively [25].
These values show, that the viscosity depends more on the mo-
lecular weight than on the molecular structure. By modifying the
polysiloxanes with furan and maleimide moieties, the molecular
weight increases (Scheme 5) which is generally correlated with an
increase of viscosity. However, one has to distinguish between a
terminal substitution and a side chain substitution. In the as

Table 3
Viscosities according to Fig. 8 and the quotients of change in viscosity.!

Composite Ncomp. before DA [Pas] Ncomp. after DA [Pa s] %
c1 1183 4800 4.06
c2 765 4710 6.16
c 747 3270 438
c4 927 1330 1.43
c5 297 947 3.19

C6 161 3482 21.69

—=—81 = C1
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Fig. 8. Viscosity composites (C1—C6) before and after DA reaction.
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1

Fig. 9. DSC values of heat flow in nanocomposites. Samples C1—C6: polysiloxane
nanocomposites, samples CP1, CP2: poly(butyl methacrylate) nanocomposites.

prepared samples an end group modification shows less change in
viscosity than a side chain modified sample (S1 vs. S3 and S5 vs. S6,
Table 2). Here the degree of functionalization has a major influence
on the rheological properties of the materials.

The results show a small increase of viscosity from unmodified
to modified polysiloxanes in case of the terminal substituted pol-
ysiloxanes (S1, S2, S5), while side chain modification leads to a
substantial increase of viscosity (S4 and S6). In case of S3 the effect
was not obvious based on the small degree of substitution and
therefore the small change in molecular mass. Compared to a,w-
end-group functionalization the side group functionalization

Table 4
Quotients of DSC values of heat flow in
nanocomposites.!
Composite rDA,/rDA;
Cc1 0.73
c2 0.41-0.59
c3 0.30—-0.62
c4 0.08—-0.61
(&) 0.40
Cc6 0.91
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Table 5

Quotients of DSC values of heat flow in nanocomposites.!
Composite synthesized in CHCl3 rDA,/rDA;
Clcucs 0.40
C2cycis 0.36
C3chas 0.27
Clcucis 0.44
CSchcs 0.89
C6chciz 0.84

increases the molecular weight more drastically and also the
interaction between the polymer chains increases.

3.7. Rheological measurements of nanocomposites

The composites C1—C6 (see Experimental) were studied in
rheological measurements before and after the DA reaction. Non-
crosslinked film samples were prepared by pressing the polymers
at 2 tons at room temperature between two silicium stamps. The
measurements of the crosslinked nanocomposites were conducted
on 250 pm films, which were prepared with a heated press by
sequential heating to 120 °C for 2 min, cooling to 60 °C, and holding
this temperature for 30 min.

In all cases (C1—C6) the diene or dienophil in the polymer was in
a five-fold excess compared to the functional groups on the particle
surface, because a non-stoichiometric ratio increases the proba-
bility of new crosslinks after damage [15]. Ren and Yoshie et al.
described that the best healing efficiency was achieved by using a
six-fold excess of furan to maleimide [15]. They used a furan
substituted polymer with different short maleimide crosslinkers.
Transferred to our studied systems, in which the silica nano-
particles are the crosslinking agents, it means that the excess of
diene/dienophile should be provided by the polymer (see Table 1,
Experimental).

Comparing the rheological measurements of modified poly-
siloxanes, with the polysiloxanes after adding the nanoparticles,
the viscosity increased about 100 times without crosslinking. This
is a filler effect due to the interaction of the polymer chains with the
surface of the particles. After the DA reaction, there was an addi-
tional increase of viscosity, due to crosslinking of the nanoparticles
with the polysiloxanes. All samples show an increase of viscosity,
which can be explained by the small and flexible linear polymer
chains. Samples C6 and C3 are both block copolymers, thus the
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Fig. 10. DSC curves of previously cured a) FUTES@SiO, with MiMaCoBMA (CP1)
nanocomposite and b) FUTES@SiO, with a,w-PDMS nanocomposite (C5).
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Fig. 11. DSC values of heat flow in nanocomposites samples C1cyci3—C6cpcis.

functionalized block crosslinks while the non-functionalized block
provides the sample with flexibility during crosslinking. In C6 the
increase of viscosity is more significant, because of the C11 spacer
on the used modified silica nanoparticles, which can result in a
higher crosslinking. Sample C4 provides the lowest increase of
viscosity. In this case a high filler concentration was necessary to
obtain the best ratio of crosslinking groups. Therefore the effect of
crosslinking is not so dominant compared to the other systems.

3.8. DSC Measurements of composites

Cyclic differential scanning calorimetry (DSC) measurements
were performed to study the thermally reversible DA crosslinking
of the siloxane nanocomposites C1—C6 (see Table 3). For reasons of
comparison two additional samples of acrylate based composites
(CP1 & CP2) were also analyzed. CP1 consists of FUTES@SiO; in
maleimide modified poly (butyl methacrylate) P1 and CP2 consists
of MPTES@SiO, in the furan modified derivative P2. Fig. 9 shows the
comparison of energy consumption in the first and second cycle of
rDA reaction of the composites C1 — C6 and CP1 & CP2. All mea-
surements only show small values for the energy consumption and
we expect quite high standard deviations (which is shown by
repeated measurements). The quotients of the repeated measure-
ments are given in Table 4 as ranges. However, a general trend is
that the second healing cycle shows less energy consumption

S
}QM' T 3|/|.‘l.| al |

Fig. 12. Image of nanocomposite C6 prepared in a teflon mould.
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Fig. 13. Microscope images of a cut in nanocomposite C6 (a) before healing, (b) after heating for 1 h to 60 °C, (c) after heating for 30 min at 120 °C and (d) after healing for 15 min at

120 °C and dropwise adding of CHCls.

(Fig. 9, Table 4) compared to the first. One potential reason is the
lack of complete decrosslinking in the first cycle, therefore the
composite does not reach the originally condition and a result is
less flexibility and mobility of the single components. In conclusion,
the DA groups do not have as much corresponding groups in their
surrounding as before and the conversion in the second cycle is
lower.

The quotient of the heat flow into the nanocomposites for the
second to the first rDA reaction can be used to evaluate the self-
healing capacity. All samples show a smaller signal in the second
cycle. From the values in Table 4 it is obvious that the structure of
the polymer and the molecular weight also have a major influence
on the self-healing cycles. The best value shows the low molecular
weight a,w-furan functionalized polysiloxane composite (C1). The
smallest values in the self-healing capacity were detected in case of
high filler concentrations (C4) and high crosslinking densities.

rDA 120°C, 10 min
DA 60°C, 30 min

ve

Fig. 14. Reshaping of a broken specimen from telfon mould in the heated press to a
500 pm film.

Fig. 10 shows the heating curve of DSC analysis of CP1 and C5. To
crosslink the material the nanocomposites were first heated to
120 °C for 10 min and cured at 60 °C over 12 h in a teflon mould.
DSC of the crosslinked nanocomposites show a broad endothermic
signal between 90 and 150 °C with an onset temperature of about
100 °C, originating from the rDA reaction (Fig. 10) [16,21]. After
cooling the sample with a rate of 10 K/min from 150 °C to —50 °C,
the second heating cycle shows a smaller signal which can be
explained in the slow formation of DA-bonds during cooling.
However, the DSC measurements show the reversibility and pro-
vide a measure for the self-healing capacity of the materials.

When using polysiloxanes, the DA/rDA takes place reversibly,
whereas using the thermoplastic butyl methacrylate polymers in
case of MPTES@SiO; with the C3-spacer no DA reaction could be
observed. Increasing of the spacer length to C11 with FUTES@SiO,, a
small signal at 100 °C could be detected (Fig. 10a). The reason for
the small conversion in case of thermoplastic butyl methacrylates
with the modified inorganic nanoparticles, and thus the limited
self-healing capacity of this nanocomposites, is most likely the poor
mobility of the polymer chains, which causes that the DA groups
cannot approach each other in the material. Furthermore, as shown
previously there is a sterical hindrance on the particle surface itself,
because the DA reaction needs a six-membered transition state to
pass the [4 + 2] cycloaddition [21]. The modified particles carry
0.79-1.23 molecules/nm?, which is a relatively high surface
coverage. The bulky Diels-Alder groups are getting close to each
other at the end of the alkyl chain. The used elastomeric poly-
siloxanes have the advantage that they are lower in viscosity and
have smaller molecular masses resulting in a significantly higher
conversion in the DA/rDA reaction. However, we expected a more
pronounced conversion. To underpin the importance of the group
mobility in the self-healing materials we performed the DA
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reaction of the composite in solution (CHCls, 60 °C, 12 h). In this
case the DSC measurements display at least 10 times higher con-
version (Fig. 11, Table 5).

Crosslinking the nanocomposites in chloroform lead to a
distinctly higher conversion in general, whereby the quotient of
rDA,/rDA; is similar, except of sample C4, due to the high filler
concentration as mentioned before. This means, when the DA
groups once found each other and are pre-organized, the amount of
reacting groups is crucially increased, but the self-healing capacity
of the material itself remains or seems to be lower by taking into
account the high standard deviation in samples C1-C6 as
mentioned before. One explanation for a lower healing capability is
that in the solid state reaction, many of the Diels-Alder groups
remain free, so it is easier to find a new reaction partner for the
molecules. After the reaction in solvent, the most available dienes
and dienophiles reacted probably, and due to the incomplete
decrosslinking, the conversion of DA reaction in the second cycle is
lower.

Thus these results show that the distance between functional
groups (on the particle surface, which can be varied by spacer
length and in the polymer, which can be varied by using terminal
substituted chains, block copolymers or homopolymers), have an
important influence on the DA/rDA reaction in nanocomposites.
But the decisive role for the self-healing ability, when working
without solvent, seems to be the flexibility and mobility of the
polymers. Contrary to the thermoplast systems, in all experiments
with the polysiloxane backbone the rDA-reaction could be clearly
observed.

3.9. Damage healing of nanocomposites by thermal treatment

To prove the healing ability, the nanocomposite C6 (Fig. 12) was
deliberately cutted, and the damage was thermally treated at 60 °C
for 1 h, then 120 °C for 15 min and afterwards treated at 60 °C for
1 h by adding a drop of CHCl3 every 10 min (Fig. 13). After thermal
treatment, the cut were only slightly healed, because the DA groups
cannot come into contact. But helping the material to be more
flexible by adding chloroform on the cut, the cut disappears nearly
completely (Fig. 13d).

This observation is similar to what was found in literature: “a
heavily scratched surface of nanocomposite could be healed after
thermal treatment, but the scratched surface remained unhealed
due to the material loss during scratching. This results suggest that
healing takes place only when the damaged parts are closely con-
tacted during heat treatment.” [26] In our case the material cannot
close the cut by itself so that the contact is provided by adding
solvent.

Another experiment to prove the self-healing ability of the
nanocomposite is to reshape a specimen. Therefore, C6 which was
used before for the cutting test, was broken and two parts of it were
reshaped in the heated press (Fig. 14). For this experiment, it is
necessary to decrosslink the DA groups first at 120 °C in 10 min and
crosslink them again at 60 °C in 30 min. In the heated press, a
pressure of 2 tons provides the contact of the DA moieties, so that
no solvent is necessary for the reshaping.

4. Conclusions

Several new nanocomposites were synthesized by crosslinking
of poly (butyl methacrylates) and structurally varied poly-
siloxanes with surface modified silica nanoparticles via the Diels-
Alder reaction. The molecular structure of the coupling agent,
especially the spacer length, on the nanoparticle surface plays a key
role in determining the healing properties, which was observed by
comparing C3 (MPTES@SiO;) and C11 spacer (FUTES@SiO;) in

poly(butyl methacrylates). Long spacer groups with lower molar
amount of coupling agent on the particle seem to be favorable for
the six-membered transition state of the Diels-Alder reaction. The
more important aspect in self—healing properties and capacity is
the nature of polymer as well as its chain length and the type of the
polymer. In this study linear and differently branched polysiloxanes
were compared. It was shown that terminal modified polymers are
more favorable for the use in nanocomposites, because of their high
mobility and a lot of space in surrounding of the Diel-Alder moi-
eties. Block copolymers and homopolymers are less suitable,
because the mobility of the functional groups is governed by the
typical diffusion mechanism of polymeric chains.

Comparing the crosslinking of the elastomeric composites
C1-C6 in solid state with our observations using furan-modified
spherosilicates crosslinked with a,w-bismaleimido-PDMS [17], the
heat flow with nanoparticles in this material is just about 10%. But
comparing with C1cyc3—C6cpcizs which were synthesized in chlo-
roform, nearly the same conversions could be reached, although
modified silica particles are less mobile than the molecular spher-
osilicates. The inorganic core-shell nanoparticles synthesized via
ATRP, crosslinked with poly (butyl methacrylates) in previous work
[16] showed a higher conversion in the first rDA than C1—C6, but
the quotient rDA;/rDA; there is only 0.25. That means, that most of
the new polysiloxane nanocomposites have a better self-healing
capability than the previously presented system. What has to be
taken into account is that nanoparticles provide considerable
possibilities, for example when magnetite is used. Then healing can
be realized by an alternating external magnetic field, which pro-
vides the heat for self-healing. This concept will be shown in a
future paper.
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CHAPTER 3 RESULTS AND DISCUSSION

By comparison of these results with the other previously published in our group,[® ™8 it

becomes obvious that there is a problem with the compatibility of DA surface functionalized
inorganic fillers within polymers.

T. Engel a former member of the group of Prof. Kickelbick used octafuran functionalized
spherosilicates with a diameter of 3 nm instead of particles.®®! These spherosilicates were
crosslinked either with the molecular crosslinker BMI or with a,w-maleimidopropyl-PDMS. The
systems showed high rDA signals in DSC measurements with 25.5 and 13.9 J/g respectively.
The BMI system showed the ability to thermally heal and a specimen of the PDMS sample could
be thermally reshaped and reconnected. These results showed, that spherosilicates behave
more like a molecule than the surface modified silica nanoparticles does. A disbalance
according to the size of polymer and filler decreases the crosslinking density. Also, by
incorporating spherosilicates instead of silica nanoparticles, the amount of functional group
per area is decreased. Thus, it can be concluded, that this is favorable, because the long
polymer chain does not have to organize the whole backbone along one particle.

In another approach, Kickelbick et al. situated the functional groups in the periphery of the
particle surface by a surface initiated ATRP.'"*®! This procedure diluted the functional group
density by a factor of ten by adjusting the molar ratio of BMA and FMA to about 10:1. The
initial diameter of 43 nm of the silica particles increased by 200% within the surface initiated
ATRP. This value makes obvious, that the functional groups are far away from the particle
surface. These particles were thermally crosslinked with the corresponding polymer and
showed a rDA signal of 5.3 J/g.

In a retrospective, comparing these two works with the approach of the localization of
functional groups directly on the surface of silica nanoparticles (d = 12 - 18 nm) shown in this
work, it is unfavorable to locate all functional groups at one place. The application of elastomers
and thermoplastics helped to understand the role of the polymer matrix composition and
underlined the necessity of mobility of functional groups and flexibility of the matrix, which is
known for pure polymeric systems.

To further investigate the system and understand the limitating factors, a cofunctionalization
study was conducted on silica nanoparticles. However, due to the tendency of trialkoysilanes
to form multilayers, the system was further developed to phosphonic acid coupling agents on
iron oxide particles. The results are described in the following chapter.
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CHAPTER 3 RESULTS AND DISCUSSION

3.2 Diels-Alder Reactions on Surface-Modified Magnetite/Maghemite
Nanoparticles: Application in Self-Healing Materials

An elementary study on DA functionalized nanoparticles was performed to gain a deeper
understanding of the crucial parameters for the [4+2] cycloaddition conversion on the surface.

Spherical magnetite/maghemite nanoparticles, organically modified with DA phosphonic acids
were used to investigate the limiting factor for DA conversions on particles. This could be either
the amount of functional groups on the surface or the sterical impact of the emerging DA
adducts during the reactions. Using the metal oxide, magnetite/maghemite and the
phosphonic acids, which selectively form monolayers, gave us the ability to figure out our initial
question concerning the reactivity.

The previously studied trialkoxysilanes on very small silica nanoparticles, which showed a
diffuse surface structure, tend to form networks.!"® 2% Accordingly, it cannot be assured to
have only a monolayer of functional groups on the particle surface. However, the monolayer is
essential to guarantee the accessibility of functional groups.

Moreover, magnetite/maghemite can be heated when treated in an external magnetic field by
Brownian and Néel relaxation,®"! which incorporates a further tool in self-healing materials.
Thus, single parts of a material can be healed, instead of heating the whole specimen.

Novel DA phosphonic acids comprising the chain length C3 and C10 have been synthesized.
The most critical step within the synthesis was the cleavage of phosphonic acids esters to the
free acids. Applying bromotrimethylsilane, colorless solids were obtained after precipitation
and several washing cycles with n-hexane. The desired compounds were received in high purity
and are storable ambient conditions. However, care has to be taken, because BrTMS partially
decomposes to free radicals and HBr, which can cause undesired polymerization of furan and
maleimide. Then, insoluble oils are obtained instead of colorless solids.

Using oleic acid coated magnetite/ maghemite from a thermal decomposition reaction,!'*” a

suitable exchange protocol against the phosphonic acids was developed. As a model substrate,
dodecyl phosphonic acid was applied. An effective exchange took place in a mixture of n-
hexane and ethanol at room temperature while stirring for 48 h. To ensure the dissolution of
phosphonic acids (ethanol) and form a stable dispersion of oleic acid coated magnetite/
maghemite (n-hexane), the solvents had to be mixed. Using this protocol, a cofunctionalization
of particles with DA and methyl phosphonic acid was done with 0, 25, 50, 75 and 100%
functional reagent. Reacting either maleimide/n-dodecylmaleimide or methylfuran/ n-
dodecylfuran with the cofunctionalized magnetite surfaces. We expected that there would be
an optimum amount of functional groups on the surface of the particles, which is lower than
100%. The small methyl group should provide space in the surrounding of functional groups,
leading to a higher conversion of DA groups.

However, we found out, that the 100% functional reagent particles showed the highest
conversion according to FTIR, DSC and CHN analysis. The longer decyl spacer of coupling
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reagent led to slightly higher conversions, than the shorter propyl version. In each case, the
small attackting derivatives were superior over the dodecyl chain derivatives. This made
obvious, that the sterical situation which is created by the formation of the DA adduct has the
major impact on the conversion. The dodecyl chains are orientated along the nanoparticle
surface and makes further attacks impossible. This explains the three-fold higher conversion
with maleimide instead of N-dodecyl maleimide. With furan and dodecylfuran, the same
impact on the conversion was observed. It should be mentioned, that no numerical statement
can be made in this case, because the DSC measurements for the methylfuran samples also
include the evaporation of released dienes.

From this study, it can be concluded, that the substituents on the attacking DA reaction partner
orients along the surface, instead of orientating away from it. We assumed, that by a dilution
of the functional groups on the particle surface, the effect of the substituents on the attacking
molecules could be lowered. However, this was not the case. The comparison of the two
derivatives, methylfuran/maleimide and dodecylfuran/ dodecylmaleimde allows to estimate
the reactivity of the particles towards polymers. Due to the bulky polymer backbones, only a
small percentage of functional groups will be able to react with polymers. Nevertheless, the
general ability of the particles to react thermoreversible with a crosslinker was proved using
1,1'-(methylenedi-4,1-phenylene)bismaleimide. In a healing experiment on a raound, free
standing nanocomposite film (d = 1 cm), prepared in a heatable press, a scratch of 0.8 mm
could be healed. Having these thermoreversible crosslinking nanoparticles it is only a small
step to DA self-healing materials, which can be triggered by an external magnetic field. This
would enable the heating of a small part of the material without the necessity of warming up
the whole sample.

These results were published in ACS Applied Nanomaterials. Reproduced by permission of the
American Chemical Society (ACS). https://pubs.acs.org/doi/abs/10.1021/acsanm.8b00308

Sandra Schéafer, Guido Kickelbick, Diels—Alder Reactions on Surface-Modified
Magnetite/Maghemite Nanoparticles: Application in Self-Healing Nanocomposites: ACS
Applied Nanomaterials, 2018, 1, 2640-2652, https://doi.org/10.1021/acsanm.8b00308.

Sandra Schafer has written the publication and carried out all practical work (experiments and
characterization). Guido Kickelbick has contributed with discussions about the topic and
improvements for the final presentation of data and results within the manuscript.
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ABSTRACT: Surface-modified inorganic nanoparticles with organic Me
groups allowing thermoreversible cross-linking are versatile building O.¢ . =z
blocks for nanocomposites with improved lifetimes. We studied the « 07} o [ >0
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synthesis of various organophosphorus coupling agents consisting of 3 a_pr oy
phosphonic acid anchor groups, different alkyl spacers (C3, C10), and /
furan- or maleimide functional groups. The obtained molecules, which ¢ ¢ 7 higher conversion for
are able to undergo Diels—Alder (DA) reactions, were attached to the
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surface of well-defined preformed magnetite/maghemite nanoparticles by

an exchange reaction of the stabilizing oleic acid ligands under mild conditions. A dilution of the reactive functional groups with
unreactive methyl phosphonic acid resulted in a cofunctionalization of the surface with nonreactive groups. The reactivity of the
modified particle surface toward DA reactions was systematically explored by converting these particles with maleimide/
methylfuran or N-dodecylmaleimide/dodecylfuran. Fourier transform infrared spectroscopy, differential scanning calorimetry,
and CHN elemental analysis measurements revealed a correlation between the quantity of functional reagent on the surface and
the conversion in DA reactions. DA conversion of the modified particles is higher if fewer sterical hindered molecules react with
the surface, which has implications on the use of these particles as cross-linking agents in polymer matrices. A thin
nanocomposite film with thermally triggered healing capacity was successfully prepared by cross-linking the particles with 1,1'-

(methylenedi-4,1-phenylene )bismaleimide.

KEYWORDS: magnetite/maghemite, phosphonic acid coupling agents, Diels—Alder reactions, self-healing, cross-linked composites,

nanoparticle surface-modification

N anoparticles containing functional groups on the surface
that allow a thermoreversible bond formation are used in
applications such as drug delivery systems' or as cross-linking
agents in self-healing materials.”* Incorporation of magnetite/
maghemite nanoparticles in self-healing materials introduces
super-paramagnetic properties, which offer the opportunity for
triggered healing based on heating in alternating magnetic fields
(AMF). Typically, magnetic iron oxide nanoparticles induce
local heat by Néel and/or Brownian relaxation when exposed to
an AMF.’ Schmidt et al. showed healing of ionomeric
elastomers in an AMF. The healing mechanism in these
materials is based on dissociation of ionic bonds at higher
temperatures, which can reform upon cooling.” N’Guyen et al.
reported that a retro-Diels—Alder (rDA) reaction can be
induced by an AMF on the surface of modified iron oxide
nanoparticles.” Wu et al. described maleimide functionalized
Fe,0,, which was further modified by Diels—Alder (DA)
polymerization. The monomers contained benzoxazine groups,
which were irreversibly cross-linked afterward.” Bose et al.
described the use of magnetic iron oxide particles grafted on
graphene oxide (rGO) for self-healing materials.” In their work,
furan-modified rGO/Fe;0, sheets of several micrometers were
cross-linked with DA-modified polyurethane. This material was
healed in a microwave. From these already published studies it
becomes clear that iron oxide nanoparticles covered by DA
groups are promising for applications within DA-based self-

-4 ACS Publications  © 2018 American Chemical Society
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healing composites. They can extend the application range and
allow for selective localized heating within a specific device.
Recently, we developed three different approaches to prepare
self-healing nanocomposites using modified silica nanoparticles
or spherosilicates as inorganic cross-linking agents. While silica
particles functionalized with trialkoxysilanes’ showed only low
conversion in polysiloxanes,'’ silica particles modified via
grafting-from copolymerization® revealed a higher conversion.
Applying modified spherosilicates as inorganic building block,
increased conversions were observed using 1,1’-(methylenedi-
4,1-phenylene)bismaleimide and a maleimide-modified silox-
ane.” The study revealed that the amount of DA groups on the
surface of the building blocks as well as their degree of freedom
are crucial parameters in the self-healing capacity of such
materials.” Furthermore, also the size of the building block
plays an important role. Until now, self-healing nanocomposite
studies based on DA systems were performed with silica-based
inorganic building blocks,”™*'? carbon fibers,'' graphene
oxide,” and silver nanowires.'” To extend the work to new
functional nanocomposites iron oxides are promising systems.
Well-defined, spherical super-paramagnetic iron oxide nano-
particles can be produced by thermal decomposition of
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Fe(acac);.” Although Sun et al initially described these
particles as magnetite, later reports revealed that iron oxide
particles below 20 nm consist of a magnetite core and a thin
maghemite shell.'*'* Therefore, it is better to describe these
particles as magnetite/maghemite nanoparticles. In the syn-
thesis of these nanoparticles, oleic acid is commonly employed
as stabilizing agent. It can be easily exchanged against
phosphonic acid-based molecules due to their higher affinity
toward transition-metal oxide surfaces.'® Stable, irreversible
M—O-P bonds are formed under mild conditions even at
room temperature resulting in a monolayer formation on the
particle surface.'”'® Compared to trialkoxysilanes,'” phos-
phonic acids have no tendency to form intermolecular
networks.'® Therefore, functional groups will be situated evenly
in a monolayer on the surface and will be accessible for
reactions with further molecules. Mefford et al. studied the
exchange of oleic acid on iron oxide with different anchoring
groups, such as amine, carboxylic acid, phosphonic acid, and
catechols using "*C radiolabeled oleic acid.”” They were able to
show that catechols and phosphonic acids exchange quantita-
tively. Cofunctionalization of the particle surfaces is also
possible by choosing the desired molar ratio of two or more
different coupling agents.”' This makes organophosphonic
acids an ideal system for the functionalization of metal oxide
nanoparticles.

In our study, we investigated the reactivity of the DA
functions on the surface of magnetite/maghemite particles
depending on parameters such as the density of the functional
groups and their distance to the surface. The obtained results
reveal important parameters for further studies on self-healing
nanocomposites.

B RESULTS & DISCUSSION

1. Synthesis of DA Phosphonic Acids. A variety of
functionalized organophosphonic acid coupling agents were
synthesized, carrying either maleimide or furan groups. In both
cases, a short and a long alkyl spacer were incorporated
between the phosphonic acid and the DA groups to study the
influence of distance between the particle surface and the
functional group on the reactivity.

1.1. Furanalkyl Phosphonic Acid (3a,b). Synthetic access to
furanoalkylphosphonic acids (C3, C10 = 3a,b; Scheme 1) is
provided by the reaction of dibromoalkanes with 2-lithium
furanide. Since the purification of the resulting compounds is
difficult, it is advantageous to use lithium furanide in excess;

Scheme 1. Reaction Path to Furan Alkyl Phosphonic Acids

O 25MBuli _O___; Br’Hn\Br o)

25MBuLi. - = Br
\\ // THF \_/ THF WA
0°C, 30 min 0°C—RT i
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1a,b
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T o RT \/ 2. MeOH/ H20 \_/
Cto RT,24h . )
18 h n=3: 97% yield n:?bsg"o/z/qulﬁd
n=10: 52% yield n=10: b yie
Overall Yields
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thus, remaining unreacted starting material in the solution can
be avoided. The obtained difuran alkanes side products cannot
react in the subsequent reaction.

The use of the Michaelis—Becker reaction, which proceeds at
room temperature, is the method of choice regarding the
thermal instability of furan rings. The bromoalkylfurans (1a,b)
were converted, with a slight excess of sodium phosphite
resulting in phosphonic acid esters (2a,b), which were cleaved
using bromotrimethylsilane (BrTMS) to obtain the silyl ester.
The free acids (3a,b = F3P, F10P) formed as colorless solids
after hydrolysis in an overall yield of 53% for the C3 chain, and
28% for the C10 chain. After this hydrolysis, it is crucial to
purify the free acids from byproducts by precipitation of the
solids, because otherwise they decompose upon storage. The
purity of the obtained organophosphorus coupling agents was
confirmed by 'H, *'P, and *C NMR spectroscopy. 'H NMR of
3b displays the three typical furan protons at 7.32, 6.26, and
5.98 ppm, respectively (Figure S14). The triplet at 2.60 ppm
can be attributed to the CH, group next to the furan ring. The
remaining protons from the alkyl chain show multiplets
between 1.80 and 1.30 ppm. A single signal in *'P NMR at
30.24 ppm indicates the high purity of the compound (Figure
S15).

Furandecyldimethylphosphonic acid ester (2b, Figure SS8)
and furandecylphosphonic acid (3b, Figures SS9 & S60) were
crystallized from methanol after adding a few drops of n-
hexane. While the protected phosphonic acid esters are not able
to form hydrogen bonds, an interaction of several phosphonic
acid groups was observed in the case of the crystalline acid
(Figure S60). These hydrogen bonds lead to a low solubility of
the solid in many common organic solvents. Alcohols, such as
methanol and ethanol, are best suited as solvents of the
substance.

1.2. Maleimide Alkyl Phosphonic Acid (8a,b). Because of
the reactive nature of the maleimide double bond toward
radical additions and polymerizations,”” the functional group
must be introduced in one of the last reaction steps. The
general reaction path is displayed in Scheme 2. 3-Bromoph-
thalimide is commercially available, and the decyl derivative (4)

Scheme 2. Reaction Path to Maleimide Alkyl Phosphonic
Acids
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was synthesized by reacting potassium phthalimide with 1,10-
dibromodecan.”’ The phosphonate ester group was introduced
applying an Arbuzov reaction with triethyl phosphite Sab. A
Gabriel synthesis applying hydrazine monohydrate for the C—
N-bond cleavage provided synthetic access to the necessary
primary amines (6a,b).”’

Since the amine group tends to react with the phosphonate
group at elevated temperature and the byproduct, phthalhy-
drazide, is difficult to remove, it is advisible to use enough
solvent. This procedure leads to a quantitative crystallization of
the byproduct upon cooling and simplifies the filtration.
Residual phtalhydrazide was precipitated applying dichloro-
methane, and the desired aminoalkyl phosphonic acid was
obtained after filtration (yield = 60% (C = 3) (6a), 52% (C =
10) (6b)). The reaction of the products with maleic anhydride
can be followed by NMR spectroscopy. The complete
disappearance of the CH,NH, signals at 2.77 ppm (C3) and
2.69 ppm (C10) indicates the full conversion of the amine
(6a,b). The maleamic acid phosphonate esters were cyclized in
acetic anhydride using sodium acetate as a catalyst to achieve
the desired maleimide alkyl phosphonate ester (7a,b).

The ester bonds were cleaved using BrTMS in acetonitrile
with subsequent addition of methanol. Purification of the free
acids is again crucial. The maleimide alkyl phosphonic acids
(C3 (8a = M3P), C10 (8b = MIOP)) were obtained as
colorless solids (yield = 96/89% (C3/C10); overall yields 31/
29%). 'H, *C, and *'P NMR spectroscopy of M3P reveals the
high purity of the product (Figures S42—S44). The singlet at
6.77 ppm is attributed to the C=C double bond of the
maleimide ring, the triplet at 3.52 ppm to CH,N, the multiplets
at 1.80 ppm to the CH, group in the middle, and 1.62 ppm to
CH,P. The *'P NMR reveals a single peak at 28.60 ppm.

2. Exchange of Oleic Acid against DA Phosphonic
Acid on the Surface of Magnetite/Maghemite Nano-
particles. Oleic acid (OA)-coated magnetite/maghemite
(Fe30,/7-Fe,0; hereafter abbreviated with Fe,O,) nano-
particles (11, OA@Fe,0,) were synthesized using a thermal
decomposition reaction of Fe(acac);."* X-ray diffraction (XRD)
analysis showed the diffraction pattern of a cubic spinel
structure, which is typical for magnetite (Fe;O,) and
maghemite (y-Fe,0;). From the obtained analytical results of
the particles (XRD, thermogravimetric analysis (TGA)) no
further details of composition can be given. Dynamic light
scattering (DLS) and transmission electron microscopy (TEM)
measurements revealed a spherical morphology of the particles
and an approximate radius of 5 nm. A suitable exchange
protocol of oleic acid against dodecylphosphonic acid (DDP),
as a model system, was developed. The relevant reaction
parameters were studied regarding the solvents, reaction time,
and the amount of coupling agents required to establish a
complete exchange, within the experimental accuracy,” to
ensure a dense monolayer of phosphonic acids on the surface.
Cofunctionalization of the surface was investigated applying
different molar ratios of DDP and methyl phosphonic acid
(MeP; TGA, IR, & CHN elemental analysis measurements in
Supporting Information). Aiming for a precise study regarding
the reactivity of DA groups on particle surfaces the described
parameters were carefully examined, before proceeding with the
cofunctionalization using the DA phosphonic acids.

Solvents used in the exchange reaction should dissolve the
coupling agent, but also it is necessary that a stable dispersion
of oleic acid-coated magnetite/maghemite particles is formed
(11). Various solvents and mixtures were studied, aiming for a
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. 20
complete exchange reaction, for example, chloroform,

tetrahydrofuran (THF),”* toluene/dioxane/water (12:1:8),
CHCl,/dimethylformamide (DMF) (1:1),”° and n-hexane/
ethanol (1:1) (further details in Supporting Information). The
optimization of the exchange conditions is necessary with
regard to the different hydrophobicity of the organic
substituents connected to phosphonic acid anchoring groups
and the size of the coupling agents.

OA@Fe,0, nanoparticles form stable dispersions in n-hexane
(proved by DLS, Figure S62), while the phosphonic acids are
soluble in ethanol. Therefore, a 1:1 mixture of n-hexane/
ethanol was used in the exchange reactions. During the
reaction, the particles stayed deep black, which indicates that no
changes in the oxidation state occurred. This would alter the
magnetic properties and therefore the behavior in an alternating
magnetic field. Pourroy et al. described that “phosphatation
occurs rapidly, inhibits the dissolution of magnetite and does
not modify the structure and the magnetization of magnetite.””’
Chai et al. described oleic-acid-capped and carboxyl-PEG—
phosphoric acid-stabilized Fe;O, nanoparticles™ and inves-
tigated the effect of the coatings on magnetic properties. They
found a marginal reduction in saturation magnetization of 18%.
The particles remained super-paramagnetic after modification.
On the basis of our observations and measurements (XRD,
TGA) and based on the results reported in literature, it is
unlikely that a large change in magnetization occurs during the
ligand exchange in the n-hexane—ethanol mixture. In contrast
to that, the dioxane-containing mixture led to a change in color,
which indicated redox reactions resulting in variations of the
iron oxidation states. Using a DMF/CHCI; mixture resulted in
an intensively colored supernatant, which indicated dissolved
iron ions from the inorganic core.

2.1. Optimization of the Amount of Coupling Agent. IR
spectroscopy was used to study the level of exchange of acid
molecules and to compare the amount of surface coverage by
normalizing the spectra to the Fe—O vibration bands. In
literature, the amount of phosphonic acids per gram varies
between 0.9 and 2.4 P-groups/nm*>® Even 2.9—3.0 P-groups
per nm*'® were described to be less than a monolayer. The
theoretically possible amount was determined to be 4.16
molecules/nm? taking into account an area of 24 A/ P-groups
and a surface area of nanoparticles of 558 m?/g (detected by
nitrogen gas sorption, Brunauer—Emmett—Teller (BET)).
Markovich et al. described quasi-bilayers on the surface,
which consist of a chemically bound monolayer and a second
layer attached to the first one by a mixture of van der Waals
forces between alkyl chains and hydrogen bonds between
phosphonic acid groups.29 In our systematic exchange reaction
studies we used 0.025, 0.05, 0.1, 0.2, 0.3, 0.4, 0.6, and 0.8 mmol
per 150 mg nanoparticles in the solution stirring 48 h at 25 °C
in n-hexane/ethanol (~1:2). This allowed us to analyze the
appropriate amount of coupling agent for the formation of a
dense monolayer while preventing noncovalently bound acid
molecules on the surface (Scheme S1).

Figure S64 compares the IR spectra of OA@Fe,O, mixed
with free dodecylphosphonic acid and dodecylphosphonic acid
bound on magnetite/maghemite (DDP@Fe,O,). The first
important observation for successful surface modification is the
disappearance of the O=P—OH stretching vibrations (3034,
2646, 2287 cm™!, marked with * in Figure S64). The broad
shape of these signals is typical for free hydrogen bonds within

molecules. Free phosphonic acids reveal sharp peaks in the
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range of 1250—900 cm™" resulting from P—C rocking as well as
P=0 and P—O stretching vibrations.””**~*

The IR spectra after using 0.2—0.8 mmol DDP in the
exchange mixture provided no hint for remaining OA and
display the broad P—O—Fe peak as well as the typical signals
for bound phosphonates between 1500 and 1250 cm™ (Figure
S64). The characteristic broad OH vibrations of free
phosphonic acid at 3039, 2656, and 2294 cm™" disappear, but
applying more than 0.2 mmol DDP leads to remaining P—OH
signals at 933 and 917 cm™". The P=0 vibration at 1217 cm™
disappears almost completely but becomes more pronounced,
when more phosphonic acid is used in the exchange reactions.
The decreasing P—=0 signal indicates a dative bond by Lewis
acid—base interactions to the magnetite/maghemite surface,
which results in delocalization of the z-electrons and therefore
a shift to lower frequencies.'® In all samples, the typical
COO~@Fe,O, stretching vibration in the range of 1500—1250
cm™! vanishes, while the Fe—O—Fe band around 548 cm™!
remains. The most significant observation that indicates
successful modification is the broad P—O—Fe stretching band
from ~1150 to 760 cm™, which is typical for the PO;*"
fragment.””*> This band is also observed in spectra of
commercially available FePO, (Figure S65). Concentrations
of 0.1 mmol organophosphorous agent in the exchange solution
seem to be too low for a complete exchange, which is obvious
by the persistence of C—O—Fe stretch at 1533 and 1406 cm™
(Figure S66). Various binding modes of phosphonic acids to
metal oxide surfaces are described in literature, varying from
mono-, bi-, and tridentate to chelating and coordinating, and
also hydrogen interactions are known.”® While the interaction
with organophosphonates was studied with several other iron
oxides,3 9 there are almost no investigations on magnetite/
maghemite nanoparticles. Magnetite particles seem to consist
predominately of (111) surfaces, which means that the top
layer consists mainly of iron ions.””*"** Daou et al. investigated
the surface complex starting from hydroxylated magnetite at pH
= 3 and found that phosphatation occurs by interaction of Fe**
in octahedral sites with the formation of monoprotonated
bimolecular species.”” However, attachment mechanisms can
be different, when starting from a carboxylated magnetite/
maghemite surface. Gomes et al. described an exchange of 1:1
OA against phosphoric acid (PA) on CdSe, which means that
the phosphonate binds as hydrogen phosphonates to the
surface.”” In our case, it seems that using only a small excess
(0.2—0.3 mmol) of phosphoric acid leads to the formation of a
tridentate complex on the surface, which is supported by the
total consumption of P=0 and P—OH bands in the range of
1115—917 cm™". Using an under-stoichiometric amount of PA
leads to a 2:1 exchange. If a higher excess (>0.4 mmol) of DDP
is used residual P—OH bands were observed as well as a small
signal for P=0, which indicates that rather a mono- or
bidentate complex was formed on the surface.>*

The supernatants, which were obtained by magnetic
decantation of the reaction mixtures, were studied by 3lp
NMR to determine whether DDP was present in excess. Up to
0.2 mmol, no 3P signal was observed, while an increasing signal
was observed in the range from 0.3 to 0.8 mmol (Figure S67).

TGA was performed under nitrogen up to 900 °C and under
oxygen above 900 °C (Figure S68). The nitrogen segment is
important, to evaluate the organic content on the surface. The
oxidizing segment was used to prove whether the sample is still
composed of magnetite after modification. An increase in mass
indicates the oxidation of Fe;O, to Fe,0;. While OA@Fe,O,
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showed a decomposition between 260 and 370 °C, two
decomposition steps for DDP@Fe,O, starting at ~400 and 600
°C were detected within the nitrogen segment, resulting from
the decomposition of alkane chains. Within the oxygen
segment, an increase of weight was observed resulting from
the oxidation of residual phosphonate groups to phosphates
and the oxidation of magnetite.

All DDP-modified samples showed the same decomposition
steps, and no signal was observed at the degradation
temperature of OA. The first derivatives of the TG curves
(25-900 °C) were plotted for a better visibility of the
described steps in TGA (Figure S69). Elemental analysis was
performed to calculate surface coverage in millimoles per gram
or molecules per square nanometer (Table S2). Surface
coverages between 1.52 and 1.99 molecules/ nm? were detected,
which is less than half of the theoretical maximum surface
coverage previously described. However, the experimental
results show that no proportional increase of surface coverage
was found by increasing the amount of DDP, which means that
the theoretical maximum seems unrealistic. Hence, an amount
of 0.3 mmol of phosphonic acid per 150 mg of magnetite/
maghemite nanoparticles appears to be an optimum concen-
tration for the reaction. In this case, free phosphonic acid was
detected in the *'P NMR within the supernatant, while the IR
spectrum did not show a signal for C—O—Fe, and the TGA
revealed neither the typical mass loss step for residual
carboxylic acid on the surface nor splitting of the Fe—O—P
band.

2.2. Optimization of Exchange Reaction Time by FTIR. IR
spectroscopy was used to examine the necessary reaction time
for the exchange protocol (Figure S70). The exchange starts
immediately after adding the phosphonic acid solution to the
particle suspension. Already after 1 min, a strong, broad Fe—
O-P stretching vibration at 960 cm™ was observed. The
completeness of the exchange was evaluated detecting the area
between 1475 and 1170 cm™". While the broad-shaped peak of
C—O—Fe decreases, a typical stairlike shape of DDP@Fe,O,
became more pronounced. After stirring for 48 h no further
change in IR was observed, which indicates the completeness of
the reaction. Therefore, this reaction time was chosen for all
following experiments.

Although phosphonic acid groups can react readily with
metal oxides, a relatively long reaction time is required. A
possible explanation is that the steric hindrance due to already
attached organophosphonate groups and the attractive hydro-
phobic interactions of the alkyl chains lead to an inhibited
desorption of further carboxylic acid. Repulsive interactions
between hydrophobic alkyl chains and hydrophilic phosphonic
acid groups also lead to a hindered attack of further
organophosphonic acid groups (Scheme S1).

This study showed that the desired exchange takes place
under mild conditions while stirring for 48 h at room
temperature, with a slight excess of phosphonic acid in an n-
hexane/ethanol mixture. Additionally, TEM measurements
proved that the initial shape of the particles is remaining
duri)ng treatment of OA@Fe,O, with phosphonic acids (Figure
§72).

The ability of cofunctionalization of the particles was
investigated using a DDP and MeP mixture as a model system.
IR, CHN elemental analysis, and TGA showed the successful
binding of the coupling agents in the desired ratio (Table S3,
Figures S75 & S$76). An increased amount of MeP on the
particle surface leads to a higher surface polarity.
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3. Surface Cofunctionalization of Magnetite/Maghe-
mite Particles with DA Active and Nonactive Phos-
phonic Acids. With the optimized exchange protocol, Fe,O,
nanoparticles were cofunctionalized applying the furan- or
maleimide alkyl (C3, C10) phosphonic acids (3a,b or 8a,b) and
methyl phosphonic acid. This approach allows the dilution of
DA functionalities on the surface, and due to the small methyl
groups, the DA reaction should be less sterically hindered. To
synthesize the cofunctionalized particles, the appropriate
mixtures (0.3 mmol in total/150 mg OA@Fe, O,, Table S4,
Scheme 3) of both acids were dissolved in ethanol/ n-hexane,

Scheme 3. Schematic Representation of Synthesis of
Cofunctionalized Magnetite/Maghemite Nanoparticles

varying ratios
e o 0
+  HoP— HO’P\/\/FG —
% HO HO MNO
FG= or vNJ
Oleic Acid@FeO, WU :j

and a suspension of OA@Fe,O, particles (150 mg in 17 mL
ethanol) was added. The resulting mixture was stirred 48 h at
25 °C. The particles were magnetically decanted off and washed
with ethanol.

3.1. F10PcoMeP@Fe,0,. CHN, FTIR, and TG measure-
ments were conducted to verify the successful cofunctionaliza-
tion using F10P (3b) and MeP. Elemental analysis reveals
decreasing amounts of C and H within the samples with
increasing amounts of MeP (Table S6). The surface coverage
can only be calculated for the modifications with a single
species not for mixtures (TG curves (Figure S82, Table S9))
and was calculated to be between 1.20 and 1.73 mmol/g or
1.30—1.87 molecules/nm” for the samples F10P_100,
F3P_100, M10P_100, and M3P_100.

Normalized FTIR spectra (Figure S78) indicate the
successful cofunctionalization by increasing peaks from
F10P_0 to F10P_100. The small signal at 1506 cm™
characteristic for the C=C stretching vibration of furandecyl
phosphonic acid (8b), and the signal around 2900 cm™
attributed to the CH stretching vibration for the long decyl
chain. At the same time the signal at 1304 cm™" indicates P-
CH, deformation, and that at 770 cm™" is for PC-Hj stretching,
which is characteristic for methyl phosphonic acid (MeP)
decrease.

3.2. M3PCO/\/I€P@F€XOy. The cofunctionalization using
maleimide phosphonic acids (8a,b) can also be followed
employing FTIR (Figures S79 & S80). The characteristic
signals at 1695 (v(C=0)), 1444 (¥(R,—N-C)), 1404
(6(CH)), 1362 (¥(C-N)), 824 (v(H-C=)), and 693 (ring
deformation) cm™ increase with increasing content of M3P
(8a). The control experiment M3P_0 shows none of these
signals. The vibration at 1305 cm™' originated from MeP
increases from M3P_100 to M3P_0.

4. DA Reaction with Molecular Reaction Partners. The
activity of the DA surface-functionalized Fe,O, particles was
investigated by reacting them with a less and a more sterically
demanding reactant (Scheme 4). Three parameters were
varied: (a) ratio of functional to nonfunctional coupling
agent, (b) the spacer length of functional coupling agent, and
(c) the chemical nature of dienophile/diene: maleimide (M)/

is
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Scheme 4. DA Reaction on Cofunctionalized Particles
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methylfuran (MF) or N-dodecylmaleimide (NM)/dodecylfur-
an (DF).

4.1. DA Reaction of Furan-co-Functionalized Particles
with N-Dodecylmaleimide or Maleimide. All furan-cofunc-
tionalized particles were reacted with three equivalents (based
on mmol furan/mg sample) of dienophile (NM or M) in
chloroform at 60 °C for 24 h. The supernatant was
magnetically decanted off at the reaction temperature of 60
°C to purify the particles from physisorbed dienophiles. The
particles were washed five times with a solvent mixture
(ethanol/acetone/ethyl acetate or THF). The dispersibility of
100 and 75% DA functional samples after reaction with dodecyl
derivatives was quite high, so methanol was added to the
washing mixtures. In the last washing cycle, the suspension was
stirred 2 h to equilibrate, and subsequently, the particles were
dried in vacuum. This workup procedure was chosen, because
washing only with chloroform resulted in nonbonded
dienophile or diene on the surface.

IR measurements were used to investigate whether the
dienophile reacted with the surface. The typical shift to higher
wavenumbers for the C=O bond of maleimide, for example,
from 1693 to 1700 cm™!, was observed after forming the DA
adduct with furan (Figure S83). The formation of the DA
adduct can be correlated with the C=0O signal intensity after
normalization of the spectra to the Fe—O peak (Figure 1).

The C=O signal increases from F10P_0 to F10P_100
samples, which means the highest conversion in the reaction
with maleimide was observed in case of the 100% functional
reagent sample.

——F10P_0_M

—F10P_100_M

increasing C=0 signal
1710 ecm™

T T T T T T
3000 2500 2000 1500 1000 500

T
3500

T
4000
Wavenumber [cm™]

Figure 1. IR spectra of F10PcoMeP@Fe,O, cofunctionalized particles
after DA reaction with M.
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The same general trend was observed using N-dodecylma-
leimide (Figure 2) instead of maleimide, but the conversion was

——F10P_0_NM
—— F10P_25_NM
—— F10P_50_NM
—— F10P_75_NM
—— F10P_100_NM

increasing C=0 signal
1700 cm™

IR R N N
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—
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r v T v
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Figure 2. IR spectra of F10PcoMeP@Fe,O, cofunctionalized particles
after DA reaction with NM.

lower. Evidence is given by the lower C=O intensity of
normalized spectra. Again, the control experiment does not
show any C=0 signal. Another important indication is that no
vibration for the maleimide ring was detected at 696 cm™,
which would belong to physisorbed dienophile.

We tried to use CHN measurements to calculate the amount
of dienophile per milligram of sample, using the nitrogen value.
Unfortunately, the amount of nitrogen is below the detection
limit. However, the C and H values follow the expected trends:
the more coupling agent used and the more conversion in DA
reaction achieved, the higher is the amount of C and H atoms
on the surface of the particles (Table 1).

Table 1. DSC & CHN Data of Cofunctionalized
F10PcoMeP@Fe, O, after DA Reaction with M or NM

DSC integral J/g C % H %
F10P_100 M 15.55 16.67 2.30
F10P_75 M 14.31 15.17 2.17
F10P_50 M 12.80 12.49 1.92
F10P_25 M 242 9.24 1.54
F10P 0 M 0 642 126
F10P_100_NM 4.19 16.21 227
F10P_75_NM 396 15.06 2.30
F10P_50_NM 212 12.73 2.01
F10P_25 NM 0 9.65 161
F10P_0 NM 0 7.34 1.32

DSC curves were measured to analyze the rDA reaction via
the typical endothermic signal above 100 °C, which appears in
the cycloreversion reaction (Figure 3). The measurements were
conducted under nitrogen (80 mL/min) at a heating rate of 10
K/min. A 3 min isothermal segment at 50 °C was used to
distinguish the background signal from the rDA signal. In a
second heating cycle after cooling to 25 °C no signal for rDA
reaction was detected. Hence, it can be concluded that the rDA
reaction takes place completely in the first cycle. DSC (Table 1,
Figure 3) and IR (Figure 1) results agree well. It can be
generally stated that an increase in the number of functional
groups on the surface results in a higher conversion of the DA
reaction independent from the maleimide derivative.
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Figure 3. DSC curves of F10PcoMeP@Fe,O, cofunctionalized
particles after DA reaction with M.

With maleimide as the reaction partner for F10P_100, a
signal of 15.55 J/g was detected. With NM, only ~1/3 of this
value was detected (4.19 J/g). Within one row of dilution of the
functional groups on the particle surface, the signal decreases.
This leads to the assumption that the steric demand of the
molecules reacting with the surface groups limits the
conversion, not the initial steric situation on the surface.

F3P and F10P samples show identical trends regarding the
conversions in the DA reactions (see Supporting Information).
F3P_100 particles showed a significantly higher conversion
with maleimide than with N-dodedylmaleimide. Also, a
decreasing conversion was observed with a smaller amount
functional groups on the surface. Again, the control experi-
ments applying MeP@Fe,O, were negative in IR and DSC
analysis. The DSC values are evaluated using peak areas in joule
per gram, which means they refer to the sample mass. It can be
assumed that the areas of rDA reactions of dodecyl samples
appear slightly smaller compared to areas of the products after
conversion with maleimide. Nevertheless, IR spectra agree well
with the lower conversion, as the corresponding signals of the
adducts are smaller after using the dodecyl derivatives.

4.2. DA Reaction of Maleimide-co-Functionalized Particles
with Dodecylfuran or Methylfuran. All maleimide cofunction-
alized particles were reacted with three equivalents (based on
mmol of maleimide/mg sample) of dienophile (DF or MF) in
chloroform at 60 °C for 24 h. The workup was identical to the
corresponding furan-modified particles, except using a solvent
mixture of ethanol/acetone/tetrahydrofuran (1:1:1). THF was
chosen, because the nonbonded, physisorbed furans can
exchange with this solvent. Again, methanol had to be added
to the 100 and 75% samples after reaction with dodecyl
derivatives because of the better dispersibility compared to
more polar samples.

After conversion to the DA adduct, the IR spectra of M3P
(Figure S87) indicate the disappearance of the vibrations at 696
(ring deformation) and 826 (H—C=) cm™" as a result of the
full consumption of functional groups while reacting with the
smaller MF molecule. When the sterically more demanding DF
was applied, significant quantities of these signals are still
observed (Figure S88). Further data can be found in the
Supporting Information. Again, DSC measurements agree with
the IR results. In case of methylfuran, the rDA signal appears to
be higher because of the evaporation of the diene after release
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(Table S13). Nevertheless, the general trend that the smaller
MF shows a higher conversion than DF on the surface of the
particles is clear. These observations agree with the ones made
for the furan derivatives and are also similar for M10P-modified
particles. Results for M10PcoMeP@Fe,O, can be found in the
Supporting Information.

In summary, it can be concluded that (a) the higher the
amount of functional coupling agent the more conversion was
detected; (b) an increase in spacer length (C3, C10) results in
higher conversion; (c) the DA reactivity is strongly dependent
on the added reagent. When dodecyl derivatives were applied,
the conversion dropped by a factor of 3 to 4. This comparison
gives a hint for the reactivity of the particles toward DA group
functionalized polymers. It can be expected that only a small
percentage of functional groups will react with polymers, which
have bulky polymer backbones.

Initially, we assumed that a less-crowded surface, which can
be obtained by the dilution of functional groups using the
smaller methyl phosphonic acid, would lead to a higher total
conversion. It can be argued that a DA reaction requires a six-
membered transition state, which is sterically demanding, and
thus more space is needed on the surface. Within the studied
range of 100, 75, 50, 25 and 0% functional groups this was not
the case. But a significant difference in the DA conversions was
observed depending on the steric demand of the reaction
partner. Particularly when the dodecyl derivatives were used the
conversion in DA reactions decreased. This is most likely due
to the long alkyl chain of the DA adduct, which is oriented
orthogonal and not perpendicular to the surface (Scheme $).
As a consequence of this orientation further molecules are
hindered to undergo a reaction.

Scheme 5. DA Adduct Formation Results in Steric
Hindrance Due to the Orthogonal Arrangement of the
Groups on the Surface

J
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5. DA Reaction with Cross-Linking Molecule. The
general ability to use the DA group-modified particles as
inorganic cross-linking agents was studied applying a free-
standing thin film of 250 ym thickness containing F10P_100@
Fe,O, and LI -(methylenedi-4,1-phenylene)bismaleimide
(BMI) The film was produced by mixing F10P_100@Fe,O,
with BMI in chloroform. After it was shaken for 1 min, the
solvent was removed in vacuum. The obtained gray powder was
poured between two sheets of aluminum foil within a heatable
press. The sample was cross-linked at 60 °C for 24 h at a
pressure of 1 t to afford a free-standing round sheet (d ~ 1 cm)
of a brittle black film as composite material.

A scratch was produced on the surface by the use of a scalpel
(Figure 4). Treatment of the sample at 60 °C for 1 h revealed
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Figure 4. Microscope image of F10P_100@Fe,O, cross-linked with
BML

no change of the defect. Heating to 120 °C for 30 min led to a
visible de-cross-linking, which is indicated by the appearance of
orange areas due to the liberation and aggregation of
bismaleimide in the film. With the second cross-linking at
120 °C for 1 h under gentle pressure, followed by a treatment
at 60 °C for 30 min and slowly cooling to room temperature,
the bismaleimide again reacts with nearby nanoparticles, which
consume free bismaleimide and thus cause the disappearance of
visible orange areas. This treatment also resulted in the
disappearance of the crack. Thus, the possibility of using these
magnetic DA particles for self-healing materials was proved.
Only a few cross-linking reactions are expected to occur in this
material, due to steric hindrance.” However, there are several
evidences that we obtained a cross-linked material. For
example, if the material is placed into solvents, which are
good dispersion media of the particles as well as for the cross-
linking agent (e.g,, chloroform), the sample remains stable. In
addition, the DSC signals (Figure S101) as well as the resulting
IR spectra (Figure S102) of the sample show that at least a part
of the DA groups reacted with each other, and thus a cross-
linked material was formed. Nevertheless, an optimization must
be performed to afford a more stable material.

B CONCLUSIONS

Oleic acid-coated magnetite/maghemite particles were cofunc-
tionalized with novel furan- or maleimide alkyl (C3, C10)
phosphonic acids and methyl phosphonic acid. Therefore, a
suitable exchange protocol was developed on a model system
using dodecylphosphonic acid. The amount of DA functions
was systematically changed from 100 to 0% in 25% steps to
examine the reactivity in DA reactions on the surface. These
particles were reacted with maleimide/methylfuran or the
corresponding dodecyl derivatives. The dilution of reactive
groups on the surface led to a lower conversion. This can be
explained by the steric situation created by the formation of the
DA adduct, which limits a further conversion. Remaining
functional groups on the particle surface cannot be reached by
further reaction partners. Changing the spacer length from
propyl to decyl resulted in an increase in conversion by a factor
of 3 to 4. The principal reactivity of the particles as cross-linkers
in self-healing materials was studied by incorporation of the
F10P_100 particles in 1,1’-(methylenedi-4,1-phenylene)-
bismaleimide. The general curability was shown in microscope
images. With these thermoreversible cross-linking nanoparticles
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it is only a small step to DA self-healing materials, which can be
triggered by an external magnetic field. Thus, heating of small
parts of the material would be possible without the necessity of
warming the whole device.

B EXPERIMENTAL SECTION

Materials & Methods. All syntheses of molecules were performed
under an inert atmosphere and using absolute solvents.

Materials. Fe(acac); (97%), benzyl ether (98%), 1,2-dodecandiol
(90%), oleyl amine (70%), 1,1’-(methylenedi-4,1-phenylene)-
bismaleimide (95%), n-butyl lithium (2.5 M solution in hexanes),
furan (>99%), sodium hydride (95%), maleimide (98%), dimethyl
phosphite (98%), bromotrimethylsilane (97%), and 1-bromododecane
(97%) were purchased from Sigma—Aldrich. Dibromoalkanes (C3
(98%), C10 (97%)), triethyl phosphite (98%), hydrazine monohydrate
(98+%), dodecylamine (98+%), N-(3-bromopropyl)phthalimide
(98%), and 1-dodecylphosphonic acid (95%) were purchased from
Alfa Aesar. Zinc chloride (98%) was obtained from Griissing GmbH.
Oleic acid (>99%), sodium acetate (>99.999%), maleic anhydride
(98%), potassium phthalimide (>99%), acetic anhydride (>99.5%),
and silica gel was purchased from Fluka. Methyl phosphonic acid
(98%) was purchased from Acros Organics. Hexamethyldisilazane
(98.5%) was obtained from ABCR. Methylfuran (>98%) was
purchased from TCI chemicals. All chemicals were used as received.

Characterization. FTIR spectroscopy measurements were per-
formed applying a Bruker Vertex 70 spectrometer under ambient air
(40 scans at a resolution of 4 cm™) in attenuated total reflectance
(ATR) mode. Selected wavenumbers are listed (s = strong, m
medium, w = weak). Solution NMR spectra were recorded with a
Bruker Avance III HD 300 and 400 spectrometers at 25 °C ('H at
300.13 MHz, °C at 75.48 MHz) with 300 or 400 MHz using CDCl,
or MeOD-d, and the residual protons as reference. When numbers are
used for signal assignment, compare with the Supporting Information.
Elemental analysis was performed with a Leco 900 CHN analyzer.
TGA was performed on a Netzsch Iris TG 209C in an alumina
crucible heating from room temperature to 900 °C under nitrogen (40
mL/min) followed by heating to 1000 °C under a mixture of nitrogen
and oxygen (1:1; 20 mL/20 mL) with a rate of 20 K/min. DSC
measurements were performed with a Netzsch DSC 204 F1 Phoenix
calorimeter and with a TA Instruments QIO0 with samples in
aluminum crucibles with pierced lids and heated under nitrogen (80
mL) at a rate of 10 K/min (temperature program: cooling from 20 to
—25 °C, heating from —25 to 200 °C, cooling from 200 to —25 °C,
heating from —25 to 200 °C, cooling from 200 to 20 °C). DLS
measurements were performed by noninvasive backscattering with an
ALV/CGS-3 compact goniometer system with an ALV/LSE-5003
correlator at a wavelength of 632.8 nm (HeNe Laser) and at 90°
goniometer angle. The particle radius was determined by the analysis
of the correlation function by the g2(t) method followed by a
linearized number-weighting (nw) of the distribution function. TEM
was performed using a JEOL JEM-2010 microscope. The samples were
attached to Plano S160-3 copper grids by dispersing them in ethanol
using an ultrasound cleaning bath, adding 25 uL on the copper grid,
and evaporating the solvent. The images were analyzed using image J
software. Nitrogen gas-sorption analysis was performed on an
Autosorb iQ instrument from Quantachrome. The sample was
degassed at 100 mbar at 120 °C for 24 h prior to measurement.
The surface area was calculated according to BET. X-ray powder
diffraction measurements were conducted on a Bruker D8-A25-
Advance with Bragg—Brentano 6—6-geometry (goniometer radius 280
mm) in a 26 range from 7 to 120° (step size 0.013°) and total scan
time of 2 h. Cu Ka radiation (1 = 154 pm) with a 12 ym Ni K filter
and a LYNXEYE detector were used. Fluorescence-induced back-
ground was reduced by discriminating the detector. Single-crystal XRD
analysis was performed on a Bruker AXS X8 Apex CCD diffractometer
operating with graphite monochromated Mo Ka radiation. Microscope
images were recorded under polarized light using an Olympus BX60
microscope equipped with a Sony CCD-Iris color camera. High-
resolution mass spectrometry (HRMS) was performed with a solariX 7
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T FTICR mass spectrometer (Bruker Daltonics). All samples were
ionized by electrospray ionization (ESI) and measured in the negative
mode.

2-(X-Bromoalkyl)furan, X = 3, 10 (1a,b). THF (absolute, 80 mL)
was cooled to 0 °C, n-butyl lithium (20 mL, 2.5 M solution in hexanes,
48.0 mmol) was added, and furan (3.4 mL, SO mmol) was added
dropwise. The mixture was stirred for 30 min at 0 °C and another 30
min at room temperature; then, the appropriate dibromo alkane (40.0
mmol) was added rapidly at —20—0 °C with vigorous stirring, and the
mixture was left overnight at room temperature. The reaction was
quenched by the addition of saturated NH,Cl aqueous solution (40
mL) and extracted with ethyl acetate (3 X 40 mL). The organic phase
was separated and dried over MgSO,, and the solvent was removed in
vacuum. The residue was purified by distillation over 25 ¢m Vigreux
for 2-(3-bromopropyl)furan (very similar boiling points; compare to
literature, no pure fraction was obtained) and over silica (n-hexane) in
case of 2-(10-bromodecyl)furan.

C3 (1a): Colorless oil. Yield: 56% (4.23 g, 22.4 mmol), contains
small amounts of propyldifuran. "H NMR (300 MHz, CDCL;) § 7.35—
7.28 (m, 1H, OCH), 6.32—6.24 (m, 1H, OCHCH), 6.11-6.01 (m,
1H, OCCCH), 342 (t, ] = 6.5 Hz, 2H, CH,Br), 2.81 (t, J = 7.1 Hz,
2H, OCCH,), 2.19 (p, ] = 6.8 Hz, 2H, CH,CH,Br). *C NMR (75
MHz, CDCl;) § 154.33 (OCC), 141.39 (OCH), 110.31 (OCHCH),
105.86 (OCCH), 32.97 (CBr), 31.17 (CCCBr), 26.52 (CCBr). IR v =
2962 (w, CH,), 2912 (w, CH,), 2847 (w, CH,), 1597 (m, C=C),
1506 (w, C=C), 1147 (m, CH), 731 (s, 6(furan ring)), 647 (w, C—
Br) cm™.

C10 (1b): Colorless oil. Yield: $9% (6.78 g, 23.6 mmol) contains
small amounts of decyldifuran. "H NMR (300 MHz, CDCL;) § 7.31—
7.28 (m, 1H, OCH), 6.30—6.24 (m, 1H, OCHCH), 5.97 (d, J = 3.1
Hz, 1H, OCCH), 341 (t, ] = 6.9 Hz, 2H, CH,Br), 2.61 (t, ] = 7.6 Hz,
2H, OCCH,), 1.92—1.80 (m, 2H, CH,CH,Br), 1.70—1.57 (m, 2H,
OCH,CH,), 1.49-1.23 (m), 12H,
CH,CH,CH,CH,CH,CH,CH,CH,Br). *C NMR (75 MHz,
CDCl;) 6 156.76 (OCC), 156.73, 140.75 (OCH), 110.15
(OCHCH), 104.66 (OCCH), 34.15 (CBr), 32.97 (OCCH,), 29.62
(CCBr), 29.53 (CCCBr), 29.44 (OCCH,), 29.30, 28.88, 28.30, 28.17,
28.11 CCCCCCCCBr). IR v = 2922 (s, CH,), 2852 (s, CH,), 1597
(m, C=C), 1506 (m, C=C), 1146 (m, CH), 727 (s, 6(furan ring))
cm™L
X-Furanoalkyl Dimethyl Phosphonate X = 3, 10 (2a,b). To a
suspension of sodium hydride (310 mg, 13.8 mmol) in THF,, (40
mL) at 0 °C dimethyl phosphite (1.34 g, 12.2 mmol) was added
dropwise. The mixture was stirred at 0 °C for 1.5 h to give sodium
dimethyl phosphonate in quantitative yield (release pressure! H,!).
The resulting mixture was added dropwise into a solution of X-
bromoalkylfuran (1a,b) (X = 3, 10; 11.6 mmol) in THF,, (100 mL)
at room temperature and stirred overnight. The conversion was
studied using "H NMR, and if necessary, a fresh suspension of sodium
dimethyl phosphonate (amount calculated from NMR) was added
again and stirred at 25 °C for another night. The solid was filtered off,
and the solvent was evaporated. The crude product was obtained as a
yellowish oil. After purification over silica gel, using a gradient of n-
hexane/THF from 1:0 (v/v) to 7:3, in case of C3 a colorless oil and in
case of C10 a colorless, fast crystallizing solid was obtained.

C3 (2a): Colorless oil. Yield: 97% (2.46 g, 11.3 mmol). 'H NMR
(400 MHz, CDCl,) 6 7.29 (d, J = 1.4 Hz, 1H, OCH), 6.26 (dd, ] = 2.9,
2.0 Hz, 1H, OCHCH), 6.00 (d, ] = 2.8 Hz, 1H, OCCCH), 3.72 (d,
6H, (OCH,;),), 2.71 (t, ] = 7.2 Hz, 2H, CH,CH,CH,P)), 1.94 (ddt, J
=113, 9.1, 7.3 Hz, 2H, CH,CH,P), 1.82—1.71 (m, 2H, CH,P). 3'P
NMR (162 MHz, CDCl;) § 34.36. *C NMR (101 MHz, CDCl;) §
154.73 (OCC), 141.27 (OCH), 110.24 (OCHCH), 105.70 (OCCH),
5240 (d, ] = 6.6 Hz, OCHj;), 28.60 (d, ] = 17.4 Hz CP), 24.79
(CCCP), 2121 (d, ] = 4.7 Hz, CCP). IR v = 2953 (w, CH,), 2906 (w,
CH,), 2856 (w, CH,), 1592 (w, C=C), 1508 (w, C=C), 1460 (w,
POC-H;), 1244 (s, P=0), 1030 (s, P-OC), 802 (s, P-OC) cm™.
Elemental analysis: CHNy,., (CoH;sO4P): C: 49.54; H: 6.93; N: 0.00;
CHN,,, C: 47.96; H: 7.04; N: 0.00%.

C10 (2b): Colorless solid. Yield: 52% (1.91 g, 6.0 mmol). '"H NMR
(300 MHz, CDCl,) § 7.31-7.27 (m, 1H, OCH), 6.30—6.24 (m, 1H,
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OCHCH), 6.00-5.93 (m, 1H, OCCCH), 3.73 (d, J = 10.7 Hz, 6H,
(OCH,),), 2.60 (t, J = 7.6 Hz, 2H, OCCH,), 1.82—1.50 (m, 6H,
OCCH,CH,, CH,CH,P), 1.41-1.18 (m, 12H,
CH,CH,CH,CH,CH,CH,CH,CH,P). 3'P NMR (121 MHz,
CDCl;) § 35.26. 3C NMR (75 MHz, CDCl;) 6 156.75 (OCC),
140.77 (OCH), 110.17 (OCHCH), 104.66 (OCCH), 52.39 (d,] = 6.5
Hz, O(CH;),), 30.84 (OCCH,), 30.62, 29.58, 29.45, 29.29, 29.21
CCCCCCCCP), 28.14 (d, ] = 4.2 Hz, CP), 25.77, 23.92 (CCCP),
22.45 (d, J = 5.3 Hz, CCP). IR v = 2918 (s, CH,), 2848 (s, CH,),
1593 (w, C=C), 1510 (w, C=C), 1470 (w, POC-Hj), 1236 (m, P=
0), 1049 (s, P-OC), 1016 (s, P-OC), 825 (s, P-OC) cm™". Elemental
analysis: CHN,, (C1sH,00,P): C: 60.74; H: 9.24; N: 0.00; CHN,,
C: 60.61; H: 9.31; N: 0.00%.

X-Furanoalkyl Phosphonic Acid X = 3, 10 (3a,b). X-Furanoalkyl
dimethyl phosphonate (2a,b) (X = 3, 11; 1.88 mmol) was dissolved in
dichloromethane (20 mL). Bromotrimethylsilane (2.3 equiv, 4.33
mmol, 662 mg, 570 uL) was added dropwise at 0 °C. After it was
stirred for 18 h at 25 °C, degassed methanol (8 mL) was added at 0
°C, and the mixture was stirred for another 16 h at room temperature.
The solution was concentrated, and the products were precipitated
using n-hexane. After it was filtered, the colorless solid was dried in
vacuum.

C3 (3a): Colorless solid. Yield: 98% (347 mg, 1.82 mmol). 'H
NMR (400 MHz, MeOD) § 7.35 (dd, J = 1.8, 0.7 Hz, 1H, OCH), 6.29
(dd, J = 3.1, 1.9 Hz, 1H, OCHCH), 6.06 (dd, J = 3.1, 0.7 Hz, 1H,
OCCCH), 2.73 (t, J = 7.3 Hz, 2H, CH,CH,CH,P), 2.01-1.85 (m,
2H, CH,CH,P), 1.79—1.63 (m, 2H, CH,P). 3'P NMR (162 MHz,
MeOD) § 29.52. 3C NMR (101 MHz, MeOD) § 156.35 (OCC),
142.31 (OCH), 111.08 (OCHCH), 106.41 (OCCH), 29.48 (d, ] =
17.6 Hz, CP), 27.47 (d, ] = 138.6 Hz, CCCP), 22.84 (d, ] = 4.4 Hz,
CCP). IR v = 2997 (w, OH), 2949 (w, CH,), 2906 (w, CH,), 2611
(w, OH), 2254 (w, OH), 1595 (w, C=C), 1510 (m, C=C), 1099
(m, P=0), 987 (s, P—-OH), 937 (s, P-OH) cm™". Elemental analysis:
CHNy,, (C;H;,0,P): C: 44.22; H: 5.83; N: 0.00; CHN,,, C: 43.93;
H: 5.52; N: 0.00%. ESI-MS: “MS: [M-H']: 189.0326 m/z.

C10 (3b): Colorless solid. Yield: 90% (488 mg, 1.69 mmol). '"H
NMR (400 MHz, MeOD) 6 7.32 (dd, ] = 1.8, 0.7 Hz, 1H, OCH), 6.26
(dd, J = 3.1, 1.9 Hz, 1H, OCHCH), 5.98 (dd, J = 3.1, 0.8 Hz, 1H,
OCCCH), 2.60 (t, ] = 7.5 Hz, 2H, OCCH,), 1.68—1.54 (m, 4H, CH,P
& OCCH,CH,), 1.46—1.27 (m, 14H, rest of alkyl chain). *P NMR
(162 MHz, MeOD) 6§ 30.24. 3C NMR (101 MHz, MeOD) § 157.54
(0CC), 141.84 (OCH), 110.99 (OCHCH), 105.64 (OCCH), 31.77
(d, J = 16.7 Hz), 30.61, 30.47, 30.42, 30.27, 30.17, 29.25, 28.78 (rest of
alkyl chain), 27.42 (OCCH,), 23.92 (d, J = 5.0 Hz). IR v = 3007 (w,
OH), 2922 (m, CH,), 2852 (m, CH,), 2663 (w, OH), 2303 (w, OH),
1597 (w, C=C), 1508 (w, C=C), 1032 (m, P=0), 995 (s, P—-OH),
953 (s, P—OH) cm™. Elemental analysis: CHN,,, (C,,H,50,P): C:
58.32; H: 8.74; N: 0.00; CHN,,, C: §7.60; H: 8.07; N: 0.00%. ESI-
MS: "MS: [M-H']: 287.1414 m/z.

N-(10-Bromodecyl)phtalimide (4). The synthesis of 4 was similar
to that of a literature procedure.”® Potassium phthalimide (3.55 g, 19.2
mmol) was added in a suspension of 1,10-dibromodecane (25.00 g,
76.2 mmol) in absolute DMF (35 mL) and stirred for 7 h at 160 °C.
After it cooled, a mixture of petrolether/diethyl ether (140 mL; (v/v
1:1) was added, and phase separation was observed after adding brine
(70 mL). The organic layer was dried over magnesium sulfate, and the
solvent was removed under reduced pressure. The crude product was
purified by column chromatography using silica gel, first with hexane,
then with a solvent gradient of n-hexane/ethyl acetate from 7:3 to 1:1
(v/v). Compound 2 was obtained as a colorless solid that crystallizes
in long colorless needles.

Yield: 60% (4.21 g, 11.5 mmol). '"H NMR (300 MHz, CDCl;) §
7.83 (d, ] = 4.0 Hz, 2H, C3&C6), 7.71 (d, ] = 3.1 Hz, 2H, C1&C2),
3.67 (t, ] = 7.1 Hz, 2H, CH,N), 3.40 (t, ] = 6.9 Hz, 2H, CH,Br), 1.91—
1.77 (m, 2H, CH,CH,Br), 1.75—1.60 (m, 2H, CH,CH,N), 1.48—1.19
(m, 12H, C14—19). 3C NMR (75 MHz, CDCl,) § 168.62 (C=0),
133.98 (C1&2), 132.35 (C4&S), 123.30 (C3&6), 38.20 (CN), 34.16
(CBr), 32.97, 29.47, 29.46, 29.25, 28.84, 28.71, 28.29, 26.96 (C19—
20). IR v = 2931 (s, CH,), 2854 (s, CH,), 1714 (s, C=0), 1364 (m,
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C—N) cm™". Elemental analysis: CHNy,, (C;sH,,BrNO,): C: 59.02;
H: 6.60; N: 3.82; CHN,y, C: 59.52; H: 6.75; N: 3.27%.

N-(X-Phtalimidoalkyl)diethyl Phosphonate X = 3, 10 (5a,b). The
synthesis of Sa,b was similar to that of a literature procedure.** N-(3-
Bromoalkyl)phthalimide (C3,C10; 10.0 mmol) was added to triethyl
phosphite (4 equiv, 66.5 g 69 mL, 40 mmol) slowly at room
temperature. The reaction mixture was refluxed (150 °C) for 24 h;
then, excess triethyl phosphite was removed under reduced pressure (3
mmHg) at 60 °C, and diethyl ethylphosphonate was distilled out in
high vacuum (5 X 107> mbar, 80 °C).

C3 (Sa): Colorless solid (solidifies upon storage at —25 °C). Yield:
100% (3.25 g, 10.0 mmol). "H NMR (300 MHz, CDCL,) & 7.84 (dd,
= 8.2, 40 Hz, 2H, H3&6), 7.78—7.67 (m, 2H, H1&H2), 4.20—3.97
(m, 4H, OCH,CHS,), 3.75 (t, ] = 6.9 Hz, 2H, NCH,), 2.10—1.89 (m,
2H, CH,CH,P), 1.87—1.69 (m, 2H, CH,P), 1.30 (t, ] = 7.0 Hz, 6H,
(CH;),). 3'P NMR (121 MHz, CDCl;) § 30.70. '*C NMR (75 MHz,
CDCly) 6 16840 (C=O0), 134.17 (C1&C2), 132.17 (C4&CS),
123.43 (C3&C6), 61.80 (d, ] = 6.5 Hz, OCH,), 38.40 (d, J = 20.0 Hz,
CN), 23.58 (d, ] = 143.2 Hz, CH,P), 22.14 (d, ] = 4.6 Hz, CH,CH,P),
16.59 (d, J = 5.9 Hz, OCH,CH,). IR v = 2978 (w, CH,), 2906 (w,
CH,), 1705 (s, C=0), 1369 (m, C—N), 1244 (s, P=0), 1030 (s, P-
0C), 958 (s, P-OC) cm™'. Elemental analysis: CHNy,,
(CisH,NOsP): C: 55.38; H: 6.20; N: 4.31; CHN,,, C: 55.32; H:
6.24; N: 4.15%.

C10 (5b): Colorless oil. Yield: 100% (4.23 g, 10.0 mmol). '"H NMR
(400 MHz, CDCl;) § 7.87—7.79 (m, 2H, H3&H6), 7.75—7.65 (m,
2H, H1&H2), 4.17—-3.99 (m, 4H, OCH,), 3.72—3.62 (m, 2H, CH,N),
1.78—1.50 (m, 6H, C13 & C20), 1.41—-1.21 (m, 18H, Cl14—19 &
(CH,),). 3'P NMR (121 MHz, CDCL;) § 32.61. 3C NMR (75 MHz,
CDCl,) 6§ 168.56 (C=0), 133.94 (C1&2), 132.30 (C4&S), 123.25
(C3&6), 6146 (d, ] = 6.5 Hz, OCH,), 38.15 (CN), 30.68 (d, ] = 16.9
Hz, CH,CH,P), 29.43 (d, ] = 8.1 Hz, CH,CH,CH,P) 29.23, 29.14,
28.68, 26.94, 26.73, 24.87 (C13—18), 22.51 (d, J = 5.2 Hz, CH,P),
16.59 (d, ] = 6.0 Hz, OCH,CH,). IR: v = 2982 (w, CH,), 2928 (m,
CH,), 2954 (m, CH,), 1709 (s, C=0), 1394 (m, C—N), 1234 (m,
P=0), 1055 (s, P-OC), 1024 (s, P-OC), 957 (s, P-OC) cm™.
Elemental analysis: CHNy,, (C»,H3,NOSP): C: 62.40; H: 8.09; N:
3.31; CHN,,,. C: 62.37; H: 8.31; N: 3.0S.

N-(X-Aminoalkyl)diethylphosphonate X = 3, 10 (6a,b). The
synthesis of N-(3-aminopropyl)diethylphosphonate was similar to that
of a literature procedure.”> Hydrazine monohydrate (650 mg, 630 uL,
13.0 mmol) was added to a solution of the appropriate phthalimide
(5a,b; 4.61 mmol) in absolute ethanol (200 mL) at 0 °C. After 30 min,
the reaction mixture was heated to reflux for 10 h. After it slowly
cooled to room temperature, the crystallized precipitate, phthalhy-
drazide, was filtered off, and the solvent was removed under reduced
pressure. To the crude mixture, 10 mL of absolute dichloromethane
was added, and again, the mixture was filtered. Evaporation of the
solvent gave the desired amino phosphonates (6a,b) as colorless oils.
No residual ethanol should be left, as it would react in the following
reaction. The crude products with high purity (compare NMR) were
used without further purification.

C3 (6a): Colorless oil. Yield: 60% (540 mg, 2.77 mmol). "H NMR
(400 MHz, CDCl,) & 4.35—3.80 (m, 4H, OCH,CHj,), 2.83—2.70 (m,
2H, CH,N), 1.86—1.66 (m, 4H, CH,CH,P), 1.65—1.45 (m, 2H,
NH,), 1.32 (t, ] = 7.0 Hz, 6H, (CH;),). >'P NMR (162 MHz, CDCl;)
5 32.32. 3C NMR (101 MHz, CDCl;) § 61.64 (d, ] = 6.5 Hz, OC),
4271 (d, ] = 17.1 Hz, CN), 26.65 (d, J = 5.0 Hz, CH,P), 23.24 (d, ] =
142.3 Hz, CH,P), 16.62 (d, ] = 6.0 Hz, CH,). IR v = 2985 (w, CH,),
2935 (w, CH,), 2904 (w, CH,), 1444 (w, NCH,), 1390 (w, C—N),
1228 (s, P=0), 1022 (s, P-OC), 955 (m, P-OC) cm™.

C10 (6b): Colorless oil. Yield: 52% (709 mg, 2.40 mmol). "H NMR
(400 MHz, CDCl,) & 4.16—3.97 (m, 4H), 2.69 (t, ] = 7.1 Hz, 2H),
221 (s, 2H), 1.77—1.65 (m, 2H), 1.64—1.51 (m, 2H), 1.44 (dd, | =
13.6, 6.7 Hz, 2H), 1.40—1.21 (m, 18H). P NMR (162 MHz, CDCI,)
5 32.68. 3C NMR (101 MHz, CDCL,) § 61.52 (d, J = 6.5 Hz, OC),
42.17 (CN), 33.50 (CCN), 30.74 (d, ] = 16.9 Hz, CH,P), 29.61 (d, ] =
10.2 Hz, CH,CH,CH,P), 29.45, 29.21, 26.99, 26.53, 25.13 (C4—CS8),
22.53 (d, J = 5.2 Hz, CH,CH,P), 1662 (d, ] = 6.0 Hz, CH,). IR v =
3419 (w, NH), 2983 (w, CH,), 2928 (w, CH,), 2954 (w, CH,), 1572
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(m, CH,), 1443 (m, NCH,), 1389 (m, C—N), 1215 (m, P=0), 1049
(s, P-OC), 1024 (s, P-OC), 958 (s, P-OC) cm™%.

N-(X-Maleimidealkyl)diethylphosphonate X = 3, 10 (7a,b). Maleic
anhydride (235 mg, 2.40 mmol) was suspended in dry dichloro-
methane (10 mL). A mixture of N-(3-aminoalkyl) diethylphosphonic
acid (C3, C10, 2.40 mmol) in dry dichloromethane (10 mL) was
added dropwise while stirring. After the mixture was allowed to stir for
1 h at room temperature, the solvent was removed under vacuum. The
intermediate products were collected as a colorless oils.

C3 Maleamic Acid. "H NMR (400 MHz, CDCl,) 6 9.00 (br s, 1H,
OH), 6.34 (m, 2H, C=C), 4.20—4.01 (m, 4H, (OCH,CH,),), 3.46
(dd, J = 11.8, 5.8 Hz, 2H, NCH,), 2.01-1.80 (m, 4H,
NCH,CH,CH,), 1.34 (t, ] = 7.1 Hz, 6H, (OCH,CHj,),).'P NMR
(162 MHz, CDCL,) 6 32.64. *C NMR (101 MHz, CDCL,) § 166.34
(HNC=0), 165.43 (HOC=0), 136.14 (HO(C=0)C=), 131.57
(HN(C=0)C=), 62.50 (d, ] = 6.8 Hz, OC), 40.71 (d, J = 9.2 Hz,
CN), 23.64 (d, ] = 141.4 Hz, CCN), 21.32 (d, ] = 4.7 Hz, CP), 16.56
(d, J = 6.1 Hz, OCH,CH,). IR v = 3232 and 3063 (w, OH & NH)
2983 (w, CH,), 2935 (w, CH,), 2906 (w, CH,), 1716 (s, C=0),
1211 (s, P=0), 1020 (s, P-OC), 962 (m, P-OC) cm™ .

C10 Maleamic Acid. "H NMR (400 MHz, CDCL,) & 8.21 (s, 1H,
OH), 6.54—6.22 (m, 2H, C=C), 4.17-3.98 (m, 4H, (OCH,CH,),),
3.44—3.25 (m, 2H, NCH,), 1.80—1.65 (m, 2H, CH,P), 1.65—1.49 (m,
4H, CH,CH,P & CH,CH,N), 1.49-122 (m, 18H, Cl1-17 &
(OCH,CH,),). *'P NMR (162 MHz, CDCl,) § 32.67. *C NMR (101
MHz, CDCl;) § 16623 (HOC=0), 165.80 (HNC=O0), 135.51
(HO(C=0)C=), 132.19 (HN(C=0)C=), 61.86 (d, ] = 6.6 Hz,
0C), 40.49 (CN), 30.06 (d, J = 16.1 Hz, CCCP), 28.82, 28.76, 28.62,
28.59, 28.53, 26.59 (C12—17), 25.33 (d, ] = 140.1 Hz, CP), 22.06 (d, ]
= 5.0 Hz, CCP), 16.58 (d, ] = 6.0 Hz, OCH,CH,). IR v = 3441 and
3240 (m, NH & OH), 2985 (m, CH,), 2926 (s, CH,), 2854 (s, CH,),
1716 (m, C=0), 1215 (s, P=0), 1053 (s, P—O—C), 1026 (s, P-
0C), 964 (m, P-OC) cm™.

In the next step, the appropriate intermediate product (2.40 mmol)
was dissolved in acetic anhydride (8.0 mL, 8.65 g. 84.8 mmol), and
sodium acetate (98 mg, 1.20 mmol) was added. The mixture was
heated to 100 °C for S h. After the mixture cooled, ethyl acetate (8
mL) was added to the mixture and extracted with destilled water (3 X
8 mL) and with brine (1 X 8 mL). The organic layer was dried over
Na,SO,. The solvent was evaporated, and residual acetic anhydride
and part of HOAc was destilled off in high vacuum (5 X 10~ mbar,
100 °C). The crude products were used without further purification
due to high yield losses trying purification over silica column.

C3 (7a): Colorless oil. Yield: 53% (350 mg, 1.27 mmol). '"H NMR
(400 MHz, CDCl;) 6 6.69 (s, 2H, 2H, HC=CH), 4.17—3.97 (m, 2H,
(OCH,CH,),), 3.56 (t, J = 7.0 Hz, 2H, CH,N), 1.94—1.80 (m, 2H,
CH,CH,N), 1.78-1.62 (m, 2H, CH,P), 1.30 (t, ] = S.1 Hz, 6H,
(OCH,CH,),). *'P NMR (162 MHz, CDCL,) § 30.64. *C NMR (101
MHz, CDCl;) § 170.77 (C=0), 134.27 (C=C), 61.84 (d, ] = 6.5 Hz,
0C), 3826 (d, ] = 19.9 Hz, CN), 23.44 (d, ] = 143.3 Hz, CP), 22.08
(d, ] = 4.5 Hz, CCP), 16.57 (d, ] = 6.0 Hz, OCH,CHj,). IR v = 2982
(w, CH,), 2945 (w, CH,), 2912 (w, CH,), 1703 (s, C=0), 1444 (m,
NCH,), 1408 (m, C—H), 1371 (m, C—N), 1248 (m, P=0), 1022 (s,
P-OC), 964 (s, P-OC), 827 (m, =C—H), 694 (s, maleimide ring
deformation) cm™.

C10 (7b): Colorless oil. Yield: 63% (565 mg, 1.51 mmol). "H NMR
(400 MHz, CDCl,) 6 6.68 (s, 2H, HC=CH), 4.16—3.98 (m, 4H,
(OCH,CH,),), 3.50 (dd, J = 13.4, 6.1 Hz, 2H, CH,N), 1.79—1.64 (m,
2H, CH,P), 1.64—1.49 (m, 4H, CH,CH,P & CH,CH,N), 1.40—1.19
(m, 18H, C10—C15 &(OCH,CHjy),). *'P NMR (162 MHz, CDCl,) §
32.66. 3C NMR (101 MHz, CDCl;) § 171.04 (C=0), 134.18 (C=
C), 61.53 (d, ] = 6.5 Hz, OC), 38.05 (CN), 30.72 (d, ] = 17.2 Hz,
CCCP), 29.52, 29.39, 29.17, 29.19 (two C), 28.65, 26.84 (C9—15),
25.82 (d, J = 140.2 Hz, CP), 22.53 (d, ] = 5.2 Hz, CCP), 16.62 (d, ] =
5.9 Hz, OCH,CHj,). IR v = 2983 (m, CH,), 2926 (s, CH,), 2854 (s,
CH,), 1705 (s, C=0), 1441 (m, NCH,), 1406 (m, C—H), 1367 (m,
C-N), 1234 (m, P=0), 1053 (s, P-OC), 1028 (s, P-OC), 958 (s, P-
0C), 829 (m, =C—H), 696 (s, maleimide ring deformation) cm™".

N-(X-Maleimide alkyl)phosphonic Acid X = 3, 10 (8a,b). N-(3-
Maleimidepropyl) diethylphosphonate (8a,b) (X = 3, 11; 1.27 mmol)
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was dissolved in absolute acetonitrile (10 mL). BrTMS (2.3 equiv, 447
mg, 385 uL, 2.92 mmol) was added dropwise at 0 °C. The mixture was
stirred for 18 h at 25 °C. The solvent, byproducts, and excess B'TMS
were removed in vacuum ($ X 107 mbar, 25 °C). Degassed methanol
(8 mL) was added at 0 °C, and the mixture was stirred for another 16
h at room temperature. The solution was reduced to the half volume,
and the products were precipitated using n-hexane. After the solution
was filtered, the colorless solid was dried in vacuum.

C3 (8a): Colorless solid. Yield: 96% (267 mg, 1.22 mmol)."H NMR
(400 MHz, MeOD) § 6.77 (s, 2H, HC=CH), 3.52 (t, NCH,, ] = 6.9
Hz, 2H), 1.90—1.71 (m, 2H, CH,CH,P), 1.70—1.54 (m, 2H, CH,P).
31p NMR (162 MHz, MeOD) 6 28.60. '3C NMR (101 MHz, MeOD)
5 172.51 (C=0), 135.38 (C=C), 39.11 (d, J = 20.5 Hz, CN), 25.65
(d, J = 139.9 Hz, CP), 23.45 (d, ] = 4.1 Hz, CCP). IR v = 3442 (w,
OH), 3111 (w, CH,), 2951 (w, CH,), 2754 (w, OH), 2318 (w, OH),
1697 (s, C=0), 1446 (m, NCH,), 1408 (m, C—H), 1363 (m, C—N),
1200 (m, P=0), 1113 (m, =P-0), 991 (s, P-OH), 954 (s, P—
OH), 827 (s, =C—H), 694 (s, 5(maleimide ring)) cm™". Elemental
analysis: CHNy,, (C;H;NO;P): C: 38.37; H: 4.60; N: 6.39; CHN,,,
C: 37.34; H: 5.28; N: 6.25%. ESI-MS: “MS: [M-H']: 218.0220 m/z.

C10 (8b): Colorless solid. Yield: 89% (359 mg, 1.13 mmol). '"H
NMR (400 MHz, MeOD) § 6.80 (s, 2H, HC=CH), 3.48 (t, ] = 7.1
Hz, 2H, CH,N), 1.75—1.50 (m, 6H, CH,CH,N, CH,P, CH,CH,P),
1.49—1.22 (m, 12H, C14—19). 3'P NMR (162 MHz, MeOD) § 30.28.
3C NMR (101 MHz, MeOD) § 172.60 (C=0), 135.33 (C=C),
38.52 (CN), 31.75 (d, ] = 16.8 Hz, CCCP), 30.52, 30.41, 30.25, 30.14,
29.47, 27.74 (C15—C20)-, 28.09 (d, ] = 134.0 Hz, CP), 23.92 (d, ] =
4.9 Hz, CCP). IR: v = 3034 (w, P—OH), 2912 (m, CH,), 2848 (m,
CH,), 2652 (w, PO-H), 2299 (w, P—OH), 1693 (s, C=0), 1470 (m,
NCH,), 1421 (m, C—H), 1375 (m, C—N), 1099 (m, P=0), 1014
(m, P—OH), 952 (s, P-OH), 833 (s, =C—H), 696 (5(maleimide
ring) cm ™. Elemental analysis: CHNy,, (C14,H,,NOP): C: 52.99; H:
7.62; N: 4.41; CHNexP C: 52.79; H: 7.59; N: 4.64%. ESI-MS: "MS:
[M-H"]: 316.1317 m/z.

Synthesis of N-Dodecylmaleimid (9). A mixture of dodecyl-
amine (326 g, 17.6 mmol) in dry dichloromethane (20 mL) was
added to maleic anhydride (1.73 g, 17.6 mmol) dry dichloromethane
(60 mL). After the mixture was allowed to stir for 1 h at room
temperature, the solvent was removed under vacuum. The
intermediate product was collected as a colorless solid. In the next
step, the intermediate product was dissolved in dry toluene (60 mL),
and zinc chloride (2.40 g, 17.6 mmol) was added at once. After the
mixture was heated to 80 °C, a solution of hexamethyldisilazane (2.84
g, 17.6 mmol) and toluene (20 mL) was added dropwise. The
temperature was held for 5 h at 80 °C. After it cooled, the solution was
filtered, and the solvent was removed in vacuum to afford the desired
product as a colorless solid. Yield: 91% (4.25 g, 16.0 mmol)."H NMR
(400 MHz, CDCl;) 6 6.68 (s, 2H, CH=CH), 3.50 (t, ] = 8.0 Hz, 2H,
CH,N), 1.62—1.50 (m, 2H, CH,CH,N), 1.35—1.17 (m, 18H, C10—
18), 0.87 (t, ] = 6.8 Hz, 3H, CH,). *C NMR (101 MHz, CDCl,) &
171.06 (C=0), 134.18 (C=C), 38.10 (CN), 32.05, 29.76, 29.69,
29.63, 29.49, 29.28, 28.69, 26.90, 22.83 (C9—18), 14.27 (CH,). IR v =
2918 (m, CH,), 2850 (m, CH,), 1697 (s, C=0), 1446 (m, NCH,),
1402 (m, C—H), 1369 (m, C—N), 692 (s, 5(maleimide ring) cm™".
Elemental analysis: CHNy,, (C;,H,,NOP): C: 72.41; H: 10.25; N:
5.28; CHN,,, C: 71.35; H: 9.95; N: 5.59%.

Synthesis of Dodecylfuran (10). THF (absolute, 80 mL) was
cooled to 0 °C, n-butyllithium (20 mL, 2.5 M solution in hexanes, 48.0
mmol) was added, and furan (3.4 mL, 50.0 mmol) was added
dropwise. The mixture was stirred for 30 min at 0 °C and for another
30 min at room temperature; then, 1-bromo dodecane (9.97 g, 40.0
mmol) was added at —20—0 °C with vigorous stirring, and the mixture
was left overnight at room temperature. The reaction was quenched by
the addition of saturated NH,CIl aqueous solution (40 mL) and
extracted with ethyl acetate (3 X 40 mL). The organic phase was
separated and dried over MgSO,, and the solvent was removed in
vacuo. The residue was purified by column chromatography (silica;
eluent: n-hexane) to afford the product as colorless oil. Yield: 87%
(823 g 34.8 mmol). "H NMR (400 MHz, CDCL,) 6 7.29 (d, J = 1.0
Hz, 1H, H3), 6.30—6.25 (m, 1H, H4), 5.97 (d, ] = 2.6 Hz, 1H, HS),
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2.61 (t, ] = 7.6 Hz, 2H, H1), 1.68—1.58 (m, 2H, H2), 1.37—1.21 (m,
18H, H8-16), 0.88 (t, ] = 6.8 Hz, 3H, CH;). *C NMR (101 MHz,
CDCly) § 156.81 (C6), 140.75 (C3), 110.16 (C4), 104.63 (CS),
32.07, 29.82, 29.79 (two C), 29.71, 29.52, 29.51, 29.35, 28.19, 28.13,
22.84 (C1-16), 14.27 (CH;). IR v = 2922 (s, CH,), 2852 (s, CH,),
1597 (m, C=C). Elemental analysis: CHNy,, (C,;sH,30): C: 81.29;
H: 11.94; N; CHN,,, C: 80.51; H: 11.41; N: 0%.

Magnetite/Maghemite Nanoparticles (11)."> The magnetite/
maghemite particles were produced using a modified literature
procedure via thermal decomposition of Fe(acac);. Fe(acac); (3.53
g, 10 mmol), dodecandiol (10.10 g, 10.0 mmol), oleic acid (10 mL),
and oleyl amine (10 mL) dissolved in benzyl ether (100 mL) were
heated to 200 °C. The temperature was held for 30 min, and the
mixture was heated to 300 °C. This temperature again was held for 30
min. Then the heating source was removed, and the mixture was
cooled to room temperature. The particles were magnetically decanted
off and washed with ethanol (3 X 100 mL). The particles were stored
in dispersion in ethanol (96 mL). An aliquot of 2 mL of the sample
was taken out, and the particles were magnetically decanted off and
dried in vacuum to estimate the concentration and yield (17.7 mg/2
mL; ca. 850 mg; TGA: 78.65% residual mass after N, segment; this
residual mass can be attributed to the inorganic core, calculating with
the molar mass of Fe,O,; the yield can be estimated to ~663 mg of
Fe,O, = 2.86 mmol = 81%). The exact yield varies from batch to
batch, but it is always in the same range.

Ligand Exchange Protocol. The appropriate phosphonic acid
(0.3 mmol) was dissolved in n-hexane/ethanol (8 mL/2 mlL).
Ethanolic particle dispersion (16.9 mL, 150 mg of OA@FexOy) was
added, and the mixture was stirred at 25 °C for 48 h. Afterward, the
particles were magnetically decanted off, washed with ethanol (3 X 15
mL), and stored in ethanol (20 mL). The concentration and the yield
were determined as described in the synthesis of OA@Fe,O,.

Cofunctionalization. The cofunctionalization was performed
identically as the ligand exchange, except for choosing the millimolar
ratios of the appropriate functional coupling agent and methyl
phosphonic acid. The ratios used are displayed in Table S4 within the
Supporting Information. The functionalized particles were stored in
ethanol (20 mL).

DA Reaction on Particle Surface. Conversion with three
equivalents of dienophile: 47.76 mg of NM or 13.1 mg of M = 0.06
mmol.

An aliquot of 4 mL (ca. 30 mg particles) of each sample of
cofunctionalized particles was magnetically decanted off; chloroform
(5 mL) was added with the appropriate DA reagent (3 equiv, 0.06
mmol). The mixtures were stirred at 60 °C for 24 h. At this
temperature, the supernatant was removed by magnetic decantation,
and the “furan” particles were washed with a mixture of ethanol/
acetone/ethyl acetate (= 1:1:1; S X S mL). The “maleimide” particles
were washed using THF (S X S mL).

Synthesis of Composite. F10P_100@Fe,O, particles (30 mg)
dispersed in chloroform (5 mL) were mixed with 1,1’-(methylenedi-
4,1-phenylene)bismaleimide (150 mg, 0.46S mmol) dissolved in
chloroform (5 mL). After it was shaken for 1 min, the solvent was
removed in vacuum. The gray powder was poured between two sheets
of aluminum foil within a heatable press. The aluminum foils were
used to separate the composite film from the heatable press after cross-
linking. The sample was cross-linked at 60 °C for 24 h at a pressure of
1 t, which led to a black brittle free-standing film of 250 ym.
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MeP, methyl phosphonic acid

F10P, furan decyl phosphonic acid
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M, maleimide
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CHAPTER 3 RESULTS AND DISCUSSION

It can be concluded, that localizing the DA functionalities on nanoparticle surfaces is not the
most promising strategy for self-healing nanocomposites. Based on this knowledge, the
structure of the system was adjusted. To provide the same mobility of diene and dienophile,
both functions shall be located in the matrix. Additional hydrogen bonds shall provide a second
reversible intrinsically interaction and ensure the ideal miscibility of inorganic filler within the
matrix. The realization of this plan is explained in the next two chapters.

3.3 Simple and High Yield Access to Octafunctional Azido, Amine and
Urea Group bearing Cubic Spherosilicates

To further develop the inorganic — organic nanocomposites or hybrid materials, hydrogen
bond forming spherosilicates were synthesized. The small spherosilicate molecules were
applied in this study, because previously we were able to show that it is advantageous to apply
moelcular scale inorganic components in hybrid self-healing materials due to mobility

reasons.!’”® 148]

Starting from commercial available TEOS,
octa(dimethylsilylhydrido)spherosilicate was synthesized applying a literature known
procedure.l"* 73 In a subsequent hydrosilylation reaction with w-bromo alkenes (CyHan; n = 4,
5, 6, 11), various organic substituents were attached to the silica cubes. The bromofunction
allows further derivatization applying substitution reactions. The reaction with NaN3s yields in
azides which were catalytically reduced to primary amines. Although, this reaction proceeded
fast and quantitatively, problems with the isolation of the product occurred. Previously, several
authors in literature claimed that they successfully synthesized and isolated

>3 24 However, rather the

octa(aminopropyl)silsesquioxane starting from APTES.[#>*
protonated ammonium salts or probably ladder like polysilsesquioxanes were produced. Mass
spectrometry (MS) data, which would definitely prove the closed cage structure is missing in
these studies. In our study, we observed the degradation of the cubic structure, when the alkyl
amine groups are attached to the corners. The free electron pair of the primary amine can
cleave Si-O-Si bonds!®* % and irreversibly degrade the cubic structure. Such a degradation
also occurs in aminopropyldimethylsiloxanes®* and APTES@Si0..1°®! By the conduction of an
in situ following reaction step, the cubic structure was maintained. Therefore, an isocyanato
propyl was added to the reaction mixture. The OCN group reacts readily and quantitatively
with the eight primary amine groups per cube. The desired octakis(X-(3-propylurea)alkyl-1-
dimethylsiloxy)octasilsesquioxanes (alkyl = butyl, pentyl, hexyl, undecyl) were obtained in high
yields (83-88%) and purity. These cubes were the first having solely long flexible alkyl arms with
a primary amine group, which allows for numerous modifications. In literature, predominantly
the propylspacer is described or phenyl groups were used, to prevent the attack on Si-O-Si by
the primary amine, due to the rigidity of the spacer (Chapter 1.8.2).

The as synthesized cubes were used as inorganic filler within a double reversible polymer. The
matrix consisting of linear pBMA was cofunctionalized with DA functions and hydrogen bonds.
More details about this are presented in the next chapter.
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These results were published in Dalton Transactions. Reproduced with permission of The Royal
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Spherosilicates and polyhedral oligomeric silsesquioxanes represent unique well-defined rigid building
blocks for molecular and hybrid materials. Drawbacks in their synthesis are often low yields and the
restricted presence of functional groups either based on incomplete transformation of all corners or the
reactivity of the functional groups. Particularly amine-functionalization reveals some synthetic challenges.
In this study we report the synthesis of a new class of octafunctionalized hydrogen bond forming sphero-
silicates via a facile route based on octabromo alkyl functionalized cubic spherosilicates. Four different
alkyl chain lengths, namely C4, Cs, Cg and Cyy, were realized starting from w-alkenylbromides via hydro-
silylation of QgMg". Using sodium azide in a mixture of acetonitrile: DMF = 10:1, the octaazide was
obtained quantitatively and could be rapidly transformed in an octaamine cube via catalytic hydrogenation
over Pd/C in absolute ethanol. The following reaction to hydrogen bond forming spherosilicates was
performed in situ by adding propyl isocyanate. All transformations proceed quantitatively at the eight
corners of the cube, which was evidenced by NMR spectroscopy and ESI-MS measurements. The
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cage rearrangement was observed. The structures were confirmed using H, *C, 2°Si-NMR, FT-IR,
elemental analysis and ESI-MS. The method opens a high yield route (overall isolated yield 83-88%) for
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Introduction

Functionalized cage siloxanes, consisting of polyhedral oligo-
meric silsesquioxanes or spherosilicates, being well-defined
relatively rigid nanobuilding blocks, have emerged as an addi-
tive that allows the improvement of thermal and mechanical
properties if incorporated into polymers and thus results
in novel nanocomposite materials.'® Polyhedral oligomeric
silsesquioxane (POSS) as well as spherosilicate based nano-
fillers offer the advantages of molecular defined structure,
monodispersity and complete solubility in many different
monomers and polymers. Studies carried out with these mole-
cular precursors not only allow for the preparation of novel
nanocomposites but also make them ideal model compounds
for nanoparticle based systems.’

Novel cubes generate new applications, as their chemical
properties can be selected by choosing the functional
groups. For example, octa-furan-modified spherosilicates were
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structural building blocks in hybrid materials.

synthesized as building blocks for self-healing materials.®>® In
continuation of our previous studies the herein developed
spherosilicate bearing groups capable of hydrogen bonding
shall act as restoring force within shape memory and self-
healing polymers. Spherosilicates incorporated into thermo-
plastics are known to provide excellent properties including
resistance to atomic oxygen and mechanical robustness.'®*?

The synthesis of octaamino functional silsesquioxanes
usually starts from trialkoxysilanes leading to ammonium salt
derivatives.">'* The deprotonation of these systems to free
amine was described as ‘surprisingly difficult without destroy-
ing the Si/O framework’” and poor yields (<40%) were
reported. Previous reports further show that the opening of the
cage structure is caused by the attack of primary aliphatic
amine groups at silicon atoms of the cage. With traces of water
a further reaction to open-cage-like silanols takes place.'*"
The possible storage of the aminopropyl-POSS is described
very differently in the literature: it ranges from storage which
is only possible in dry alcohols at —35 °C'* while others
describe that storage is possible for one day at 25 °C.'® The
observations indicate that an intra- or intermolecular attack at
the Si-O cage takes place in the presence of primary aliphatic
amines. It was shown that if the primary amine group
was blocked with one propyl group, such an opening did
not occur.'”"®

Dalton Trans., 2017, 46, 221-226 | 221
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We introduce a simple access to octa-bromo, -azido and
-amino functionalized cages with promising high potential for
further chemical conversions such as the derivatization of the
amine, catalytic conversions or click chemistry. The formed
amine functions could be modified with propyl isocyanate,
yielding the hydrogen bond forming urea group. By varying
the alkyl chain length, the organic content in the rigid
inorganic-organic hybrid molecules was tailored and thus
leads to promising new building blocks for hybrid materials
forming hydrogen interactions.

Results and discussion

Octakis[1(-5-(1,1-dimethyldisiloxanyl)-alkyl-3-propylurea)]
silsesquioxane (6a-d) can easily be prepared via a four step
procedure affording only two workups. The intermediate
products are interesting from a synthetic point of view and
offer access to a wide range of aliphatic substituted derivatives.

For the synthesis of the inorganic building block initially a
controlled condensation of 3-aminopropyltriethoxysilane
(APTES) was planned as the synthetic route to form a poly-
hedral oligomeric silsesquioxane bearing the required func-
tional groups. But the various reactions starting from APTES

View Article Online
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do not result in high yields and mixtures of various products
are common.">' Often also ladder like polysilsesquioxane
are described.'® Therefore, we developed a facile synthetic
route to an octafunctional amino spherosilicate (Scheme 1).

Starting from tetraethylorthosilicate, an octaanion cube
was synthesized under basic conditions, which was directly
transformed with chlorodimethylsilane to octakis(hydridodi-
methylsiloxy)octasilsesquioxane according to a literature pro-
cedure.”>*' This inorganic building block should be hydro-
silylated with allyl bromide, but the allyl bromide reacts partly
under formation of HBr; the phenomenon is known for
isomerizable double bonds.?*** Eventually, the isomerization
can be suppressed by using iridium as a catalyst and
making the C3 derivative accessible.”*?* In this work,
w-alkenylbromides (1a-d) with longer, non-isomerizable
carbon chains were chosen for the hydrosilylation reaction.
Long alkyl chains provide additional advantages, for instance
that no undesired side products appear, as they are described
in the case of allyl halogenides.****

Hydrosilylation of the Si-H modified cube with alkenyl
bromides results in end-standing bromide groups which
can be transformed into an azide using NaNj. A subsequent
catalytic hydrogenation over Pd/C in ethanol results in the
quantitative formation of amine functions. The latter was

_ _ . HSi
0 o |BNMe, e 0-si-H
0-$i—OSi H/Sl\ /0/,5'—0—0,3\' ,
— NMe,OH * 5H,0 '0~§i’%0\s\io-c,> HSiMe,ClI 0\?i’%°\si' o?/ e
g = Si—0-\-Si—0- —_— A L AN
methanol 0\_ T RS" o pentane/ H,O 0 ,’Sl\o—\o—§|\0 ;
25°C, 12h Si—0-Si 25°C, 3h \?o 0 siH
d o Step 1+ 2: 68% W
— — \ .0 ~Si— o /
Hs/- H \,SlH
2
O—Si/CnHZn\ O~Si/an2n\
[Pt]; AkBr | Br s 4.eq NaN, I— | N, A
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80°C; 1 -2h ACN:DMF 10:1
100% 80°C; 4 - 5h
87 -93%
3a-d 4a-d
/ / H H
A IS 0-8i~CnHzn-\y, 0-8i-CnHan-N. N~
T . ' g ~NCO —A\ | 0 8
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oG- 1 . ethano
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5a-d

Spacer: C,H,,; n =4,5,6,11
overall yield 83 - 88%

6a-d

Scheme 1 Quantitative route to octakis(X-(3-propylurea)alkyl-1-dimethylsiloxy)octasilsesquioxane (X = 4, 5, 6, 11) (6a—d).
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transformed into an urea group bearing spherosilicate with an
overall isolated yield of 83-88%.

Hydrosilylation was carried out using Karstedt’s catalyst,
different w-alkenylbromides (C4-C6, C11; 1a-d) and octakis
(hydridodimethylsiloxy)octasilsesquioxane (2) which leads to
the desired products within hours. It should be mentioned
that w-alkenylbromides were initially synthesized using an
Appel reaction,” but the resulting products, except for
o-undecylbromide (1d), could not be purified from bromoform
by distillation. Applying bromoform-containing alkenyl-
bromides leads to free radicals when thermally treated and
consequently to a decomposition of the cube structure. Hence,
the alkenylbromides were synthesized starting from di-
bromoalkanes. Formally HBr was eliminated by adding KO'Bu,
while the reaction was catalyzed by 18-crown-6.2° This reaction
also leads to a byproduct, namely di-ter¢t-butylether, which
could not be separated by distillation, but it could be removed
by passing the reaction mixture through a silica column
(eluent: n-hexane).

In the next step, the octabromo cubes (3a-d) were azidated
with sodium azide. In the literature, a cage-rearrangement
phenomenon of the Tg cage to the thermodynamically more
stable T;, and Ty, cube is described by nucleophilic substi-
tutions with strong nucleophiles including nitrogen (azide)*”
anions in polar aprotic solvents (e.g. DMF) at high tempera-
tures. The described rearrangement of the “propyl-cubes”,
when strong nucleophiles were applied,*® was not observed
using chain length >C4. The conversion with the relatively
strong nucleophile N;™ in a Sy2 reaction was studied in the
polar aprotic solvents acetonitrile and DMF. They solvate the
cation Na' and therefore increase the nucleophilic character of
the anion N; . While the reaction achieved completion in
DMF within four hours, in acetonitrile under the same reac-
tion conditions, the conversion was still incomplete after three
days. An explanation for this behavior is the good solubility of
the bromo cubes (3a-d) in DMF and their insolubility in aceto-
nitrile. However, DMF produces methylamine, when heated
for a long time, which attacks the Qg cage and leads to degra-
dation. A mixture of acetonitrile: DMF (10:1 v/v) results in a
full conversion after 4-5 h and seems to be the best compro-
mise to synthesize the octaazide cubes (4a-d) without side
reactions. 4a-d were isolated by extraction with n-hexane/water
and are storable and stable in air. A preliminary experiment to
click the octaazide cube with 1-pentyne or 1-octyne by applying
CuBr(PPh;); as a catalyst in absolute and degassed acetone
revealed a decomposition of the cube structure according to
>9Si and IR spectroscopy, while the conversion seems to be
complete after the reaction at room temperature over 24 h
according to 'H and IR. The first step of copper catalyzed azide
alkyne cycloaddition (CuAAC) involves the dissociation of the
catalyst in [Cu(PPh;);]" and Br~ and the coordination of
copper to the alkyne. Within this step, formally HBr is gene-
rated, which could probably attack the cage structure.

Octakisaminospherosilicates  (5a-d) were synthesized
in situ, applying hydrogen on a mixture of the appropriate
azide substituted cube (4a-d) and 10 wt% palladium on

This journal is © The Royal Society of Chemistry 2017
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carbon in absolute ethanol. The completion of the reaction
was confirmed by IR and 'H NMR spectroscopy. A slight
excess of propyl isocyanate was added to this mixture and
stirring was performed overnight at room temperature.
Scheme 1 shows the complete reaction path to the octakisurea
cubes (6a-d).

The IR spectra of siloxysilsesquioxanes (2, 3-6d) were used
to prove the presence of the basic cubic structure (Fig. 1).
We applied the typical strong Si-O-Si stretching peak at
1070 cm™' for normalization. The silsesquioxane skeletal
deformation vibration (557 em™')** would disappear if the
cube structure was degraded. The persistent presence of this
peak demonstrates that the initial structure of the cube is
maintained during all conversions. All transformations were
carried out in quantitative yields including the reaction with
propyl isocyanate in ethanol.

On hydrosilylating o-alkenylbromides (1a-d) with 2, the
Si-H-stretching mode (~2200 ecm™) disappears, which indi-
cates a quantitative conversion. The typical azide signal at
2090 cm™' becomes visible exchanging bromide for azide.
After accomplishing hydrogenation to the amine, no azide
signal was detected. However, the IR measurements (Fig. 2)
show that the amine-spherosilicate (5a-d) should be synthe-
sized in situ for further reaction with propyl isocyanate. While
freshly prepared samples reveal high purity (IR, NMR, ESI-MS),
the samples which were stored in ethanolic solution in a
fridge or at 25 °C show decomposition products in ESI-MS and
IR measurements. As Fig. 2 reveals, the silsesquioxane defor-
mation band disappears at room temperature within 24 h and
at 8 °C at least within one week.

*9Si NMR of the degraded samples reveal that the M-peak
shifts from 13 ppm to 20 ppm, while the Q, signal entirely dis-
appears. A small, broad signal at 12 ppm was detected, which
could not be assigned so far. The chemical shift indicates
some kind of M species. The moderate ring-strained cyclic aza-
silanes with Si-N bonds along with high oxophilic silicon
enables high reactivity towards hydroxyl groups. When the
cube degrades, and all corner modifications were “removed”
as M-units, formally an octaanion should be left, which most

—— Urea (6d)
—— NH, (5d)
—— N, (4d)
——Br (3d)
—H(@)

s

A

r T T T T T T
3500 3000 2500 2000 1500 1000 500

wavenumber [cm']

Fig. 1 IR-spectra of the synthesized Cy;-spherosilicates (3—6d).
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Fig. 2 The IR spectra of C;1NH,-spherosilicate (5d) before and after
storage are displayed. The disappearance of the cage deformation band
at 557 cm~ indicates the degradation of the Si—-O framework.

likely further decomposes in the reaction with the cyclic
azasilanes under cleavage of the Si-N bond. This reaction
explains the consistency of the CH,NH, signal in "H NMR and
the maintained reactivity of the NH, group.

As the ESI-MS measurements of degraded samples never
showed significantly higher molecular masses compared to
the molecule itself, while the reaction mixture is completely
dissolved, an intermolecular reaction is unlikely to occur and
has not been described so far. The fragmentation pattern in
positive MS showed mass losses that indicate intramolecular
attacks similar to Scheme 2 even when the alkyl chains
increase (C4-C6). These fully condensed frameworks contain-
ing primary amino groups seem to be unstable.

According to the literature, the same reactivity was found in
commercially available systems, such as aminopropyl function-
alized PDMS (polydimethyl siloxanes)*® and APTES@SiO,.*"
Primary amines are known to attack Si-O-Si bonds which
occurs as a backbiting from the lone pair of the nitrogen atom
at a Si center.”> Commonly rings are formed as degradation
products, which can afterwards build chainlike structures.
According to the literature, the degradation process depends
(among other reaction parameters) on the alkyl chain length
and the nature of the amine.*® Herein lies a possible expla-
nation for the deviation of amino propyl silsesquioxane from
the reported spherosilicates: it forms a five membered ring by
intramolecular attack' (Scheme 2), which is energetically
more attractive than 6, 7, 8 or 15-atom membered rings, as it

S~

R ) R
o—Si—0—#i o—SiOH  Si—Ny
/ o \

o
o /
RSi/\‘O\Si/R ? Rs,i/o\_o\sj/R (’)
4 o/%l\o—\o—’SiR 4 O/Ei\o—\o—’SiR
\f [0 \f [0
RSI——0—§i RS——0—§

Scheme 2 Intramolecular degradation of the Si-O cage in amino-
propylsilsesquioxane.14
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would be the case in the synthesized compounds (6a-d).
Contrary to octakis(aminopropyl)octasilsesquioxane,'* the
C1,NH,-derivative (6d) could be isolated as a slightly yellow
solid directly after synthesis. This solid is stable under
ambient conditions for at least several months. Eventually, the
long, folded alkyl chains provide better shielding of the
inorganic cage compared to short alkyl chains and therefore
hinder the degradation.

Anyhow, if freshly prepared amine cubes were converted
in situ with propyl isocyanate, the hydrogen bond moieties
bearing octaurea-spherosilicate (6a-d) could be obtained in
quantitative yield. It should be emphasized that the octa-
azide cube precursors are stable under ambient conditions
and storable, which prevents the necessity to store the octa-
amines and makes them easily accessible. The presented
procedure quantitatively supplies free amine cubes without
impurities. The formation of all the desired products and
the complete conversion were further confirmed by 'H NMR.
After hydrosilylation, there are no residual peaks for
-CH=CH, (5.74 and 4.89 ppm) or -Si-H (4.75 ppm) protons.
Particularly the shift of the CH, group next to the trans-
formed functional group, from bromide to azide, to amine
and to amide indicates the complete conversion in each syn-
thetic step: CH,Br 3.41 ppm (CDCl;), CH,N; 3.26 ppm
(cpCl;), CH,NH, group 2.66 ppm (CD;OD) and
CH,NHCONH 3.08 ppm (CD;0D) (Fig. 3).

The "H NMR spectra in Fig. 4 display the product spectra of
bromide substituted spherosilicates (3a-d). While C4-C6
display only the § configuration, a small amount a configur-
ation was found when using 11-bromoundecene.

Quantitative conversion in each step is necessary to yield an
octafunctional spherosilicate. Besides NMR, IR and ESI-MS
measurements further proved that the Qg cage is preserved:
the amines showed mainly [M + H]" ions; while the urea
derivatives showed mainly [M + 2Na]**, [M + Na + KJ*" and
[M + 2K]*" ions. The mass spectrum of Cé6-urea spherosilicate
(6¢) is shown in Fig. 5 (further spectra: ESIT).

——C8U (6c)
—— C6NH, (5¢)
——CBN, (4c) CH,NHCONHR

——C8Br (30) |

\ CH,NH,

w |
o

CH,N,
A e \
/CHZBr
i N
4 3 2 1 0

chemical shift [ppm]

Fig. 3 'H NMR spectra display the complete conversion in each syn-
thesis step of compounds 3-6c. In particular, the CH, group next to the
functional group is indicative for that (arrows).
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—— C11Br (3d)
—— C6Br (3c)
—— C5Br (3b) L

—— C4Br (3a) A

chemical shift [ppm]

Fig. 4 'H NMR spectra of bromo substituted spherosilicates (3a—d),
showing the high selectivity of hydrosilylation.
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Fig. 5 ESI-MS spectra of octa-C6-urea POSS (6c).

As thermal stability is an important point for organic—
inorganic nanofillers the behavior upon thermal treatment of
the final products was studied via TG and DSC measurements.

The comparison of the TGA measurements of 2 and 5a-d
was conducted from 20-800 °C with a heating rate of
20 K min~". Up to 700 °C nitrogen was used as carrier gas, from
700-800 °C a 50:50% mixture of nitrogen and oxygen was
used (Fig. 6). The results are in good agreement with the litera-
ture.**  Octakis(hydridodimethylsiloxy)octasilsesquioxane (2)
sublimes under an inert atmosphere nearly completely 98.76%
starting at 230 °C, without recognizable decomposition pro-
cesses. [(H,N(CH,);1Me,Si0)SiO; 5]s (5d) shows two mass loss
steps: the first one is probably due to partial degradation of
amino alkyl chains, while the second mass loss presumably
involves the cleavage of Si-C-bonds. Because of the higher
molecular weight, the modified octakis(aminoundecyl)-silses-
quioxane (5d) does not sublime, but decomposing starts at
about 257 °C and a residue of SiO, is obtained after thermal
treatment.

Since, for self-healing nanocomposites, the thermal degra-
dation behavior under air is interesting, the measurement of

This journal is © The Royal Society of Chemistry 2017
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octakis(aminoundecyldimethyl-siloxy)octasilsesquioxane (5d)
and the final product octakis[1(-5-(1,1-dimethyldisiloxanyl)-
undecyl-3-propylurea)]silsesquioxane (6d) was conducted under
synthetic air, additionally (Fig. 7).

Indeed, the decomposition temperature under synthetic air
is a bit lower at 215 °C. As technical and engineering plastics
show a thermal stability up to 150 °C, the filler should at least
be stable up to this point. Some of the high performance
plastics with continuous service temperatures above 150 °C
could also be improved with the presented spherosilicates.
With a decomposition temperature of 215 °C the filler is
appropriate for composite materials.

Conclusions

We have developed a straightforward and high yield synthesis
to aliphatic octafunctional bromo-, azido-, amino- and urea
group (83-88% overall isolated yield) bearing spherosilicates.
Particularly amine-functionalization reveals some synthetic
challenges, which we overcome by using a catalytic hydro-
genation over Pd/C, starting from an air and moisture stable
precursor. All the results based on NMR, FTIR and ESI-MS
analysis were indicative of the successful synthesis of
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octafunctional spherosilicates, consisting only of the not
degraded Qg cube after each reaction step. Octakis[1(-5-(1,1-di-
methyldisiloxanyl)-pentyl-3-propylurea)|silsesquioxane was syn-
thesized to prepare hydrogen bond-bearing and building
spherosilicates. In further work, they can interact with appro-
priate polymers and consequently act as homogeneously distri-
buted nanoconstruction sites. In particular, they are interesting
building blocks for shape memory and self-healing materials.
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CHAPTER 3 RESULTS AND DISCUSSION

3.4 Double Reversible Network — Improvement of Self-Healing in Hybrid
Materials via the combination of Diels-Alder-Crosslinking and
Hydrogen Bonds

The healing ability of inorganic-organic nanocomposites or hybrid materials was optimized. In
the initial systems, in which the DA groups were located on the particle surface, low conversions
in DA reaction with siloxanes and no reaction with pBMAs were observed (Chapter 3.1). In the
new approach, diene and dienophile are solely localized in the matrix and thus both functions
have the same mobility and distribution. Hydrogen bond forming moieties were introduced as
a second reversible intrinsic force and to incorporate the inorganic filler, octakis(6-(3-
propylurea)hexyl-1-dimethylsiloxy)octasilsesquioxane (C6U), homogeneously within the
matrix. In addition, the hydrogen bond forming groups in self-healing materials provide close
contact within the nanometer scale of damaged surfaces. When hydrogen bonds are
mechanically separated, these supramolecular interactions immediately equilibrate again.
Using this phenomenon, freshly formed interfaces can be brought back into contact again and
form a connection within less than a minute. This reconnection provides the necessary
closeness of damaged interfaces, so that the desired covalent crosslinking by DA moieties can
occur.

Novel polymers were synthesized applying CRP techniques. ATRP and RAFT were tested to
react furan, maleimide, amide and imide group containing monomers. Polymers, bearing both
DA moieties as well as one hydrogen bond building moiety, are called "one-component
polymers” in this work. The Cu(l) catalyzed ATRP was found to be unsuitable, because of the
N-H donating monomers, which can coordinate to copper and degrade the complex. By the
addition of fresh ligand HMTETA and hydrazine hydrate as reducing agent, the polymerization
took place. The obtained PDIs were rather large (2.07-3.25) but still the polymers were mostly
linear and soluble. The degree of functionalization was determined to be between 4.3 and 9.9%
using "H NMR spectroscopy. RAFT polymerization, using AIBN as radical source (initiator) and
2-cyano-2-propyl benzodithioate as RAFT agent, tolerated all functional groups. In these
reactions, the polymerizations proceeded moderately controlled (PDI: 2.76 — 5.51) and the
degree of substitution with functional monomers was found to be between 5.6 and 9.8%. Also
these polymers were found to be still soluble and therefore they are suited for the desired
application.

Octakis(6-(3-propylurea)hexyl-1-dimethylsiloxy)octasilsesquioxane ~ (C6U, 20 wt%) was
incorporated in various matrices. Either one-component polymers or a polymer mixture,
consisting of three monofunctional polymers was applied to afford the composites (C1-C5). It
was shown, that having no corresponding amide or imide groups within the matrix led to an
inhomogeneous distribution of the filler (C1, C2). These materials showed also "healing” -
pBMA+C6U (C1) because of heating above T4, and the pBMA+pFMA+pMiMA+ C6U (C2)
because of the DA reaction within the matrix. The C2 system behaves like the pure matrix
(mixture of pPBMA+pFMA+pMiMA) would behave. As long as the surfaces are reconnected by
pressure within the Teflon mold, DA-caused healing occurs. If there was no contact provided
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CHAPTER 3 RESULTS AND DISCUSSION

by pressure, no significant healing took place, because of the missing hydrogen bonds to
reconnect the surfaces. The other composites (C3-C5) including all functions, which means
diene, dienophile and amide or imide, showed a good to excellent healing behavior. Cut
surfaces become reconnected by hydrogen bonds under ambient conditions, which is
advantageous because the contact is necessary for the subsequent DA healing. The healing
was evidenced by optical microscope images and the reversibility of the system by DSC
measurements. According to microscope images, the amide groups seem to be slightly better
in crack healing performance, possibly due to the hard segment character of imide moieties,
when too many imides are assembled. STEM measurements of microtome slices were
performed to visualize the nanostructure of the materials. The images show a completely
homogeneous material, which means the inorganic moieties do not form any agglomerates
within the hydrogen bond motive functionalized polymer matrix. Rheological measurements
were conducted to show mechanically the ability of the system to crosslink. UV/Vis
measurements over 24 h revealed that 80% conversion is reached within the first 4 h —in the
pure polymer as well as in the hybrid material.

These results were published in ACS Macromolecules. Reproduced by permission of the
American Chemical Society (ACS). https://pubs.acs.org/doi/10.1021/acs.macromol.8b00601

Sandra Schafer, Guido Kickelbick, Double Reversible Networks — Improvement of Self-Healing
in Hybrid Materials via Combination of Diels-Alder-Crosslinking and Hydrogen Bonds,
Macromolecules, 2018, xx, xx-xx. https://pubs.acs.org/doi/10.1021/acs.macromol.8b00601.

Sandra Schafer conceived of the presented idea, has written the publication and carried out all
practical work (experiments and characterization). Guido Kickelbick has contributed with
discussions about the topic and improvements for the final presentation of data and results
within the manuscript.
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ABSTRACT: Intrinsic self-healing materials rely on a reversible . )(f
bond formation after failure. In this study we report hybrid

materials that contain two intrinsic self-healing forces: The
reversible covalent bond formation of Diels—Alder groups is
supported by intrinsic hydrogen bonds, which form supramolecular
interactions and contribute to the mobility and proximity of the DA
groups. This concept was realized by a combination of urea group
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2-component self-healing hybrid material

2. Crosslinking WMo
Diels-Alder

containing spherosilicates with butyl methacrylate based polymers

bearing both DA moieties and self-assembling hydrogen bonds. Multifunctional one-component polymers were synthesized and
studied regarding their application in self-healing hybrid materials. The self-healing behavior was investigated following the
signals for bond release and formation of DA groups in the material using IR, UV-vis, and CP-MAS NMR spectroscopy.
Furthermore, DSC and rheological measurements were performed and revealed that the materials are superior compared to
previously studied systems concerning their healing capacity. The self-healing behavior of the formed hybrid materials was
proven by a cut healing test of several millimeters using microscope images. We can conclude that it is advantageous to combine
several reversible functions in one material to promote the self-healing capacity particularly in nanocomposites where the

flexibility of the network is restricted.

1. INTRODUCTION

Intrinsic self-healing materials are based on reversible bond
formation on the molecular scale, which requires quite flexible
polymer structures to foster the connectivity of damaged
surfaces. This is necessary for the re-formation of the bonds,
which only takes place at the nanometer scale or below, when
the proximity of reactants is reached.' During the past two
decades the Diels—Alder (DA) reaction was identified as one
of the most promising reaction types in polymer self-healing
materials.” The thermoreversible [4 + 2] cycloaddition
between electron-rich dienes and electron-deficient dieno-
philes, like furan and maleimide, works at temperatures
between 100 and 150 °C and thus in a region that allows its
use in daily applications.

Generally chain diffusion, in particular the mobility of
functional groups, is one of the most important parameters
with respect to the ability to heal intrinsic systems. Regarding
self-healing nanocomposites compared to polymers, additional
challenges have to be considered. Inorganic fillers increase, for
example, hardness and T}, but both are disadvantageous for the
previously described requirements concerning healing mech-
anisms. Furthermore, there is a huge difference between the
usage of fibers or particles as the inorganic moiety in such
composites. While fibers can break or change their alignment,’
which cannot be reorganized applying polymer healing
mechanisms, spherical particles or large isotropic molecules
have no translational preferred direction, are not aligned, and
do not tend to break because of brittleness within the softer

7 ACS Publications  © Xxxx American Chemical Society

matrix. Because of these multiple challenges only a few studies
have been conducted in self-healing nanocomposites based on
DA cross-linking. Generally the organic polymers and the
inorganic moieties have to be optimized for the best
performing nanocomposites or hybrid materials. Several
research groups already studied polymer nanocomposites
based on click chemistry reactions® ® and revealed that
MWCNT’s (multiwalled carbon nanotubes), GO (graphene
oxide), or inorganic NPs (SiO,) have a potential in self-healing
nanocomposites. Careful control of the chemical surface
modification is necessary for a homogeneous distribution of
inorganic nanoparticles in organic polymers.

A few studies have been conducted using SiO, nanoparticles
in DA based healing composites. Chujo et al. synthesized a
20% furan modified polystyrol, which was reacted in situ with
tetraethyl orthosilicate and a maleimido alkoxysilanes.” This
procedure resulted under appropriate conditions a colorless,
transparent hybrid material that revealed retro-Diels—Alder
(rDA) reactions in DSC. In our group a system was developed
in which a grafting-from polymerization applying SI-ATRP was
used to modify 40 nm SiO, with a copolymer of butyl
methacrylate and 10 mol % protected maleimidoethyl
methacrylate. These particles were incorporated in the
corresponding furan and butyl methacrylate group containing

Received: March 20, 2018

Revised:  June 25, 2018

DOI: 10.1021/acs.macromol.8b00601
Macromolecules XXXX, XXX, XXX—=XXX



Macromolecules

polymers to form a self-healing composite, which is able to heal
scratches on a micrometer scale.” For a deeper understanding
of the limiting parameters when reacting molecular surface
functionalized particles with the corresponding molecules’ or
different matrices,'’ in particular siloxanes and poly(butyl
methacrylate)s (pBMA), a study using different spacer lengths
was conducted. While the pBMA samples showed no
conversion in DSC, the elastomers indicated a conversion.
This leads to the assumption that again the mobility of
functional groups and also the flexibility of the matrix are the
key for effective healing. In a recent study we developed a
system based on spherical magnetite/maghemite nanoparticles,
which was modified using a monolayer of phosphonic acids on
the surface.'' Reacting these particles with different types of
molecules, we found that the sterical demand of the attacking
reagent is the limiting factor in this type of materials rather
than the crowdedness of the surface. This result is further
supported by the observation that smaller molecular inorganic
building blocks lead to a faster healing in the nanocomposites.
Thus, spherosilicate or silsesquioxane based DA systems heal
more efficiently than the ones with SiO, nanoparticles. Liu et
al. described an octamethyl methacrylate modified POSS
(polymeric octahedral silsesquioxane) which was reacted with
furfurylamine.”> A partially thermoreversible network was
formed via the reaction of the methacrylate double bond
with either the amine in a Michael addition or the furan in a
DA reaction. Lin et al. described an octafurfurylamine POSS,
which was cross-linked using the commercial 1,1’-(methyl-
enedi-4,1-phenylene)bismaleimide (BMI) and formed a
curable solid."”> We described furan modified spherosilicates
prepared via hydrosilylation, which were incorporated in BMI
or linear maleimide siloxanes and resulted in hybrid materials
that showed a high conversion in DA reactions. * Zelisko et al.
also synthesized furan modified spherosilicates cross-linked
with maleimide siloxanes starting from different precursors and
found an intrinsically healing system."

Besides DA cross-linking reactions also other interaction
types were used for intrinsic healing systems. For example,
spontaneous supramolecular assembly by a hydrogen bond
donor—acceptor interaction results in a fast reconnection of
surfaces. Although individual hydrogen bonds are weak,
collectively they form a strong network that is dynamic at
room temperature'® and allow autonomic healing. Liu et al.
studied solvent induced healing of PMMA at 40—60 °C and
found that, in addition to mechanical lock of the broken
chains, hydrogen bonds promoted the mechanical strength of
the healed sample because of the interaction between
methanol and broken polymeric chains.'”

According to the literature, chemical networks show a kind
of molecular memory when covalent and supramolecular
groups are combined.'” Weaker hydrogen bonds can break and
build again spontaneously, while covalent bonds provide the
basic stability and robustness.

Probably the first who studied the combination of DA and
hydrogen bonds was the group of Picchioni.'”** The first
attempt was the chemical modification of aliphatic polyketones
with furan and primary amines. The polymers were cross-
linked with commercial bismaleimides. The incorporation of
hydrogen bonds between amine and carbonyl groups leads to a
significant increase in T, and thus extends the possible
application of the material. One drawback in this polymeric
material is the side reaction between amine and carbonyl
groups, which leads to irreversible links."”” In a subsequent

study, this drawback was overcome by OH-group containing
derivatives instead of amines.”’ In 2017, Raquez et al. reported
one-component DA based polyurethanes and achieved a free-
standing healable film, when an approgriate ratio of hydrogen
bonds to DA functions was adjusted.”

In this work, intrinsic healing hybrid materials that contain
two types of independent reversible interactions are inves-
tigated. Physical hydrogen bonds, which can form sponta-
neously and are located in the matrix and on the surface of the
inorganic moiety, provide the ideal miscibility and homoge-
neous distribution of the filler. Covalent bonds, which can be
thermally triggered by the DA reaction, are located only in the
polymer chains to ensure good mobility and accessibility of
these groups. One-component polymers, bearing diene,
dienophile, and amide or urea groups, were synthesized
using controlled radical polymerizations (CRPs). ATRP (atom
transfer radical polymerization), ARGET ATRP (activator
regenerated by electron transfer), and RAFT (reversible
addition—fragmentation chain transfer) were performed with
a mixture of previously synthesized monomers. The resulting
linear poly(butyl methacrylates) contain maleimide, furan, and
hydrogen bond moieties at the same backbone. Octaurea-
functional spherosilicates™” were chosen as inorganic moiety, as
they are molecular, soluble, three-dimensional nanobuilding
blocks. The received materials showed a superior self-healing
potential according to DSC measurements and microscope
images.

2. EXPERIMENTAL SECTION

Materials. CuBr, (99%), hydrazine hydrate solution in H,O (78—
82%), 2-cyano-2-propyl benzodithioate (>97%), triethylamine,,,
(>99.5%), furan (>97%), furfuryl alcohol (98%), 3-aminopropanol
(99%), 2-aminoethanol (>99%), isopropenyl acetate (99%), meth-
acryloyl chloride (97%), butyl methacrylate (BMA, 99%), ethyl 2-
bromoisobutyrate (EBiB, 98%), 1,1,4,7,10,10-hexamethyl-
triethylenetetramine (HMTETA, 97%), maleic anhydride (98%), n-
butylamine (99.5%), and anhydrous toluene were purchased from
Sigma-Aldrich. 2-Isocyanotoethyl methacrylate (>99%) was pur-
chased from TCI Chemicals. Aluminum oxide 90 active neutral (70—
230 mesh ASTM) was purchased from Merck Millipore. Na,SO5
(>98%) and 2,2'-azobis(2-methylpropionitrile) (AIBN, >98%) were
purchased from Merck. The stabilizer of BMA was removed by
passing it through active neutral alumina. AIBN was recrystallized
from methanol. A stock solution containing 100 mg in S mL
anhydrous toluene was prepared directly prior to use. CuBr was
synthesized by reducing CuBr, with Na,SOj; in distilled water. The
precipitating colorless solid was filtered, washed three times with
ethanol, dried under vacuum, and stored under argon. All other
chemicals were used as received. Synthetic procedures were
performed under inert gas atmosphere applying Schlenk techniques.

Characterization. Fourier transform infrared (FTIR) spectrosco-
py measurements were performed applying a Bruker Vertex 70
spectrometer under ambient air (40 scans at a resolution of 4 cm™)
in attenuated total reflectance (ATR) mode. Differential scanning
calorimetry (DSC) measurements were carried out using a Netzsch
DSC 204 F1 Phoenix with samples in aluminum crucibles with
pierced lids and heated under nitrogen at a rate of 10 K/min. Solution
NMR spectra were recorded with a Bruker Avance III HD 300/400
spectrometer at 25 °C ("H at 300.13/400.13 MHz, 13C at 75.48/
100.61 MHz) using CDCl; as reference. The degree of substitution
(dS) in polymers was determined using '"H NMR integrals, where dS
= (integral functional group) X 100/(integral OCH,) [%]. Peak
assignments of polymers can be found in the Supporting Information.
Solid-state CP-MAS NMR spectra were recorded on a Bruker Avance
400WB spectrometer at 25 °C (**C at 100.62 MHz, »Si at 79.50
MHz) and a contact time of 2.0 ms with a variable power contact time
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(ramp 10050). The rotor spin rate was 13 kHz, with delay time of 3—
6 s. Adamantane was used as an external standard for *C NMR and
octakis(trimethylsiloxy)silsesquioxane for 2°Si NMR. Elemental
analysis was performed with a Leco 900 CHN analyzer. Films were
compression-molded at 70 °C 24 h in a Teflon form (3 cm X 1 cm X
0.1 cm) which was held with a vice. Microscope images were recorded
under polarized light using an Olympus BX60 microscope equipped
with a Sony CCD-Iris color camera. Size exclusion chromatography
(SEC) measurements in tetrahydrofuran (THF) were performed with
a PSS (Polymers Standards Service) system, which included a
Viscotek VE1121 pump, a Shodex refractive index detector, a PSS
SLD 7000 multiangle light scattering detector, and styrene—
divinylbenzene copolymer columns (PSS SDV) at a rate of 1 mL
min~". A linear polystyrene standard was used for calibration, which
causes deviations from expected molecular masses. UV—vis trans-
mission spectra were recorded on a Lambda 750 instrument
(PerkinElmer Inc., USA) equipped with a 100 mm integrating sphere
from 500 to 248 nm with a 4 nm increment on 1 mm cuvettes with a
drop-cast film of the sample. Rheological measurements were carried
out on an Anton Paar Physica MCR 301 rheometer equipped with a
CTD450 convection oven. Thin films (500 um thick, 25 mm
diameter) of the samples were compression-molded in a heatable
press (Specac, 60 °C, 2 t, 1 min, baking paper for separation) and
measured in oscillation mode using the PP25 measuring system with
25 mm plate diameter and a plate-to-plate distance of 0.5 mm. The
measurements were conducted in the temperature range where the
materials are present as a melt. The measurement starts at 70 °C; the
temperature was increased to 120 °C, held for 1 h, and subsequently
decreased to 70 °C. This temperature was held constant until the
sample solidifies. STEM measurements were performed on a cold
field emission gun TEM/STEM (JEOL JEM-ARM 200F) instrument,
operated at an accelerating voltage of 200 kV and equipped with a
STEM Cs corrector (CESCOR; CEOS GmbH Heidelberg). Images
were obtained using a high angle annular bright-field (ABF) detector
with a camera length of 8 cm. The sample was prepared by the
ultramicrotomy technique with a thickness of about 20 nm and put on
a copper grid coated with thin pure carbon holey film.

Synthesis. 3-Acetylaminopropanol (1).?> A mixture of isopro-
penyl acetate (25.97 g, 28.57 mL, 259.36 mmol) and 3-amino-
propanol (5.0 g, 5.1 mL, 64.84 mmol) was heated at 60 °C for3hina
sealed vial. After the reaction was finished the residual isopropenyl
acetate and acetone were distilled off under vacuum. The product was
obtained as a yellow oil and used without further purification to
synthesize 2. Yield: 7.60 g (64.84 mmol, 100%). "H NMR (300 MHz,
CDCL,): 5 6.80 (s, 1H, H8 or H4), 4.12 (1H, HS or H4), 3.58 (t, ] =
5.7 Hz, 2H, H1), 3.32 (td, ] = 6.0 Hz, 2H, H3), 1.93 (s, 3H, H7), 1.63
(quint, 2H, H2). *C NMR (75 MHz, CDCL;): § 171.64 (CS5), 59.40
(C1), 36.56 (C3), 32.05 (C2), 23.03 (C7).

3-Acetamidopropyl Methacrylate (2). To a stirred solution of 3-
acetylaminopropanol (1) (7.60 g, 64.84 mmol, 1.0 equiv) and
triethylamine (7.87 g, 10.94 mL, 77.81 mmol, 1.2 equiv) in anhydrous
CH,Cl, (170 mL) a solution of methacryloyl chloride (8.13 g, 77.81
mmol, 1.2 equiv) in anhydrous CH,Cl, (20 mL) was added dropwise
at 0 °C. After complete addition, the mixture was allowed to warm to
room temperature and stirred overnight. The orange slurry was
concentrated to half of the volume, cooled to 0 °C, and filtered; the
filtrate was extracted with water (2 X 25 mL). Afterward, the organic
phase was separated, dried over MgSO,, and concentrated in vacuo.
The crude product was obtained as an orange oil. After purification
via distillation in vacuo (132 °C, 7 X 107 mbar) pure 2 could be
obtained as a colorless oil. Yield: 10.77 g (58.13 mmol, 90%). 'H
NMR (300 MHz, CDCly): § 6.14—6.02 (m, ] = 1.5, 1.0 Hz, 2H, H12,
and H4), 5.58—5.50 (m, 1H, H12), 4.18 (t, ] = 6.0 Hz, 2H, H1), 3.28
(td, J = 6.0 Hz, 2H, H3), 1.95 (s, 3H, H7), 1.92—1.90 (m, 3H, H13),
1.85 (quint, J = 6.0 Hz, 2H, H2). '*C NMR (75 MHz, CDCL,): §
170.34 (CS5), 167.65 (C9), 136.24 (C11), 125.83 (C12), 62.26 (C1),
36.47 (C3), 28.79 (C2), 23.31 (C7), 18.35 (C13). CHNy,,
(CsH;sNO;): C, 58.36; H, 8.16; N, 7.56. CHN,,,: C, 57.68; H,
8.10; N, 7.22. IR: v = 3290 v(N—H), w; 3088 v(N—H) w; 2960,
2931, 2871 (m, v(C—H)); 1716 (s, v(C=0)); 1639 (s, amide I

v(C=0)); 1551 (s, amide II v(C—N) with contributions of §(N—
H)); 1443 (m, 5(C—H)); 1294 (s, v(C—0O—-C)) cm™.

2-(4-Butylureido)ethyl Methacrylate (3). 2-Isocynatoethyl meth-
acrylate (1 g, 6.44 mmol) was dissolved in absolute dichloromethane
(30 mL), and n-butylamine (0.47 g, 0.64 mL, 6.44 mmol) was added
dropwise. The colorless precipitate was filtered off and dried in vacuo.
Yield: 1.47 g (6.44 mmol, 100%). '"H NMR (400 MHz, CDCLy): &
6.19—6.07 (m, 1H, H1), 5.64—5.53 (m, 1H, H1), 4.68 (s, 1H, H9 or
H11), 4.44 (s, 1H, H1, H9 or H11), 4.24 (t, ] = 5.4 Hz, 2H, H6), 3.50
(g, ] = 5.4 Hz, 2H, H8), 3.18-3.11 (m, 2H, H12), 1.94 (s, 3H, H4),
1.52—1.42 (m, 2H, H13), 1.41-1.27 (m, 2H, HIS), 091 (t, ] = 7.3
Hz, 3H, H16). *C NMR (75 MHz, CDCL,): § 167.73 (CS), 158.12
(C10), 136.22 (C2), 126.11 (C1), 64.37 (C6), 40.54 (C8), 39.88
(C12), 32.38 (C13),20.15 (C4), 18.44 (C15), 13.89 (C16). CHNye,
(CyoH;;NO,): C: 57.87; H: 8.83; N: 12.27. CHN,,: C, 57.78; H,
8.57; N, 12.23. IR: v = 3336 (w, v(N—H)); 2964, 2931, 2858 (m,
v(C—H)); 1708 (s, v(C=0)); 1618 (s, amide I v(C=0)); 1574 (s,
amide II (C—N) with contributions of (N—H)); 1446 (m, §(C—
H)); 1292 (s, v(C—0-C)) cm™%

2-(2-Hydroxyethyl)-3a,4,7,7a-Tetrahydro-1H-4,7-epoxyisoin-
dole-1,3(2H)-dione (4). A solution of 4,7,7a-tetrahydro-4,7-epoxyiso-
benzofuran-1,3-dione (10 g, 60.3 mmol) in methanol (250 mL) was
purged with nitrogen for 10 min in an ice bath. Subsequently,
ethanolamine (4 mL, 60.3 mmol) and triethylamine (6.10 g, 8.4 mL,
60.3 mmol) were added. The reaction mixture was allowed to warm
up, and the temperature was increased to 70 °C for 20 h.
Subsequently, ethanolamine (0.4 mL, 6.0 mmol) was added, and
stirring was continued for 2 h at 70 °C. The solution turned pale
yellow. After cooling to room temperature, the solution volume was
reduced and stored at —18 °C. The precipitate was collected by
vacuum filtration washed with isopropanol and used without further
purification. Dissolving the solid in isopropanol and storing it at —18
°C leads to crystalline 4. Yield: 10.72 g (51.25 mmol, 85%). 'H NMR
(300 MHz, CDCl3): § 6.53—6.48 (m, 2H, H1&2), 5.27 (t, ] = 0.9 Hz,
2H, H3&6), 3.79-3.72 (m, 2H, H14), 3.71-3.63 (m, 2H, H13), 2.88
(s, 2H, H4&S5), 2.37 (s, 1H, H1S). *C NMR (75 MHz, CDCL,): §
176.92 (C7/9), 136.67 (C1/2), 81.15(C3/6), 60.57 (C14), 47.65
(C4/5), 41.97 (C13). CHNy,, (C,oH;;NO,): C: 57.41; H: 5.30; N:
6.70. CHN,,, C: 57.85; H: 5.56; N 6.72.

Furfuryl methacrylate (FMA) (5)** and 2-(1,3-dioxo-3a,4,7,7a-
tetrahydro-1H-4,7-epoxyisoindol-2(3H)-yl)ethyl methacrylate
(MIMA, 6)*° were synthesized according to literature procedures.
NMR and IR spectra can be found in SI2.

General Procedure for the Synthesis of Copolymers P1—P3 via
ATRP. BMA (100 equiv, 13.86 mL, 86.0 mmol), FMA (1.34 g) or
MIMA (2.49 g) each 10 equiv (8.6 mmol), according to the polymer,
and anhydrous toluene (54 mL) were mixed under an argon
atmosphere. The mixture was degassed using four freeze—pump—
thaw cycles. To the frozen mixture CuBr (1 equiv, 124 mg, 0.86
mmol) and HMTETA (1 equiv, 224 uL, 0.86 mmol) were added, and
another two vacuum—argon cycles were performed. The reaction was
carried out after addition of degassed EBiB (1 equiv, 126 uL, 0.86
mmol) by heating the mixture at 70 °C for 16 h. The polymers (listed
in Table 1) were purified by passing the solution through an alumina

Table 1. Polymers Prepared via ATRP

polymer yield [%] dSg [%] dSy [%] dSy [%] PDI
P1 pBMA 84 - - - 1.52
P2 FMAcoBMA 85 8.33 - - 1.66
P3 MIMAcoBMA 60 - - 6.0 2.40

column (active, neutral) to remove the catalyst. The polymers were
precipitated from concentrated THF solution two times in ice-cold n-
hexane and dried at room temperature under reduced pressure. Parts
of the polymer samples were analyzed by SEC and 'H NMR to
determine the molar mass and molar mass distribution.

P1. 'H NMR (300 MHz, CDCL,): § 4.10—3.82 (m, 1H, OCH,),
2.14—0.59 (m, 6H, pBMA backbone). IR: v = 2958, 2931, 2874 (m,
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v(C-H)); 1720 (s, v(C=0)); 1460 (m, §(C—H)); 1386 (m,
5(CH,)); 1242—1142 (s, v(C—0-C)); 746 (m, p((CH,),)) cm™.

P2. 'H NMR (300 MHz, CDCL): § 7.42 (s, 1H), 6.44—6.29 (m,
2H), 5.02—4.88 (m, 2H), 4.08—3.81 (m, 21H), 2.12—0.64 (m,
140H). IR: v = 2958, 2931, 2874 (m, v(C—H)); 1720 (s, v(C=0));
1460 (m, §(C—H)); 1386 (m, 5(CH,)); 1242—1142 (s, v(C—O—
C)); 746 (m, p((CH,),)) em™".

P3. '"H NMR (300 MHz, CDCL,): § 6.58—6.45 (m, 1H), 5.32—
5.15 (m, 1H), 4.13—3.81 (m, 24H), 3.68—3.48 (m, 1H), 2.91-2.79
(m, 1H), 2.14-0.62 (m, 149H). P3 deprotected: 'H NMR (400
MHz, CDCL): § 6.80—6.68 (m, 1H), 4.05—3.83 (m, 20H), 3.67—
3.54 (m, 1H), 2.18—0.51 (m, 132H). IR: v = 2958, 2931, 2874 (m,
v(C—H)); 1720 (s, v(C=0)); 1460 (m, 5(C—H)); 1403 (m, 5(C—
N)); 1386 (m, 5(CH,)); 1242—1142 (s, v(C—0—-C)); 746 (m,
p((CH,),)) cm™". P3 deprotected: same signals +696 §(maleimide)
cm™L
General Procedure for the Synthesis of Copolymers P4—P6 via
ARGET ATRP. BMA (100 equiv, 13.86 mL, 86.0 mmol), a hydrogen
bond forming monomer (H1 = 3-acetamidopropyl methacrylate (1.59
g) (2), H2 = 2-(3-butylureido)ethyl methacrylate (1.96 g) (3)), FMA
(5) (1.34 g), MIMA (6) (2.49 g) (each 10 equiv, 8.6 mmol), and
anhydrous toluene (54 mL) were mixed under an argon atmosphere.
The mixture was degassed using four freeze—pump—thaw cycles. In
the case of H2 (3) absolute methanol (3 mL) were added to ensure
complete dissolution. To the frozen mixture CuBr (1 equiv, 124 mg,
0.86 mmol) and HMTETA (1 equiv, 224 uL, 0.86 mmol) were
added, and another two vacuum—argon cycles were carried out. The
reaction was carried out after addition of degassed EBiB (1 equiv, 126
uL, 0.86 mmol) by heating the mixture at 70 °C for 12 h. Because of
the low conversion, fresh HMTETA (1 equiv, 224 uL) and H,NNH,-
H,O0 (200 uL = 0.206 mg — 80% 0.165 mg = 3.29 yumol) were added
to the reaction mixture, and stirring was continued for another 12 h at
70 °C. The polymers (listed in Table 2) were purified by passing the

Table 2. Polymers Prepared via ARGET ATRP

yield dSp dSy  dSy
polymer [%] [%] [%] [%] PDI
P4 BMAcoH1 69 - - - 1.60
PS FMAcoMIMAcoBMAcoH]1 = 75 7.5 6.6 7.0 3.28
EKHI,
P6 FMAcoMIMAcoBMAcoH2 = 62 7.0 4.3 9.9 2.07
EKH2,

solution through an alumina column (active, neutral) to remove the
catalyst. The polymers were precipitated from concentrated THF
solution two times in ice-cold n-hexane and dried at room
temperature under reduced pressure. Parts of the polymer samples
were analyzed by SEC and 'H NMR to determine the molar mass,
molar mass distribution, and dS.

P4. 'H NMR (300 MHz, CDCl;): § 4.08—3.85 (m, 15H), 3.44—
3.25 (m, 1H), 2.11-0.63 (m, 100H). IR: v = 3396 (w, v(N—H));
2958, 2931, 2874 (m, v(C—H)); 1720 (s, v(C=0)); 1460 (m, §(C—
H)); 1533 (m, v(C—N) and §(N—H)); 1388 (m, v(C—N)), 1386
(m, 5(CHy)); 1242-1142 (s, 1(C-0-C)); 746 (s, p((CH,),))
cm™.

P5. '"H NMR (400 MHz, CDCl,): § 7.51-7.34 (m, 1H), 6.64—
6.48 (m, 2H), 6.48—6.29 (m, ] = 19.8 Hz, 2H), 5.34—5.18 (m, 1H),
5.06—4.88 (m, 1H), 4.19—3.83 (m, 22H), 3.83—3.68 (m, 2H), 3.48—
3.24 (m, 2H), 3.10—2.86 (m, 1H), 2.33—0.48 (m, 163H). IR: v =

3396 (w, v(N—H)), 2958, 2931, 2874 (m, v(C—H)); 1720 (s, »(C=
0)); 1460 (m, §(C—H)), 1525 (m, (C=N) and 5(N—H)); 1392
(m, v(C—N)), 1386 (m, 5(CH,)); 1242—1142 (s, v(C—0-C)); 746
(m, p((CH,),)) em™".

P6. 'H NMR (400 MHz, CDCL;): § 7.40 (s, 1H), 6.51 (d, J = 16.7
Hz, 1H), 6.34 (d, ] = 20.6 Hz, 2H), 5.26 (s, 2H), 4.94 (s, 2H), 3.91
(s, 22H), 3.78 (dd, J = 14.9, 9.6 Hz, 2H), 3.50 (s, 2H), 3.17 (s, 2H),
2.96 (s, 1H), 2.03—1.69 (m, 21H), 1.69—1.50 (m, 23H), 1.51—1.28
(m, 27H), 1.27—0.57 (m, 73H). IR: v = 3400 (w, v(N—H)); 2958,
2931, 2874 (m, v(C—=H)); 1720 (s, v(C=0)); 1637 (m, amide I
v(C=0)); 1558 (m, amide I v(C—N) with contributions of 5(N—
H)); 1460 (m, §(C—H)); 1392 (m, (v(C—N-C), §(N—H) and
6(CH,))); 1242—1142 (s, v(C—0—-C)); 746 (m, p((CH,),)) cm™".

General Procedure for the Synthesis of Copolymers P7—P10 via
RAFT. BMA (10 equiv, 1.39 mL, 8.6 mmol), a hydrogen bond forming
monomer (H1 = 3-acetamidopropyl methacrylate (159 mg) (2), H2
= 2-(3-butylureido)ethyl methacrylate (196 mg) (3)), 2-isocyano-
toethyl methacrylate (133 mg), FMA () (134 mg), MIMA (6) (249
mg) (each 1 equiv, 0.86 mmol), and anhydrous toluene (5.4 mL)
were mixed under an argon atmosphere. In the case of H2 (3)
absolute methanol (0.3 mL) was added to ensure complete
dissolution. The mixture was degassed using four freeze—pump—
thaw cycles. To the frozen mixture 2-cyanopropan-2-yl benzodithioate
(19 mg, 0.086 mmol) and AIBN (10 mg, 0.061 mmol in 0.5 mL of
toluene (abs) from stock solution, previously degassed) were added,
and two more freeze—pump—thaw cycles were carried out. The
reaction mixture was stirred at 70 °C for 20 h. In the case of the 2-
isocyanotoethyl methacrylate modified polymer (P10), n-butylamine
(55 mg, 0.086 mmol) was added to the reaction mixture after cooling
to room temperature, and stirring was continued for another 12 h.
The polymers (listed in Table 3) were purified by precipitation in ice-
cold n-hexane and dried at room temperature under reduced pressure.
Parts of the polymer samples were analyzed by SEC and 'H NMR to
determine the molar mass and molar mass distribution.

P7. '"H NMR (400 MHz, CDCL,): § 7.49—7.33 (m, 1H), 6.62—
6.46 (m, 2H), 6.46—6.28 (m, J = 21.6 Hz, 2H), 5.35-5.24 (m, ] =
10.8 Hz, 2H), 5.09—4.87 (m, 2H), 4.09—3.83 (m, 21H), 3.83—3.66
(m, J = 6.7 Hz, 3H), 3.04—2.90 (m, 1H), 2.78—2.60 (m, 2H), 2.13—
0.55 (m, 153H). IR: v = 3403 (w, (N—H)); 2958, 2931, 2874 (m,
y(C—H)); 1720 (s, ¥(C=0)); 1460 (m, 5(C—H)); 1535 (m, 1(C—
N) and §(N—H)); 1388 (m, (C—N)); 1386 (m, 5(CH,)); 1242—
1142 (s, v(C—0—C)); 746 (m, p((CH,),)) cm™". P7 deprotected:
same signals +696 §(maleimide) cm™".

P8. '"H NMR (400 MHz, CDCL,): § 7.49—7.33 (m, 1H), 6.62—
6.46 (m, 2H), 6.46—6.28 (m, J = 21.6 Hz, 2H), 5.35-5.24 (m, ] =
10.8 Hz, 2H), 5.09—4.87 (m, 2H), 4.09—3.83 (m, 21H), 3.83—3.66
(m, J = 6.7 Hz, 3H), 3.04—2.90 (m, 1H), 2.78—2.60 (m, 2H), 2.13—
0.55 (m, 153H). IR: v = 3400 (w, (N—H)); 2958, 2931, 2874 (m,
v(C—H)); 1720 (s, v(C=0)); 1637 (m, amide I (C=0); 1558
(m, amide II v(C—N) with contributions of §(N—H)); 1460 (m,
5(C-H)); 1392 (m, v(C—-N-C), §(N—H) and 6(CH,)); 1242—
1142 (s, v(C—0-C)); 746 (m, p((CH,),)) cm™.

P9. '"H NMR (400 MHz, CDCL,): § 7.47—7.32 (m, 1H), 6.59—
6.47 (m, 1H), 6.44—6.28 (m, 2H), 5.31-5.22 (m, 1H), 5.05—4.86
(m, 2H), 4.11-3.83 (m, ] = 58.4 Hz, 19H), 3.81—3.68 (m, 2H), 3.55
(dd, J = 10.5, 5.4 Hz, 2H), 3.04—2.89 (m, 1H), 2.09—1.70 (m, 20H),
1.70—1.49 (m, 22H), 1.51-1.29 (m, 21H), 1.29—0.67 (m, 61H). IR:
v = 2958, 2931, 2874 (m, v(C—H)); 2270 (m, v(OCN)); 1720 (s,
v(C=0)); 1460 (m, 5(C—H)); 1386 (m, 5(CH,)); 1242—1142 (s,
¥(C-0-C)); 746 (m, p((CH,),)) em™.

Table 3. Polymers Prepared via RAFT

polymer yield [%]
P7 FMAcoMIMAcoBMAcoH1 = EKH1y 68
P8 FMAcoMIMAcoBMAcoH2 = EKH2y, 79
P9 FMAcoMIMAcoBMAcoOCN = EKOCNy -
P10 EK(OCN-+amine)y = EKH2y 84
D

dSg [%] dSy [%] dSy [%] PDI
8.6 6.4 5.6 5.51
8.7 6.5 9.8 2.76
9.1 5.9 9.6 -
7.8 5.9 9.4 3.48
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Table 4. Composition of Polymers P1-P10

w X Y Z

P1 pBMA - - - n 14200
P2 pBMAcoFMA - In - 10n 15900
P3 pBMAcoMiMA 1n - - 10n 17000
P4 pBMAcoH1 - - 1n 10n 16100
PS EKH1, In 1n In 10n 20900
Pé6 EKH2, In 1n In 10n 21300
P7 EKHIy In In In 10n 20900
P8 EKH2y, In In In 10n 21300
P9 EK(OCN)g 1n In 1n 10n 20600
P10 EK(OCN-+amine)y In In 1n 10n 21300

M, theor [g/mol]

M, 'H NMR [g/mol] M, SEC [g/mol] PDISEC T, (‘/,Ac,) [°C]

13100 17200 1.52 29
14800 21800 1.66 26
15800 11800 2.40 30
15600 19200 1.60 34
17800 16500 325 63
16800 20300 2.07 63
16500 9070 S.51 53
19400 17000 2.76 S3
18500 - - 63
postmod 18000 3.48 61

P10. '"H NMR (400 MHz, CDCL;): § 7.42 (s, 1H), 6.59—6.50 (m,
1H), 6.45—6.31 (m, 2H), 5.32—5.22 (m, 2H), 5.04—4.89 (m, 2H),
4.12—3.84 (m, 22H), 3.86—3.70 (m, 3H), 3.63—3.41 (m, 2H), 3.27—
3.12 (m, 2H), 3.06—2.90 (m, 1H), 2.10—1.71 (m, 22H), 1.71-1.53
(m, 29H), 1.53—1.30 (m, 28H), 1.30—0.55 (m, 74H). IR: v = 3400
(w, v(N=H)); 2958, 2931, 2874 (m, v(C—H)); 1720 (s, v(C=0));
1637 (m, amide I v(C=0)); 1558 (m, amide II v(C—N) with
contributions of §(N—H)); 1460 (m, §(C—H)); 1392 (m, v(C—N-—
C), 8(N—H) and §(CH,)); 1242—1142 (s, v(C—0—-C)); 746 (m,
p((CH,),)) em™.

Synthesis of Octafunctional Hydrogen Bond Bearing
Spherosilicate.”” Tetraethyl orthosilicate was condensed with
tetramethylammonium pentahydrate to an SiO, octaanion, which
was transferred to the Si—H terminated cube by conversion with
dimethylchlorosilane.***” Hydrosilylation with @-bromoalkenes re-
sulted in cubes, which could be further converted with NaNj to the
corresponding azides. After catalytic reduction to the amine, the
highly reactive cube could be converted with propyl isocyanate to the
desired hydrogen bond bearing spherosilicate.”

Synthesis of Composites (C1—C5). The hybrid materials C1—
CS (Scheme 2 and Table 4) were synthesized by mixing (a) P1 with
C6U = C1 (control) with OctaUreaPOSS (C6U), (b) P1, P2, and P3
with C6U = C2, (c) P2, P3, and P4 with C6U = C3, (d) one-
component polymer EKH1, = (P5) with C6U = C4, and (e) one-
component polymer EKH2p = (P6) with C6U = C5. The polymers
or polymer mixtures (500 mg in total, 167 mg each) were dissolved in
THF (S mL) and C6U (125 mg, M,, = 2478.20 g/mol, 0.05 mmol) in
methanol (10 mL). After mixing, the solvents were evaporated at
room temperature in a vacuum, and the respective precipitated solid
was pressed into a Teflon mold. The deprotection of maleimide in
MIMA (6) containing hybrid materials (C2—CS) was performed in
the bulk material for 30 min at 120 °C. Cross-linking was realized by
heating the samples at 70 °C for 20 h.

3. RESULTS AND DISCUSSION

Synthesis and Characterization of Polymers P1-P10.
Polymers containing DA as well as hydrogen donor and
acceptor functions were synthesized via controlled radical
polymerization (CRP), in particular ATRP, ARGET ATRP, or
RAFT. In the present work, we decided to locate the diene as
well as the dieonophile in the polymer matrix to ascertain a
high degree of freedom of these chemical reaction partners.
Applying this approach, it can be guaranteed that the
maleimide and furan functional groups are statistical
distributed and therefore equal in their availability to undergo
DA reaction.'® As a second reversible network, we introduced
amide and urea motifs as supramolecular units because of their
ability to form hydrogen bonds. The precursors are
commercially available and the monomers can be produced
in one or two reaction steps. Hydrogen bonds equilibrate at
room temperature after damage and according to that a
reconnection of cut interfaces at or below nanometer scale is

immediately possible to ensure the proximity of DA moieties.
Scheme 1 and Table 4 summarize the synthesized polymers.

Scheme 1. Statistical Copolymers P1—-P10
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All macromolecules were statistic copolymers from butyl
methacrylate, furfuryl methacrylate (5 = R,), protected
maleimidoethyl methacrylate (6 = R,), and a hydrogen bond
building moiety, namely 3-acetamidopropyl methacrylate (2 =
R;), 2-(4-butylureido)ethyl methacrylate (3 = R;), or 2-
isocyanatoethyl methacrylate (R;) as functional monomers
(Scheme 1 and Table 4). The protection of maleimide is
necessary because otherwise cross-linking with the reactive
maleimide double bond would occur.” The main component
within the polymer is butyl methacrylate (70—90 equiv), and
each functional monomer was applied in 10 equiv.

P1-P3 containing only BMA, FMA, and protected MIMA
could be polymerized similar to literature known procedures
applying a Cu(I)-catalyzed ATRP using HMTEA as a
ligand.>** When hydrogen bond donors, particulary nitrogen
donors, were added to the mixture, only very little conversion
was observed. Literature procedures describe the polymer-
ization of 3-acetamidopropyl methacrylate (2 = Ry = H1)
applying an ATRP with CuBr PMDETA catalyst in DMF.”” In
our systems, the polymerization remained quite incomplete.
Trying to polymerize hydrogen bond bearing 2-(4-
butylureido)ethyl methacrylate (3 = Ry = H2) under the
same conditions, almost no conversion was obtained after 16 h.
Adjusting the reaction conditions to an ARGET ATRP like
polymerization instead, even the strong donating monomers
could be polymerized in high quantity (up to 90%).
[CuBr(HMTETA)]Br seems to be not stable long enough
under the given reaction conditions. Therefore, hydrazine
hydrate was applied as reducing agent. In addition, fresh ligand
was added after 12 h, and the desired products (P4—P6) could
be synthesized in up to 95% conversion (as determined by 'H
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Figure 1. '"H NMR of one-component polymer EKH2, = P6.

NMR). SEC measurements revealed a rather broad mass
distribution (PDI 1.52—2.40). The highest value was
obtained for maleimide containing P3, presumably because
of impurities of small amounts of deprotected maleimide,
which can undergo irreversible cross-linking.” The obtained
one-component polymers are soluble in common organic
solvents such as acetone, CHCl;, or THF.

As an alternative route a reversible addition—fragmentation
chain transfer (RAFT) polymerization was applied because it
tolerates more functional groups than ATRP and requires no
metal catalyst. Using 2-cyanopropan-2-yl benzodithioate as
RAFT agent and AIBN as initiator, the hydrogen bond bearing
monomers could be incorporated without difficulties within
the polymer. As the urea bearing monomer (3) is insoluble in
toluene, a small amount of methanol had to be added to the
mixture. To keep the reaction parameters more similar to the
polymerization of EKH1, (P5) and EKHI1, (P7), the
polymerization of the 2-isocyanotoethyl methacrylate was
also investigated. The successful polymerizations of isocyanates
in RAFT have been described before.””*' In a post-
modification, the crude polymer could be directly converted
with n-butylamine to the desired EKH2 (P10). Conversions
of 79—91% were obtained, and molar mass distributions from
PDI = 2.76—5.51 were determined.

"H NMR spectra were used to verify that there are no
unreacted monomers left after work-up. The degree of
substitution was determined by setting the integral of all
OCH, signals (at 3.93 and 4.96 ppm), which represents the
complete polymer backbone, in relation to one proton of each
functional comonomer. SEC measurements revealed that the
PDIs are between 1.5 and S.5. The reason for these relatively
broad molar mass distributions, in particular, when maleimide
participates within the reaction, is mentioned above. However,
the obtained polymer chains are still soluble and linear and
have low molecular weights (below 22000 g/mol). The desired

functional monomers were incorporated in a good substitution
degree (dS = 4.3-9.9%).

Figure 1 displays the '"H NMR of one-component polymer
EKH2, = P6. The red dots at 7.42, 6.37, and 4.96 ppm
indicate protons belonging to the furan moiety, the green dots
at 6.55, 5.28, 3.76, and 2.98 ppm show the signals of protected
maleimide group, and the blue dots at 3.52 and 3.19 ppm show
the CH,N groups of copolymerized urea derivative. After
ARGET ATRP, furan was found in 7.0%, protected maleimide
in 4.3%, and 2-(4-butylureido)ethyl methacrylate (3 = H2) in
9.9% for EKH2, = P6. By use of RAFT polymerization for
EKH2y = P8, a substitution degree of 8.7% for furan, 6.5%
protected maleimide, and 9.8% for 3 (H2) was observed. 'H
NMR spectra and degree of substitution of all other polymers
can be found in the Supporting Information.

By comparison of the IR spectra of functional polymers with
the pure pBMA polymer P1, the incorporation of functional
groups could be further verified (Figure 2). Pure pBMA shows
similar bands like PMMA: 2958—2874 cm™' C—H stretching,
1720 cm™' C=0 stretching, 1460 cm™ C-H bending, 1386
and 746 cm™' a-CHj,-vibration, 1242—1142 cm™ C-0-C
stretching. The functional polymer shows additional peaks,
which are typical for the urea structure motive. At 3400 cm™"
the N—H stretching vibration, at 1637 cm™' amide I (C=0
stretching), 1558 cm™" amide II bands (C—N stretching with
contributions of N—H bending), and 1392 cm™ (C—-N-C
stretching, N—H deformation and CH; deformation).””** The
H2 monomer (3) shows the corresponding peaks at 3336,
1620, 1574, and 1382 cm™. Further IR spectra can be found in
the Supporting Information.

Analysis of Polymers via DSC. All polymers were
analyzed using DSC by cooling the samples to —25 °C and
heating to 200 °C twice. The presence of only one T in all
polymers evidences an ideal miscibility and a homogeneous,
statistical distribution of of each comonomer (Table 4 and
Figure 3).34
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Figure 2. Comparison of IR spectra of pure pBMA with functional
one-component polymers EKH,.
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Figure 3. DSC measurements of second heating curve to determine
the glass transition temperature from P1—-PS.

The T isa function of molecular weight, amount, chemical
nature of side chains, the thermal history of a polymer, and the
cross-linking between the single chains. In polymers containing
the maximum number of two comonomers (P1—P4) the glass
transition is significantly lower with 26—34 °C, while in one-
component polymers consisting of four comonomers (PS—
P12) the Tg's are between 53 and 63 °C. The T's were
analyzed using the second heating curve, in which cross-linking
of single polymer chains already took place to a certain
amount. Consequently, the Tg’s of PS—P12 are about 20—30
°C higher than those of P1—P4 (Table 4). A second effect
should be the hydrogen bond forming side chains on a
hydrogen bond forming spine, which makes an interlock more
probable and thus leads also to an increased T,. All protected
maleimide-containing polymers (P3, PS—P10) show a broad
endothermic signal between 100 and 200 °C belonging to the
rDA reaction in the first heating cycle, which corresponds to
the deprotection of maleimide and evaporation of furan
(compare Figure 5). DSC curves of other polymers (P6—P10)
are displayed in the Supporting Information (Figure S28).

FTIR spectra (Figure 4) show the appearance of maleimide
deformation band after deprotection of the polymer PS in
bulk. This observation further confirms that after synthesis all
maleimide moieties are still protected. After heating to 120 °C
for 30 min, a small and sharp signal at 696 cm™' for ring
deformation can be detected, which indicates free, unpro-
tected, and intact maleimide.

0,25
0,20
0,154

%109 7&4

0,051 696 cm”
ring deformation band of free maleimide

Normalized Intensity

0,00
—— P6 protected

—— Pb deprotected
-0,05 T T T T T T
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Wellenzahl [cm™]

Figure 4. Observation of maleimide deformation band as indicator for
successful deprotection of polymer PS.

The DSC curve in Figure 5 shows the deprotection of
EKH2p (P8) in the first heating cycle, which causes the high

lexo
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Figure 5. DA/rDA cycles of P8 = EKH2y.

endothermic signal (32.3 J/g) between 120 and 200 °C.
Because of the evaporation energy of furan, the signal is much
higher than the one in the second heating cycle. During the
measurement, the sample passes the DA temperature and thus
parts of the one-component polymer cross-link. Upon the
second heating to rDA temperature, the de-cross-linking causes
an endothermic signal (4.2 J/g).

The FTIR and DSC measurements show the efficient
reversibility of synthesized one-component polymer P9.

Synthesis of Composites. Hybrid materials (Scheme 2
and Table S5) were synthesized by mixing (a) P1 with
OctaUreaPOSS (C6U) = C1 (control), (b) P1, P2, and P3
with C6U = C2, (c) P2, P3, and P4 with C6U = C3, (d) one-
component polymer EKH1, = PS with C6U = C4, and (e)
one-component polymer EKH2, = P8 with C6U = CS in an
appropriate solvent mixture. C1 is the pure nonfunctional
pBMA mixed with the filler as a control experiment. C2 also
misses hydrogen bonds within the matrix but has the DA
moieties for covalent cross-linking. C3 is a mixture of all
desired functions, but each is located in its own polymer. C4 is
the one-component matrix bearing amide and CS$ the one that
is bearing urea groups in the backbone. By investigation of
these different compositions, the contributions of the single
forces should be judged.

For a good solubility the polymers were dissolved in THF
and C6U in methanol. After mixing, the solvents were
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Scheme 2. General Procedure for Synthesis of Hybrid Materials: (1) Dissolve and Mix Components in THF/Methanol (20 wt
% C6U); (2) Evaporate Solvent; (3) Placing Solid Mixture in Teflon Mold, Heating Sample at 120 °C, 30 min (Deprotection)

and 70 °C, 20 h (Cross-Linking)
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- N
evaporated at room temperature in a vacuum and the
respective precipitated solid was pressed into a Teflon mold. L~
In Figure 6, the resulting hybrid material specimens with 1

mm thickness and edge length of 1 cm X 1 cm of C1, C2, C3,

>y lcm x 1cm x

c3

Figure 6. Images of hybrid materials C1, C2, C3, and CS.

and C$S are shown. In C1 and C2 a macroscopically visible
inhomogeneous distribution was found, although the solvent
was evaporated during stirring, while C3, C4, and CS show a
uniform material (Figure 6).

The deprotection of maleimide in MIMA (6) containing
hybrid materials (C2—CS5) was performed by heating the bulk
material to 120 °C for 30 min. Subsequently, the materials
were cross-linked by heating the specimens at 70 °C for 20 h.

Reversibility of DA Reaction in Hybrid Materials.
FTIR measurements (Figure 7) confirm the incorporation of
C6U by the appearance of typical Si—O—Si bonds and the
cage deformation vibration at 557 cm™'. The position of the
N—H vibration can be seen as an indicator that hydrogen
bonds are formed. In dilute solutions, the signals for the urea
N-H bond is typically observed around 3400 cm™, which
means no hydrogen bonds are formed. In bulk, the lower
wavenumber of 3300 cm™ indicates hydrogen bonds within
the hybrid material.*>** The presence of only one N—H
vibration at 3336 cm™' indicates the formation of a dynamic

I : r T T T T g T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber [cm™]

Figure 7. IR spectra of P11 and C6U = CS.

hydrogen bond network, formed between filler and matrix.
Further IR spectra of composites are shown in Figure S29.

Although the absorbance of urea groups (0.4 mmol in 125
mg of C6U) cause strong vibrations, the typical maleimide
(maximum 0.24 mmol in 500 mg of P5) deformation vibration
at 696 cm™' becomes visible after deprotection of the hybrid
material in bulk. After cross-linking at 70 °C for 20 h, this
vibration disappears again, which indicates cross-linking within
the material.

DSC measurements from —25 to 200 °C with a heating rate
of 10 K/min were used to visualize DA cycles by thermal
treatment of the composites. Although temperatures up to 200
°C could lead to polymerization and decomposition of
maleimides in the sample, this temperature program was
chosen to display the whole energy consumption of rDA
reaction. For the one-component cross-linked composite CS,
the first heating cycle show a broad endothermic signal from
100 to 200 °C of 18.5 J/g (Figure 8).

The T, signal is located around $3 °C, like in the initial
polymer, but it should be considered that the signal may have
contributions from the DA reaction. After the first depro-
tection within DSC measurement, the sample is maximum 22
min in the DA temperature range, which is quite a short time
to reconnect for the DA groups compared to the normally
applied 20 h in bulk. However, the appearance of the rDA
signal with 3.1 J/g in the second heating cycle shows that
cross-linking took place. Directly after that, the sample was
heated isothermal at 70 °C for 20 h in DSC (Figure 8, third
heating). This heating represents the experimental conditions,

like they are applied for the bulk material. A signal of 4.4 J/g
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Figure 8. DA/rDA cycles of CS.

which is 15% higher was observed compared to the short cross-
linking time of 22 min in DSC.

The DSC measurements display a good reversibility of DA
reactions in this hybrid material. Situating the DA functional
groups only within the matrix polymers seems to be
advantageous compared to sgrstems where the groups are
located on inorganic surfaces.'’ Even with a high filler content
of 20 wt % the spherosilicate does not limit the DA reaction, as
can be concluded from the rDA signal after cross-linking of CS.
The hybrid material shows a signal of 3.1, and the pure
polymer EKH2; (P8, Figure S) shows a signal of 4.2 J/g after
short cross-linking time of 22 min.

Self-Healing Studies. *C CP MAS NMR measurements
were conducted to follow the cross-linking ability of the
produced materials. The measurements were performed on
protected PS and cross-linked C4 (Figure 9).

= pBMA backbongg
=

o.

O~
C=0

o
\
.
0
= >
(o
b
ks
0.
“
e
o
Lo

> ~/
G)y=olL
DCR'O 3=ol
=
D 5 Polym A

G | JIMEH KL BD ®
L} 0000 O e < U\
< © oM O o o
[<2) OO O — D —
- —Feer - ~ ®©

Al

—— C4 crosslinked
—— PS5 protected
T T

T T T
200 150 100 50 0
3 [ppm]

Figure 9. C CP-MAS NMR spectra of protected PS5 and cross-
linked composite C4.

In 3C CP-MAS NMR, the ratio of signals that belong to
DA/rDA can be visualized. The colored dots in Figure 9
indicate the relevant peaks, which are the signals of the CH,
group next to maleimide nitrogen at 41 ppm, the bridgehead
carbons of the C—O—C motive in the DA product at 81 and
89 ppm, and the double bond of the DA adduct at 137 ppm.
After deprotection the signals at 130 and 166 ppm of free
maleimide became visible. The signals at 110, 143, and 149
ppm belong to the four carbon atom signals of the furan ring
and at 194 ppm the characteristic signals for the C=0 group

of the imide can be observed. The successful incorporation of
spherosilicates is indicated by the signal of Si—CH; groups at 0
ppm. *’Si CP-MAS NMR spectra of composite C4 evidence
that the silica framework remains intact and in its original high
symmetry, as indicated by only two sharp signals: —11.99 ppm
(OSi(CH;),R) and —109.21 ppm (SiOSi) (Figure 10). This
spectrum is in good agreement with solution *?Si NMR of the
pure compound C6U.

11.99

-109.21

T T T T
200 100 0 -100 -200
3 [ppm]

Figure 10. *Si CP-MAS of cross-linked composite C4.

UV-vis measurements were performed to follow the DA
reaction as a function of temperature within 24 h (Figure 11).
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Figure 11. UV-vis spectra followed over time during the cross-linking
reaction of C4 at 70 °C.

A comparison of the free maleimide UV-vis absorption around
284 nm was used to plot the conversion over time (Figure 12).
Cross-linking proceeds mostly within the first 4 h. A
conversion of 80% was reached already within this short
period in the pure polymer P8 (Figures S37—39) as well as in
the hybrid material (C4). These results show that the reactivity
of the one-component polymer is not decreased by the
addition of C6U.

Rheological measurements of pure polymer P8 and hybrid
material C4 were conducted. The storage modulus was
observed over time while the temperature was varied from
70 °C (protected maleimide) to 120 °C for 1 h (deprotection)
and back to 70 °C (cross-linking). In the pure polymer (Figure
S41), an increasing storage modulus was observed after
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Figure 12. DA conversion over time of C4 determined from UV-vis
spectra.

deprotection, upon cooling to the cross-linking temperature of
70 °C. After approximately 1 h at 70 °C, the polymer melt
solidifies, and the observation of storage modulus was no
longer possible. The increasing modulus as well as turning
from polymer melt to a solid already at 70 °C indicates a
successful DA cross-linking reaction within the one-component
polymer.

The same temperature program was applied to the hybrid
material C4, and the same general trend was observed (Figure
13). The ability to measure a storage modulus in the protected
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Figure 13. Temperature dependent rheology measurement of C4.

state of the sample below 80 °C compared to the solidification
of the hybrid material, upon cooling within 10 min, indicates a
successful and rapid DA cross-linking.

STEM images of microtome cutting slices (~20 nm depth)
of C3 were prepared to investigate the nanostructure of the
hybrid material (Figure 14 and Figure S42). The images show
a homogeneous distribution of C6U within the hydrogen bond
motive functionalized polymer matrix. No agglomerates could
be found, in neither a low nor a high magnification. Notice that
the black lines in Figure 14 (left) belong to the TEM grid. An
EDX spectrum of this sample was recorded to prove that the
silica nanocages (C6U) are part of the microtome cutting slice
(Figure $43).

Optical Microscope Images: Proof of Principle. Self-
healing studies were performed applyinga 1 cm X 1 cm X 1
mm sample by creating a cut of S mm through the entire
specimen (Figure 15).

As mentioned above, C1 and C2 showed an inhomogeneous
distribution of the urea group bearing spherosilicate C6U.

Figure 14. STEM images of microtome cutting slice (~20 nm depth)
of C3.

Healing experiments were performed identically to the other
samples: a cut was prepared, the interfaces were gently pressed
together at room temperature, the samples were placed in an
oven at 120 °C for 30 min, and treated at 70 °C for 20 h
afterward. Figure S34 shows the control experiment with
composite C1, which only consists of pBMA with the filler
C6U. When the interfaces were pressed together at 30 °C, the
hydrogen bonds of C6U provide close contact. By heating the
sample to 120 °C, the material “healed” almost completely by
simple flowing together of the polymer matrix. However, the
material is significantly softer than the DA-containing hybrid
materials. While C1 “healed” because the material was heated
above T, C2 first seemed to heal quite efficiently, when heated
to 120 °C because it seemed to behave like the pure polymer
matrix (Figure S35). After heating to 70 °C for 20 h, the crack
was still visible, which should be reasoned by a mismatch of the
cut surfaces due to the lack of supramolecular forces.

C3 (Figure S36) healed equally to C4, which is discussed in
the following section. As shown in Figure 15, composites C4
and CS reveal a relatively high self-healing potential. After a
macroscopic damage of several millimeters, the interfaces
could be recombined at 30 °C. Because of a glue-like effect of
hydrogen bonds, the specimens could recombine by gently
pressing the two interfaces together at 30 °C (Figure 15, left d,
right d)).

Healing the sample by thermal treatment led to the
disappearance of the cut in sample C4 (Figure 15, left f) and
to reduction of the crack in sample CS (Figure 15, right, f).
Therefore, the DA groups were de-cross-linked by heating the
sample 30 min at 120 °C. Thus, linear polymer chains can
move again, and a complete closure (C4) and partial closure
(CS) of the cut occurs by the help of newly organized
hydrogen bonds and re-formed DA product after cross-linking
again at 70 °C within 20 h. The difference between C4 and C$
should be attributed to the urea groups within the polymer
matrix, which lowers the mobility of the chains due to stronger
interlock between filler and polymer compared to the amide.

4. CONCLUSIONS

Novel functional pBMA-based hybrid materials containing the
DA moieties FMA and MiMA as well as hydrogen bond
forming monomer H1 or H2 were synthesized. The linear
polymers were prepared via living radical polymerizations
ATRP or RAFT at 70 °C and characterized by 'H NMR, IR,
DSC, and SEC measurements. A homogeneous distribution of
inorganic filler is ensured using spherosilicates modified with
urea groups, which affords two H donors and one H acceptor.
Self-healing was demonstrated using a FTIR, DSC, CP-MAS
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Figure 15. Microscope images of self-healing experiments on samples C4 (left) and CS (right). C4: (a) cut through whole sample; (b, c)
recombination of surfaces; (d) gently pressed together interfaces at 30 °C; (e) de-cross-linked at 120 °C and (f) cross-linked at 70 °C; CS: (a)
initial sample; (b) cut through whole sample; (c) recombination of surfaces; (d) gently pressed together interfaces at 30 °C; (e) de-cross-linked at

120 °C and (f) cross-linked at 70 °C.

NMR, and an optical microscope. DSC measurements showed
high endothermic peak areas between 120 and 200 °C for de-
cross-linking of the DA bonds. Optical microscope images
revealed a promising self-healing ability of the obtained
materials. Cuts of 1 mm depth and at least S mm length
could be healed completely. Localizing both Diels—Alder
moieties within the matrix of the hybrid materials is superior
compared to the Diels—Alder cross-linking between inorganic
filler surface and organic matrix. Furthermore, placing
hydrogen bonds within the polymers leads to a glue-like
effect, which provides immediately close contact of the cut
interfaces. This contact is a necessary condition for effective

healing.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.macro-
mol.8b00601.

'H and "*C NMR spectra of synthesized molecules (1—
10) and polymers (P1-P10), DSC curves (second
heating) of polymers P6—P10, IR spectra of composites
C1-C4, DSC curves of C1—C4, microscope images of
composites C1—C3, UV-vis spectra and time over
conversion plot for P8, rheological measurement for
P8, STEM images and EDX for C3 (PDF)

H AUTHOR INFORMATION

Corresponding Author
*E-mail: guido.kickelbick@uni-saarland.de (G.K.).

ORCID
Guido Kickelbick: 0000-0001-6813-9269

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank ]J. Schmauch for the STEM images of microtome
cutting slices and the INM for providing access to the JEOL
JEM-ARM 200F instrument.

B REFERENCES

(1) Diesendruck, C. E.; Sottos, N. R;; Moore, J. S.; White, S. R.
Biomimetic Self-Healing. Angew. Chem., Int. Ed. 2015, 54, 10428—
10447.

(2) Tasdelen, M. A. Diels—Alder “click” reactions: recent
applications in polymer and material science. Polym. Chem. 2011, 2
(10), 2133-214S.

(3) Ruiz de Luzuriaga, A.; Martin, R.;; Markaide, N.; Rekondo, A,;
Cabanero, G.; Rodriguez, ].; Odriozola, I. Epoxy resin with
exchangeable disulfide crosslinks to obtain reprocessable, repairable
and recyclable fiber-reinforced thermoset composites. Mater. Horiz.
2016, 3, 241—-247.

(4) Thakur, V. K; Kessler, M. R. Self-healing polymer nano-
composite materials: A review. Polymer 2015, 69, 369—383.

(5) Zhong, N.; Post, W. Self-repair of structural and functional
composites with intrinsically self-healing polymer matrices: A review.
Composites, Part A 2015, 69, 226—239.

(6) Arslan, M.; Tasdelen, M. Polymer Nanocomposites via Click
Chemistry Reactions. Polymers 2017, 9, 499.

(7) Adachi, K;; Achimuthu, A. K; Chujo, Y. Synthesis of Organic-
Inorganic Polymer Hybrids Controlled by Diels-Alder Reaction.
Macromolecules 2004, 37, 9793—9797.

(8) Engel, T.; Kickelbick, G. Self-healing nanocomposites from silica
— polymer core — shell nanoparticles. Polym. Int. 2014, 63 (5), 915—
923.

(9) Engel, T.; Kickelbick, G. Thermoreversible Reactions on
Inorganic Nanoparticle Surfaces: Diels—Alder Reactions on Sterically
Crowded Surfaces. Chem. Mater. 2013, 25 (2), 149—157.

(10) Schafer, S.; Kickelbick, G. Self-healing polymer nanocomposites
based on Diels-Alder-reactions with silica nanoparticles: The role of
the polymer matrix. Polymer 2015, 69, 357—368.

(11) Schifer, S.; Kickelbick, G. Diels—Alder Reactions on Surface-
Modified Magnetite/Maghemite Nanoparticles: Application in Self-
Healing Nanocomposites. ACS Appl. Nano Mater. 2018, 1, 2640.

(12) Chuo, T.-W.; Liu, Y.-L. Preparation of self-healing organic—
inorganic nanocomposites with the reactions between methacrylated
polyhedral oligomeric silsesquioxanes and furfurylamine. Compos. Sci.
Technol. 2015, 118, 236—243.

(13) Xu, Z; Zhao, Y.; Wang, X; Lin, T. A thermally healable
polyhedral oligomeric silsesquioxane (POSS) nanocomposite based
on Diels-Alder chemistry. Chem. Commun. 2013, 49 (60), 6755—
6757.

DOI: 10.1021/acs.macromol.8b00601
Macromolecules XXXX, XXX, XXX—XXX



Macromolecules

(14) Engel, T.; Kickelbick, G. Furan-Modified Spherosilicates as
Building Blocks for Self-Healing Materials. Eur. J. Inorg. Chem. 2018,
2015 (7), 1226—1232.

(15) Nasresfahani, A.; Zelisko, P. M. Synthesis of a self-healing
siloxane-based elastomer cross-linked via a furan-modified polyhedral
oligomeric silsesquioxane: investigation of a thermally reversible
silicon-based cross-link. Polym. Chem. 2017, 8 (19), 2942—2952.

(16) Ciferri, A. Bond Scrambling and Network Elasticity. Chem. -
Eur. J. 2009, 15 (28), 6920—6925.

(17) Liu, C. K; Yang, T. J; Shen, J. S.; Lee, S. Some recent results
on crack healing of poly(methyl methacrylate). Eng. Fract. Mech.
2008, 75 (17), 4876—4885.

(18) Fang, X; Zhang, H; Chen, Y; Lin, Y,; Xu, Y.; Weng, W.
Biomimetic Modular Polymer with Tough and Stress Sensing
Properties. Macromolecules 2013, 46 (16), 6566—6574.

(19) Araya-Hermosilla, R.; Broekhuis, A. A.; Picchioni, F. Reversible
polymer networks containing covalent and hydrogen bonding
interactions. Eur. Polym. J. 2014, 50, 127—134.

(20) Araya-Hermosilla, R.; Lima, G. M. R; Raffa, P.; Fortunato, G.;
Pucci, A.; Flores, M. E.; Moreno-Villoslada, I.; Broekhuis, A. A.;
Picchioni, F. Intrinsic self-healing thermoset through covalent and
hydrogen bonding interactions. Eur. Polym. ]J. 2016, 81, 186—197.

(21) Willocq, B.; Khelifa, F.; Brancart, J.; Van Assche, G.; Dubois,
Ph.; Raquez, J.-M. One-component Diels—Alder based polyurethanes:
a unique way to self-heal. RSC Adv. 2017, 7, 48047—48053.

(22) Schifer, S.; Kickelbick, G. Simple and high yield access to
octafunctional azido, amine and urea group bearing cubic
spherosilicates. Dalton Trans 2017, 46 (1), 221-226.

(23) Pelagalli, R.; Chiarotto, L; Feroci, M.; Vecchio, S. Isopropenyl
acetate, a remarkable, cheap and acylating agent of amines under
solvent- and catalyst-free conditions: a systematic investigation. Green
Chem. 2012, 14 (8), 2251.

(24) Kavitha, A. A; Singha, N. K. Atom-Transfer Radical
Copolymerization of Furfuryl Methacrylate (FMA) and Methyl
Methacrylate (MMA): A Thermally-Amendable Copolymer. Macro-
mol. Chem. Phys. 2007, 208 (23), 2569—2577.

(25) Dispinar, T.; Sanyal, R;; Sanyal, A. A Diels-Alder/retro Diels-
Alder strategy to synthesize polymers bearing maleimide side chains. J.
Polym. Sci., Part A: Polym. Chem. 2007, 45 (20), 4545—4551.

(26) Hasegawa, L; Motojima, S. Dimethylvinylsilylation of SizO,o"
silicate anion in methanol solutions of tetramethylammonium silicate.
J. Organomet. Chem. 1992, 441 (3), 373—380.

(27) Dutkiewicz, M.; Maciejewski, H.; Marciniec, B.; Karasiewicz, J.
New Fluorocarbofunctional Spherosilicates: Synthesis and Character-
ization. Organometallics 2011, 30 (8), 2149—2153.

(28) Kaotteritzsch, J.; Stumpf, S.; Hoeppener, S.; Vitz, J.; Hager, M.
D.; Schubert, U. S. One-Component Intrinsic Self-Healing Coatings
Based on Reversible Crosslinking by Diels-Alder Cycloadditions.
Macromol. Chem. Phys. 2013, 214 (14), 1636—1649.

(29) Chen, Y.; Kushner, A. M.; Williams, G. A.; Guan, Z. <34 Yulin
Chent, Aaron M. Kushnerf, Gregory A. Williams and Zhibin Guan
nchem.1314.pdf>. Nat. Chem. 2012, 4, 467—472.

(30) Beck, J. B;; Killops, K. L.; Kang, T.; Sivanandan, K; Bayles, A,;
Mackay, M. E.; Wooley, K. L.; Hawker, C. J. Facile Preparation of
Nanoparticles by Intramolecular Crosslinking of Isocyanate Function-
alized Copolymers. Macromolecules 2009, 42 (15), 5629—5635.

(31) Flores, J. D.; Shin, J.; Hoyle, C. E.; McCormick, C. L. Direct
RAFT polymerization of an unprotected isocyanate-containing
monomer and subsequent structopendant functionalization using
“click”-type reactions. Polym. Chem. 2010, 1 (2), 213—220.

(32) Mido, Y. An infrared study of various dialkylureas in solution.
Spectrochim. Acta 1973, 29 (3), 431—438.

(33) Rao, C. N. R;; Chaturvedi, G. C.; Gosavi, R. K. Infrared spectra
and configurations of alkylurea derivatives: Normal vibrations on N,
N’-dimethyl- and tetramethylurea. J. Mol. Spectrosc. 1968, 28 (4),
526—-535.

(34) Mettler Toledo, Interpreting DSC curves: Part 1: Dynamic
measurementes. User Com 2000, 11, 1-26.

DOI: 10.1021/acs.macromol.8b00601
Macromolecules XXXX, XXX, XXX—XXX



CHAPTER 4 SUMMARY AND OUTLOOK

4 Summary and Outlook

The presented work deals with the question how DA based self-healing nanocomposites and
hybrid materials can be developed with a homogeneous distribution of the filler and high
crosslink density. The thermoreversible healing without the need of an additional healing agent
or mechanical force was realized in a composite material.

Various parameters, such as the role of the polymer matrix, the design of the interface, the
localization of DA functional groups and the effect of a second supporting physically reversible
interaction, namely the hydrogen bonds as supramolecular forces, were investigated with
regard to the healing capacity of the final material.

The first studied system investigated DA surface functionalized silica nanoparticles by
trialkoxysilanes, which were incorporated either in DA modified siloxanes or pBMA to afford
thermoreversible composites (Scheme 40).

@ @ @ i 0-70°C
OO - it <
Eo® = -

Scheme 40: Illustration of DA modified silica particles reacting with corresponding siloxanes to crosslinked
nanocomposite.

This procedure enabled the filler-matrix interface to act as the thermoreversible zone. The low
degree of substitution with functional groups on the linear polymer backbone of pBMA was
identified to be not suitable for the crosslinking with DA coupling agent modified silica
nanoparticles. The reason is a mismatch of the densely localized functional groups on the
particles and the widely distributed ones in the polymer. A better matching was achieved
applying elastomeric siloxanes with side chain or o,w- functionalizations . The lower molecular
weight along with a higher amount of functional groups per chain, compared to pBMA, led to
the desired thermoreversible crosslinking. The ability to heal by the thermoreversible DA
reaction on particle interfaces was shown in a cut-healing experiment on the surface of a
siloxane-particle composite. Due to the rigidity of the composite material, a small amount of
chloroform had to support the interface-rematch. Thus, the necessary mobility of damaged
interfaces for the chemical reaction in the bulk material was realized and the healing took place.
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To further understand the reasons of mismatch between surface functionalized nanoparticles
and polymers, we carried out a cofunctionalization study on the particle surface. As the sol-gel
chemistry led to difficulties, concerning the tendency to form networks, and also the required
relatively high temperature to bind alkoxysilanes onto silica, which are non-favorable working
with temperature sensitive compounds like furan and maleimide, a further optimization was
indicated. Magnetite/maghemite particles provide several advantages, and can be heated by
an external magnetic field. Small spherical nanoparticles can be easily synthesized through a
thermal decomposition reaction. Using metal oxide surfaces, the application of phosphonic
acids as anchoring groups is possible. Contrary to alkoxysilanes, they do not form networks
and consequently they selectively build a monolayer on metal oxides. Phosphonic acids react
readily under mild reaction conditions with the substrate.

Synthesis Cofunctionalization of Spherical Checking of Reactivity on Preliminary Self-Healing

DA Phosphonic Acids Magentite Nanoparticles Particle Surface Experiment
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Scheme 41: Synthesis of monolayer DA phosphonic acid@Fe,O, to examine the limiting factors of DA reaction on
nanoparticle surfaces.

Therefore, four novel different DA phosphonic acids were synthesized (Scheme 41). A suitable
exchange protocol was developed for phosphonic acid against oleic acid, which is bound to
the magnetite/maghemite surface after synthesis. The propyl-/decyl DA and non-functional
methyl phosphonic acid cofunctionalized particles were reacted with methylfuran/maleimide
or the corresponding dodecyl derivatives. The particles with solely DA functional coupling
agent on the surface showed the highest conversion in all cases. But a significant drop in
conversion was observed from small methylfuran/maleimide compared to the corresponding
dodecyl derivatives. This result demonstrated, that rather the sterical situation which is
generated by the DA reaction is the limiting parameter, than the sterical situation on the surface
itself. This has drastic consequences regarding the reaction with polymers. When one polymer
chain, for example is laying along the particle surface, it prevents further reactions to occur.

Consequently, we decided to distribute the DA groups more homogeneously and not to use
them as a reversible force to reconnect the matrix and the filler. Nevertheless, the
homogeneous embedding of the filler should be assured while providing an attractive,
reversible and efficient interaction. Like in nature, hydrogen bonds, which always tend to be in
an equilibrium and re-organize very fast should be the proper complement in the system. A
synthesis of urea group bearing spherosilicates was developed (Scheme 42), involving a high
yield access to octakis(aminoalkyl)octasilsesquioxanes. Although the primary amine group has
a strong tendency to cleave Si-O-Si bonds, the desired hydrogen bond building cubes were
quantitatively synthesized by reacting the amine cubes in situ with propylisocynate. The cube
structure was evidenced by ESI-MS amongst other methods. Their surface is reasonable for the
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interaction with the matrix. Having eight hydrogen building urea groups on the surface, a
strong interaction with the matrix was realized.

/
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Scheme 42: Synthesis of octakis(6-(3-propylurea)hexyl-1-dimethylsiloxy)octasilsesquioxane (C6U) and high yield
acess to octakis(amino alkyl)octasilsesquioxane.

Therefore, one-component polymers were designed using controlled-radical polymerization
techniques. Furan, maleimide and hydrogen bond building groups (amide and imide) were
copolymerized with BMA. ATRP turns out to be disadvantageous because the catalyst system
does not tolerate strongly electron donating monomers. By providing hydrazine hydrate as
reducing agent and the addition of fresh ligand, the polymerization was promoted in an ARGET
ATRP like process. The RAFT polymerization technique was tested for the same monomer
mixtures and showed up to better tolerate the mixture of functional groups. Although high
PDIs were observed, the polymers were still soluble. '"H NMR revealed the degrees of
substitution, which is between 4 and 10%. The crosslinking density indicates the quality of
polymerization of the various monomers and gives valuable information for the possible
crosslinking density in the final material.

O:

1. Adhesion
hydrogen bonds

2. Crosslinking

Diels-Alder _//ﬁ

Scheme 43: lllustration of intrinsic double reversible network nanocomposites.

Several hybrid materials with high self-healing potential were synthesized. Octakis(6-(3-
propylurea)hexyl-1-dimethylsiloxy)octasilsesquioxane (CeU) and functional
poly(butylmethacrylate) were dissolved separately and mixed afterwards to archieve a
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homogeneous blend. After the solvent was evaporated in vacuum under stirring, the blend was
crosslinked in a certain temperature program (Scheme 43). The high self-healing potential
stems from the incorporated supramolecular forces, which enables a quick reconnection of the
interfaces at 30°C. Thus, the necessary proximity of DA groups at the damaged interfaces is
guaranteed and healing by DA crosslinking proceeds efficiently.

In future work, it will be interesting to combine the advantages of the above described systems.
Magnetite particles could be easily surface modified with hydrogen bond motifs. Starting from
N-(X-Aminoalkyl) diethyl phosphonate, e.g. imide bearing phosphonic acids could be
synthesized and attached to the surface. Embedding those particles in the described one-
component polymers would lead to nanocomposites, which could be healed in an external
magnetic field.

The synthesized thermoreversible hybrid material composed of a blend of one-component
polymer and spherosilicate could be optimized to a potential application, such as functional
coatings, e.g. scratch resistant, corrosion protection, repairable running surfaces for skis and
snowboards or protective shells for electronic devices. Mechanical tests, like dynamic
mechanical analysis or tensile tests would be interesting, when a certain application and
therefore specific demand according to the material properties are given.

The influence of other polymer backbones, in particular non-polar ones such as siloxanes
contrary to polar ones like polyurethanes on the self-healing ability of one-component-
polymer-C6U hybrid materials should be tested. But the variation of the polarity of the matrix,
the interaction of the hydrogen bonds can be directed.

To achieve higher amounts of hybrid materials, FRP could be tested for the one-component
polymers. The presented hybrid materials were synthesized in the laboratory scale (polymer
around 15 g). In the case of an FRP, the filler should be already stirred with the reaction mixture.
This would enable a homogeneous distribution, although the resulting polymers would be
insoluble.

Also, spherosilicates or particles could be attached covalently to the polymer backbone. Both,
polymer and inorganic filler, namely spherosilicates or particles can be easily synthesized
bearing isocyanate or amine group, respectively. These functional groups offer versatile
possibilities for post-modifications. The material, the inorganic filler is made of, can be varied
according to the desired properties of the resulting material. Varios metal oxides or metals
could be applied for specific applications, to provide electrical conductivity, transparency or
hardness for example.

Further intrinsically reversible interactions, such as ionic forces could be tested on the
inorganic- organic interface. Depending on the substrates, the effort to synthesize the specific
fillers, coupling agents and polymers should be concerned. When aiming for a bulk material
application, the components should be affordable and accessible in large amounts.
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IR and "H-NMR spectra

All 'TH NMR Spectras were recorded in CDCl; at 300 MHz.
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'H NMR (300 MHz, CDCl;) & 5.80 (ddt, T = 17, 10, 7 Hz, 1H), 5.04 — 4.88 (m, 2H), 3.40
(1, 7=6.9 Hz, 2H), 2.04 (q. J = 6.8 Hz, 2H), 1.85 (quint, J = 6.8 Hz, 2H), 1.49 — 1.24 (m,
12H).
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'H NMR. (300 MHz, CDCL:) & 7.29 (dd, J = 1.8, 0.8 Hz, 1H), 627 (dd, J=3.1, L9 Hz, 1H), 599 - 593
(m, 1H), 383 (quart, 7.0 Hz, 6H), 261 (t, /= 7.6 Hz, 2H), 1.70 — 1.56 (m, 3H), 1.41—1.16 (m, 28H), 0.63

(dd, J=9.0, 7.1 Hz, 2H).
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IR spectra of Furan-modified Siloxanes
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"H NMR of modified Siloxanes
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1. 'H, 3'P & 13C NMR spectra of synthesized molecules (1-10)

'H NMR (300 MHz, CDCL) & 7.35 — 7.28 (m, 1H. OCH), 6.32— @
6.24 (m, 1H, OCHCH). 6.11 — 6.01 (m, 1H, OCCCH), 3.42 (t, J= bk
6.5 Hz, 2H, CH.BD), 2.81 (. J=7.1Hz, 2H, OCCH2), 2.19 (p. J = ’ [
6.8 Hz, 2H, CH,CH,Br).
0
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Figure S1: '"H NMR of 1a.
™M ()] — WO
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n <+ — O o = WO
— — ~— ~—i MM
| I [ 1~
C NMR (75 MHz, CDCL) 8 154.33 (OCC), 141.39 (OCH), 110.31
(OCHCH), 105.86 (OCCH), 32.97 (CBD), 31.17 (CCCBr), 26.52
(CCBr).
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Figure S2: '3C NMR of 1a.
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'H NMR (300 MHz, CDCL) & 7.31 — 7.28 (m, 1H, OCH), 6.30 — 6.24 (m,
1M, OCHCH), 5.97 (d, J=3.1 Hz, 1H, OCCH), 3.41 (t. /= 6.9 Hz, 2H,
CH:Br), 2.61 (t, J = 7.6 Hz, 2H, OCCH?), 1.92 — 1.80 (m, 2H, C HF2CH:Br),
1.70— 1.57 (m. 2H, OCH,CH>), 1.49— 1.23 (m, 12H,
CH,CH,CH,CH,CH,CH,CH,CH,Br).
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Figure S3: '"H NMR of 1b.
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BC NMR (75 MHz, CDCL) § 156.76 (OCC), 156.73, 140.75
(OCH), 110.15 (OCHCH), 104.66 (OCCH), 34.15 (CBr), 32.97
(OCCH,), 29.62 (CCBr), 29.53 (CCCBD), 29.44 (OCCH,), 29.30,
28.88, 28.30, 28.17, 28.11 CCCCCCCCBI).

o]

Q_YA/V\/\/VBr
1b |

T T T T T T T

: T | T :
210 200 190 180 170 160 150 140 130 120 110 _ 100 90
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Figure S4: '3C NMR of 1b.
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'H NMR (400 MHz, CDCL) 8 7.29 (d, /= 14 Hz, 11 OCH), 626
(dd, J=2.9, 2.0 Hz, 1H, OCHCH), 6.00 (d, J = 2.8 Hz, 1H,
OCCCH), 3.72 (d, 6H, (OCH2)), 2.71 (t. J= 7.2 Hz, 2H,
CH,CH,CH,P)), 1.94 (ddt. J= 11.3, 9.1, 7.3 Hz, 2, CHCILP),
1.82— 1.71 (m, 2H. CHP).

o //O 2 a

f /F‘\O/CH 3
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Figure S5: '"H NMR of 2a.
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Figure S6: 3'P NMR of 2a.
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BC NMR (101 MHz, CDCL) & 154.73 (OCC), 141.27 (OCH),
110.24 (OCHCH), 105.70 (OCCH), 52.40 (d, J = 6.6 Hz, OCH3),
28.60 (d, J=17.4 Hz CP), 24.79 (CCCP), 21.21(d, J=4.7 Hz,
CCP).
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Figure S7: 3C NMR of 2a.
'H NMR (300 MHz, CDCk) 8 7.31—7.27 (m, 1H, OCH), 6.30—
6.24 (m, 1H, OCHCH), 6.00— 5.93 (m, 1H, OCCCH), 3.73 (d, J=
10.7 Hz, 6H, (OCH3),), 2.60 (t, J = 7.6 Hz, 2H, OCCH), 1.82 —
1.50 (m, 6H, OCCH,CH,, CH,CH.P), 1.41 —1.18 (m, 12H,
CH,CH,CH,CH,CH,CHCH,CH,P).
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Figure S8: 'TH NMR of 2b.
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3P NMR (121 MHz, CDCL) 8 35.26.
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Figure S9: 3'P NMR of 2b.
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5C NMR (75 Mz, CDCE) § 156.75 (OCC), 140.77 (OCTH),

110.17 (OCHCH), 104.66 (OCCH), 52.39 (d, /= 6.5 Hz,

O(CH;),), 30.84 (OCCH,). 30.62, 29.58, 29.45, 29.29, 29.21

CCCCCCCCP), 28.14 (d, J= 4.2 Hz, CP), 25.77, 23.92 (CCCP),

22.45(d, J=53 Hz, CCP).

s b C (d)
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Figure S10: '3C NMR of 2b.
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'H NMR (400 MHz, MeOD) § 7.35 (dd, 7= 1.8, 0.7 Hy, 1H,
OCH), 6.29 (dd, J= 3.1, 1.9 Hz, 111, OCHCH), 6.06 (dd, J = 3.1,
0.7Hz, 1H, OCCCH), 2.73 (t, J = 7.3 Hz, 2H, CH,CH,CH,P),
2.01 — 1.85 (m, 2H, CH,CH,P), 1.79 — 163 (m, 2H, CH.P).
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Figure S11: '"H NMR of 3a.

3P NMR (162 MHz, MeOD) & 29.52.
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Figure S12: 3'P NMR of 3a.

146



CHAPTER 6

SUPPORTING INFORMATION

—156.35

—142.31
—111.08
—106.41

5C NMR (101 MHz, MeOD) 8 156.35 (OCC), 142.31 (OCH),
111.08 (OCHCH), 106.41 (OCCH), 29.48 (d, /= 17.6 Hz, CP),
27.47(d, J=138.6 Hz, CCCP), 22.84 (d, J = 4.4 Hz, CCP).
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Figure $13: 3C NMR of 3a.

'H NMR (400 MHz, MeOD) & 7.32 (dd, J = 1.8, 0.7 Hz, IH,
OCH), 6.26 (dd, J= 3.1, 1.9 Hz, 1H, OCHCH), 5.98 (dd.|J=3.1,
0.8 Hz, 1H, OCCCH), 2.60 (. J=7.5 Hz, 2H. OCCHS), 1.68 —

1.54 (m, 4H, CH,P & OCCH,CH}), 1.46 — 1.27 (m, 14H, frest of
alkyl chain).
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Figure S14: "H NMR of 3b.
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Figure S15: 3'P NMR of 3b.
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C NMR (101 MHz, MeOD) § 157.54 (OCC), 141.84 (OCH),
110.99 (OCHCH), 105.64 (OCCH), 31.77 (d, J= 16.7 Hz), 30.61,
30.47, 30.42, 30.27, 30.17, 29.25, 28.78 (rest of alkyl chain), 27.42
(OCCH)), 23.92 (d, J= 5.0 Hz).
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Figure $16: '3C NMR of 3b.
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'HNMR (300 MHz, CDCLE) & 7.83 (d, J = 4.0 Hz, 2H, C3&6),
7.71(d, J= 3.1 Hz, 2H, C1&2), 3.67 (t, J = 7.1 Hz, 2H, CH,N),

n
[Fp]
3.40 (t, J=6.9 Hz, 2H, CH.Br), 1.91 - 1.77 (m, 2H, CH,CH,Br), =
1.75 - 1.60 (m, 2H, CH,CH,N), 1.48 — 1.19 (m, 12H, C14-19).
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Figure S17: TH NMR of 4.
"H NMR (300 MHz, CDCL) & 7.84 (dd. /=82, 4.0Hz, 2H,
H3&6), 7.78 = 7.67 (m, 2H, H1&2), 4.20 — 3.97 (m, 4H,
OCHCH;), 3.75 (t, J= 6.9 Hz, 2H, NCH>), 2.10— 1.89 (m, 2H,
CH,CH,P), 1.87 — 1.69 (m, 2H, CH,P), 1.30 (t, /= 7.0 Hz, 6H,
(CH;),).
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Figure S18: "H NMR of 5a.
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o
~
3Ip NMR (121 MHz, CDCl;) 8 30.70. %
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Figure S19: 3'P NMR of 5a.
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5C NMR (75 MHz, CDCL) § 168.40 (C=0), 134.17 (C1&2),
132.17 (C4&S5), 123.43 (C3&6), 61.80 (d, J = 6.5 Hz, OCH,), 38.40
(d, J=20.0Hz, CN), 23.58 (d, J = 143.2 Hz, CH,CH,P), 22.14 (d,
J=46Hz, CH,P), 1659 (d, J= 5.9 Hz, OCH,CH;).
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Figure S20: '3C NMR of 5a.
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'H NMR (400 MHz, CDCL) & 7.87 — 7.79 (m, 2H, H3&6), 7.75 —
7.65 (m 2H. H1&2), 4.17 — 3.99 (m. 4H, OCH,), 3.72— 3.62 (m.
2H, CH,N), 1.78 — 1.50 (m, 6H, C13 & C20), 1.41 - 1.21 (m, 18H,

C14-19 & (CH;)).
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Figure S21: '"H NMR of 5b.
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Figure $22: 3'P NMR of 5b.
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o o3 ed o1 < Mol SO G~ 020N S
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3C NMR (75 MHz, CDCL) § 168.56 (C=0), 133.94 (C1&2), 132.30 (C4&5),
123.25 (C3&6), 61.46 (d, J = 6.5 Hz, OCH,), 38.15 (CN), 30.68 (d. J = 16.9
Hz, CH,CH,P), 29.43 (d, J = 8.1 Hz, CH,CH,CH,P) 29.23, 29.14, 28.68,
26.94, 26.73, 24.87 (C13-18), 22.51 (d, J = 5.2 Hz, CILP), 16.59 (d, J= 6.0 Hz,
OCH,CH).
o
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Figure $23: *C NMR of 5b.

'H NMR (400 MHz CDCL) & 4.35 — 3.80 (m. 4HL, , OCH,CIL), 2.83
—2.70 (m. 21 CH,N), 1.86 — 1.66 (m, 4H, CH,CH.P), 165 — 1.45 (m,
2H, NH,), 1.32 (t, J= 7.0 Hz, 6L (CH,),).
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Figure S24: '"H NMR of 6a.
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3P NMR (162 MHz, CDCL) § 32.32.

—32.32

o
o
o
T
/\/\// i
HzN P
/ \O/\CHB
ﬁo
HiC
L e T
327 325 323 321 319
3 [ppm]

T
140

L B B B B LI B S s B B B B e B H L LA

120 100 80 60 40 20 0 2 -40 60 -100 -130 -190 220
& [ppm]
Figure S25: 3'P NMR of 6a.
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Figure S26: '3C NMR of 6a.
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'HNMR (400 MHz, CDCL) 6 4.16 — 3.97 (. 4H), 2.69 (1, J=7.1
Hz, 2H), 2.21 (s, 2H), 1.77 — 1.65 (m, 2H), 1.64 — 1.51 (m, 2H), 1.44
(dd, J=13.6, 6.7 Hz, 2H), 1.40 — 1.21 (m, 18H).
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Figure S27: "H NMR of 6b.
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Figure $28: 3'P NMR of 6b.

154



CHAPTER 6 SUPPORTING INFORMATION
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Figure $29: *C NMR of 6b.
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Figure S30: '"H NMR of 7a intermediate.
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*'P NMR (162 MHz, CDCL) § 32.64.
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Figure S31: 3'P NMR of 7a intermediate.
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Figure $32: 13C NMR of 7a intermediate.
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Figure S33: '"H NMR of 7b intermediate.
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Figure S34: 3'P NMR of 7b intermediate.
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Figure S35: 3C NMR of 7b intermediate.
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Figure $36: '"H NMR of 7a.
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IP NMR (162 MHz, CDCE) 8 30.64.
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Figure S37: 3'P NMR of 7a.
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Figure S38: 3C NMR of 7a.
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CH,CH,N), 1.40— 1.19 (m, 18H, C10-C15 &OCH; CH;)).
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Figure $39: "H NMR of 7b.
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Figure S40: 3'P NMR of 7b.
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Figure S41: *C NMR of 7b.

'"H NMR (400 MHz, MeOD) 5 6.7 (s, 2H, HC=CH), 3.52(t,
NCH,, J = 6.9 Hz, 2H), 1.90— 171 (m, 2H, CH,CH,P), 1.70—
1.54 (m, 2 CHP).

o}
A
o] P—
J_/\ OH
OH
|
o]

D (m)
1.62
6|77 3:52 1.80
— Gl [

2.00-

T T T

5.0 45 40
9 [ppm]

o 2.22-
2.23-
2,26

9.0 8.5 8.0 75 70 6.5 6.0 55

Figure S42: '"H NMR of 8a.
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3P NMR (162 MHz, MeOD) 5 28.60. 3
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Figure S43: 3'P NMR of 8a.
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Figure S44: '3C NMR of 8a.
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'H NMR (400 MHz, MeOD) & 6.80 (s, 2H, HC=CH), 348 (t, J=
7.1 Hz, 2H, CHN), 1.75 — 1.50 (m, 6H, C H-CH,N, CH.P.
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Figure S45: "H NMR of 8b.
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Figure S46: 3'P NMR of 8b.
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Figure S47: '3C NMR of 8b.
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Figure S48: '"H NMR of 9.
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Figure S49: 3C NMR of 9.
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Figure S50: '"H NMR of 10.
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Figure S51: '3C NMR of 10.
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2. FTIR spectra of synthesized molecules (1-10)
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Figure S52: IR spectra of 1a-3a.
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Figure S53: IR spectra of 1b-3b.
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Figure S54: IR spectra of 5a-8a.
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Figure S55: IR spectra of 4, 5b-8b.
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— N-Dodecylmaleimide (9)\
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Figure S56: IR spectrum of 9.
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Figure S57: IR spectrum of 10.
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3. Molecular structure of F10PE (2b) and F10P (3b) as obtained by single crystal X-ray

diffraction analysis
P
@°
)% \ (3 QC
L

Figure S58: Crystal Structure of furandecyl phosphonic acid ester (2b)

Figure S60: Crystal Structure of furandecyl phosphonic acid (3b)
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4. OA@FexOy: further analytical data: TG, DLS
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Figure S61: TG curves of OA@Fe,Oy from three different batches.
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Figure S62: DLS curves of OA@Fe,O, from three different batches in n-hexane.
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5. DDP@FexOy: further analytical data: TG, XRD

Table S1: Various solvent or solvent mixtures tested for exchange of OA against DDP on Fe,Oy
surface
solvent reaction parameters
chloroform shaking, 12 h, 25°C
toluene/dioxane/water (12:1:8) stirring, 72 h, 70 °C, Ar
n-hexane/EtOH (1:2) stirring, 24 h, 25°C
THF reflux, 12 h, 25°C
CHCI:/DMF (1:1) stirring, 24 h, 25°C
total volume of solvent: 10 mL; 80 mg OA@Fe.Oy; 0.18 mmol DDP.
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Figure S63: IR spectrum of dodecyl phosphonic acid.

Peaks assigned using following literature the literature given at the end of the document.'-

172



CHAPTER 6 SUPPORTING INFORMATION

——DDP 1. 1695-1200 cm typical for COO’gjéo'Fﬁ
— OA@Fe,O, bonded to Fe-O cm

—— DDP@Fe,0, 0.8 mmol| 2, 1147-766 cm™ typical for "PO,""
— DDP@FexOy 0.6 mmol bonded to Fe-O 1

—— DDP@Fe,0, 0.4 mmolP™™——uo | .\ /\y|

E— DDP@FexOy 0.2 mmol 2. .
= A
m— SEENAN

/N\

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber [cm™]

Figure S64: IR spectra of OA@Fe,Oy vs. DDP@FeOy (various amounts DDP) and DDP.
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Figure S65: IR spectra of DDP@Fe,O,, DDP@FeOy after TG and commercial FePOs,.
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Figure S66: IR spectra of DDP@Fe,Oy after (various amounts DDP).
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Figure S67: 3'P NMR spectra of supernatant of DDP@Fe,Oy (various amounts DDP).
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Figure S68: TG curves of OA@Fe,Oy vs. DDP@Fe, O, (various amounts DDP).
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Figure S69: DTG curves of OA@FeO, vs. DDP@Fe,Oy (various amounts DDP).
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Table S2: TG and CHN values of DDP@Fe,Oy (various amounts DDP)

TGresidual mass Surface coverage
[%] CHN (TG 900°C value) mol
Sample
e [%] DL
900-
1000°C
[mmol/g] [molecules/ nm?]
C H N
C H C H
OA@FeOy 78.65 | 86.43 | 13.73 | 2.27 - 0.69 0.80 0.745 0.863 0

2DDP@Fe Oy 68.08 | 79.04 | 1747 | 3.14 - 1.52 1.92 1.640 2.072 0.2
3DDP@Fe Oy 68.65 | 78.89 | 17.40 | 3.18 - 1.51 1.93 1.630 2.083 03
“DDP@Fe 0y | 66.84 | 76.66 | 19.67 | 3.63 - 1.75 2.26 1.889 2.439 04
"DDP@Fe Oy 65.88 | 76.59 | 19.83 | 3.67 - 1.79 2.32 1.932 2.503 0.6
SDDP@Fe Oy 64.24 | 74.88 | 21.50 | 3.99 - 1.99 2.59 2.148 2.795 0.8

The following equitations were used to determine the amount of coupling agent in the phosphonic acid functionalized
samples. TG-and CHN-analysis were used for that. Because of the oxidation of the sample when O, was used in the]
measurement, the residual mass from the nitrogen segment was used (although residual carbon maybe was left on the sample).
However, these calculation could have a small error because of the different desorption behavior of the coupling agents. OA
completely desorbs, while the anchoring group of dodecylphosphonic acid, formally PO3H2 does not desorb from the
inorganic core, even in the oxidizing segment.

X 1000 1

Mea = Y MaNT 1g

n... amount coupling agent per particle mol/g (CA = coupling agent)
LX: CHN value in % of relevant element

Y: residual mass of particles from TGA in % after N> segment

M molar mass of element in g/mol

V. number of atoms per molecule

Surface coverages in molecules/ nm? were calculated using the following formula:
1
0 =TNgq * Ny * i 10718

o surface coverage of coupling agents in molecules/nm?

A: surface area of particles in m?/g (determined by BET; 558 m?/g for OA@Fe,Oy; under assumption that no relevant changes
were caused by functionalization, all values were calculated using this area).

V4. Avogadro constant
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Figure S70: IR spectra of DDP@Fe,O, after various reaction times.
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Scheme S1: Hindering of further attack during functionalization; possible interactions while

exchange; right: possible second layer.
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XRD measurements were conducted to check if the crystal structure is

maintained during

functionalization. The typical reflexes for cubic structure (Fd3m) was found before and after
functionalization. The drift of the blue curve is caused because of the usage of a silicium single crystal
and only small sample amounts, while OA@FexOy, was measured in a flat plate sample holder and

therefore no underground is visible.
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Figure S71: XRD patterns: black: OA@Fe,Oy; blue: DDP@FeO,,.
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Figure S72: TEM images: left: OA@Fe,O,; right: DDP@Fe,O,. Histograms: Statistical Size Distribution of Particles.

200 particles counted with Image J.
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6. Control experiment, OA@FexOy & DDP mixed as solids to a physical blend.

As a control experiment, OA@FexOy & DDP were mixed as solids to a physical blend. IR spectra and
TG curves were compared with the system after applying the exchange protocol using a mixture of n-
hexane and ethanol as solvents. While the in the physical blend, the broad OH signals are clearly visible
(compare IR spectrum of DDP), and the signal for bonded oleic acid is present, this is not the case after
reaction in the solvent mixture.

— DDP & OA@Fe,0, mixed
— DDP + OA@Fe,0, 48h EtOH/ n-Hex exchange
——DDP

no identical position of peaks (yellow lines)

no free acid .
COO'@Fe,0, peak and OH bands visible in physical blend

S

I T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber [cm]

Figure S73: IR spectra of mixed OA@Fe,Oy & DDP, DDP@Fe,Oy and free DDP.
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Figure S74: Thermogravimetric curves of mixed OA@Fe,Oy & DDP, DDP@FeOy and free DDP.
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7. Cofunctionalization with DDP&MeP@FexOy: TG, FTIR

A mixture of DDP and MeP (total: 0.16 mmol) were dissolved in ethanol: n-hexane (4.25 mL: 1 mL)
and mixed with OA@Fe.Oy (80 mg) in n-hexane (9 mL).

Table S3: Used ratios for cofunctionalization with DDP & MeP.

. DDP MeP C-gehalt H-Gehalt N-Gehalt
ratio [%]
[mmaol] [mmol] [%o] [Yo] [%]
DDP_100 100:0 0.16 0 14,25 2,89 0
DDP_75 75:25 0.12 0.04 10,84 2,27 0
DDP_25 25:75 0.04 0.12 6,60 1,62 0
DDP_0 0:100 0 0.16 3,01 1,00 0
100 L -- L 1000
N2 r oz
95 e
. L 800
- {——DDP_0 f 5
& 9+ ——DDP_25 b
2 {——pDP_75 600 2
(o] =]
» 854——DDP_100 ©
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Figure S75: Thermogravimetric curves of DDPcoMeP@Fe,Oy in different ratios.
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Figure S76: IR spectra of DDPcoMeP@Fe,Oy in different ratios.
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8. Cofunctionalization with DA- and Methylphosphonic acids: CHN, FTIR

Table S4: Experimental series of cofunctionalization with exemplary the weights of F10P (3a)

and MeP
F10P (3a) MeP
% mmol mg % mmol mg

F10P_100 100 0.30 84.50 0 0 0
F10P_75 75 0.225 64.87 25 0.075 7.20
F10P_50 50 0.15 43.25 50 0.15 14.40
F10P_25 25 0.075 21.64 75 0.225 21.60

F10P_0 0 0 0 100 0.30 28.81

Table S5: CHN values of F3PcoMeP@Fe,0,.

CHN
Sample
(%]

C H N
F3P_100 10.41 | 1.69 | -
F3P_75 10.06 | 1.75 | -
F3P_50 7.62 1.75 | -
F3P_25 6.35 1.70 | -
F3P_0 4.23 1.65 | -

Table S6. CHN values of F10P-co-funtionalized Fe.O,.

C [%] H [%]
FIOP 100  16.13 251
FIOP 75  14.92 2.32
FIOP 50  12.17 2.04
F10P 25 8.85 1.63
F10P_0 5.59 1.32

F10P_xx means xx = percentage of functional group on surface
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Figure S77: IR spectra of F3PcoMeP@Fe,O,.
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Figure S78: IR spectra of F10PcoMeP@Fe,Oy.

182



CHAPTER 6 SUPPORTING INFORMATION

Table S7: CHN values of M3PcoMeP@Fe,Oy.

CHN

Sample
(%]

M3P_100 8.22 1.50 | 1.80

M3P_75 8.12 1.55 | 1.65
M3P_50 7.41 1.54 | 1.45
M3P_25 5.59 1.48 | 0.98
M3P_0 2.69 1.23 0

L T T y T T T T T ! T T T ¥ T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber [em™]

Figure S79: IR spectra of M3PcoMeP@Fe,Oy.
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Figure S80: Zoomed IR spectra of M3PcoMeP@Fe,O,.

Table S8: CHN values of M10PcoMeP@Fe.O,.

Sample

M10P_100 1699 | 2.71 | 1.50

M10P_75 16.07 | 2.76 | 1.58

M10P_S0 12.82 | 2.27 | 1.08

M10P_25 9.24 2.09 | 1.16

M10P_0 4.93 1.61 0
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Figure S81: IR spectra of M10PcoMeP@Fe,Oy.
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Figure S82: Thermogravimetric curves of F10P-, F3P-, M3P- and M10P_100@Fe,O,.
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Table S9: CHN values and surface coverage of F10P-, F3P-, M3P- and
M10P_100@Fe,Oy.

Sample CHN [%] surface coverage
[mmol/g] [molecules/ nm?]
C H N

C H N C H N

F10P_100 16.13 | 2.51 - 1.55 | 1.75 - 1.67 | 1.88 -

F3P 100 10.41 1.69 - 1.73 | 2.62 - 1.87 | 2.83 -
MI10P 100 1691 | 2.69 | 1.39 | 1.73 | 2.08 1.70 1.86 | 225 | 1.84
M3P 100 8.22 1.50 | 1.80 | 1.20 | 2.28 1.57 1.30 | 246 | 1.69

Formulas used are described under Table S2.TG residual masses are in the FigureS82 above.
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9. IR spectra of molecular Diene & Dienophile and the corresponding DA adduct
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Figure S83: Typical shift of C=0 band and consumption of &(ring) at 696cm™" in DA reaction shown on maleimide
vs. maleimide+furan-DA-adduct.
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Figure S84: Typical consumption of =C-H band at 843 and &(ring) at 693cm™" in DA reaction shown on N-
dodecylmaleimide vs. maleimide+furan-DA-adduct.
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10. DA reaction on cofunctionalized DA-particles: FTIR, DSC, CHN
10.1 F3PcoMeP@FexOy: DA-reaction of Furan-cofunctionalized particles with V-

Dodecyl maleimide or Maleimide

Table S10: CHN data to cofunctionalized F3PcoMeP@Fe,O,.

Sample C H

[%] | [%o]
F3P_100_ NM 13.90 | 2.26
F3P_75 NM 12.81 | 2.15
F3P_50_ NM 9.25 | 1.97
F3P_25 NM 821 | 1.99

F3P_0 NM 570 | 1.67
F3P_100 M 12.26 | 1.86
F3P_75 M 11.12 | 1.83
F3P 50 M 8.69 | 1.77
F3P 25 M 6.94 | 1.73
F3P 0 M 476 | 1.61
1,5 4
—— F3P_0_NM
—— F3P_25_NM
1|—— F3P_50_NM
—— F3P_75_NM
w 104 F3P_100_NM
()
=
g increasing C=0 signal
z 1695 cm”’
% 0,51
0,0
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Wavenumber [cm™]

Figure S85: IR spectra of F3PcoMeP cofunctionalized particles after DA-reaction with NM.
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Figure S86: IR spectra of F3PcoMeP cofunctionalized particles after DA-reaction with M.

10.2 M3PcoMeP@FexOy.
Table S11: CHN data to cofunctionalized M3PcoMeP@Fe,Oy.

C |H | H
[Y] | [Y] | [%]
M3P_100 MF | 8.70 | 1.50 | 1.63
M3P 75 MF | 899 | 1.56 | 1.50
M3P 50 MF | 832 | 1.58 | 1.43
M3P 25 MF | 5.96 | 1.48 | 1.25
M3P_0_MF 3.09 | 112 0
M3P 100 DF | 8.62 | 1.79 | 1.34
M3P_75 DF 8.59 | 1.80 | 1.90
M3P_50_DF 8.00 | 1.63 | 1.45
M3P_25 DF 5.86 | 1.49 | 1.06
M3P_0_DF 265 | 116 | 0
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o (o2}
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Figure S87: IR spectra of M3PcoMeP@Fe,O, cofunctionalized particles after DA-reaction with MF.
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Figure S88: IR spectra of M3PcoMeP@Fe,O, cofunctionalized particles after DA-reaction with DF.

10.3 M10PcoMeP@Fe.Oy.
Table S12: CHN data to cofunctionalized M10PcoMeP@Fe.O, DF and

Offset Y values

2,0

M10PcoMeP@Fe O, MF.

1,564

1,04

0,5 1

0,0

|—— M10P_25 + MF

—— M10P_50 + MF
—M10P_75 +MF

—— M10P_100 + MF

Sample C H N

[Y] | [%] | [%]
M10P_100 DF | 16.19 | 2.60 | 1.61
M10P_75 DF 1596 | 2.65| 1.59
M10P_50 DF 12.82 | 2.33 | 1.31
M10P_24 DF 8.87 | 1.96 | 1.19
M10P_0 DF 459 | 1.47 0
M10P_100 MF | 15.23 | 2.52 | 1.30
M10P_75 MF | 15.70 | 2.53 | 1.25
M10P_50 MF | 12.27 | 2.21 | 1.22
M10P_24 MF 9.00 | 1.93 | 1.08
M10P_0 MF 398 | 1.35 0

——M10P_0 +MF
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Figure S89: IR spectra of M10PcoMeP@Fe,Oy cofunctionalized particles after DA-reaction with MF.
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Figure S90: IR spectra of M10PcoMeP@Fe,O, cofunctionalized particles before (left) and after (right) DA-reaction

with MF.
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Figure S91: IR spectra of M10PcoMeP@Fe,O, cofunctionalized particles after DA-reaction with DF.
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Figure S92: IR spectra of M10PcoMeP@Fe,Oy cofunctionalized particles after DA-reaction with DF.
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11. DSC Graphs and listed values for all cofunctionalized particles

Table S13: Listed values of endothermic rDA signal from DSC measurement for all
cofunctionalized particles

Maleimide N-Dodecylmaleimide
conversion in J/g conversion in J/g
F10P_100 15.55 4.26
F10P_75 14.31 3.65
F10P_50 12.80 1.78
F10P_25 242 0
F10P_0 0 0
Maleimide N-Dodecylmaleimide
conversion in J/g conversion in J/g
F3P_100 14.36 5.64
F3P_75 10.04 3.37
F3P_50 6.92 0.21
F3P_25 0.51 0
F3P_0 0 0
Furan Dodecylfuran
conversion in J/g conversion in J/g
M3P_100 12.24 2.07
M3P_75 8.09 1.54
M3P_50 7.64 0.89
M3P_25 2.18 0.10
M3P_0 0 0
Maleimide N-Dodecylmaleimide
conversion in J/g conversion in J/g
M10P_100 28.14 4.83
M10P_75 24.95 4.71
M10P_50 17.12 1.55
M10P_25 7.35 0
M10P_0 0 0
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Figure S93: DSC curves of F10P_M.
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Figure S94: DSC curves of F10P_NM.
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Figure S95: DSC curves of F3P_M.
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Figure $96: DSC curves of F3P_NM.
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Figure S97: DSC curves of M3P_F.
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Figure S 98: DSC curves of M3P_DF.
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Figure S99: DSC curves of M10P_F.
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Figure S100: DSC curves of M10P_DF.
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12. DSC and IR data to composite
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Figure S101: DSC curve of nanocomposite.
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Figure $S102: IR spectra of singe components and nanocomposite.
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Simple and High Yield Access to Octafunctional Azido, Amine
and Urea Group bearing Cubic Spherosilicates

Sandra Schéfer , Guido Kickelbick* (-]

[a] Inorganic Solid State Chemistry, Saarland University, Am Markt, Zeile 3, 66125 Saarbricken,
Germany

[b] INM — Leibniz-Institut fir Neue Materialien GmbH, Campus D2;, 66123 Saarbrlicken,
Germany

E-mail: guido.kickelbick@uni-saarland.de

http://www.uni-saarland.de/lehrstuhl/kickelbick.html

Materials. Tetraethoxysilane was provided by Wacker Silicones. Chlorodimethylsilane, and Karstedt
catalyst (in xylene, Pt 2.1-2.4%) were purchased from ABCR. Tetramethylammonium hydroxide
pentahydrate, 10-undecen-1-ol, triphenylphosphine, tetrabromomethane, NaNs, Pd/C on carbon (10
wt%), propyl isocyanate, 18-crown-6, toluene (abs.), ACN (abs.), DMF (abs.) and ethanol (abs.) were
purchased from Sigma—Aldrich. 1,4- dibromobutane, 1,5- dibromopentane, 1,6-dibromohexane and
potassium tert-butoxide were purchased from Alfa Aesar. Alumina 90 active neutral was purchased from
Merck Millipore. All chemicals were used as received. All synthetic procedures were carried out under
inert gas atmosphere applying Schlenk techniques.

Characterization. Fourier transform infrared (FTIR) spectroscopy measurements were performed
applying a Bruker Vertex 70 spectrometer under ambient air (40 scans at a resolution of 4 cm™) in
attenuated total reflectance (ATR) mode. Solution NMR spectra were recorded with a Bruker Avance
300 spectrometer at 25 °C (*H at 300.13 MHz, 3C at 75.48 MHz, 2°Si at 59.63 MHz) with 400 MHz using
CDCls, or MeOD-d4 and the residual protons as reference. Elemental analysis was performed with a Leco
900 CHN analyzer. High-resolution mass spectrometry (HRMS) was performed with a solariX 7 Tesla
FTICR mass spectrometer (Bruker Daltonics, Bremen, Germany). All samples were ionized by
electrospray ionization (ESI). In MS/MS mode, precursor ions were isolated first in the quadrupole and
externally accumulated in the hexapole for 0.1 s. For collision- induced dissociation (CID), a collision
voltage of 2-10 V was applied. Thermogravimetric analysis (TGA) was performed on a Netzsch Iris TG
209C in an alumina crucible heating from room temperature to 700 °C under nitrogen followed by
heating to 800 °C under a mixture of nitrogen and oxygen (1:1) with a rate of 20 K/min or completely
under mixture of nitrogen and oxygen (1:1) with the same rate. Differential scanning calorimetry (DSC)
measurements were performed with a Netzsch DSC 204 F1 Phoenix calorimeter and with a TA
instruments Q100 with samples in aluminum crucibles with pierced lids and heated under nitrogen at a
rate of 10 K/min.
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Synthesis

w-alkenylbromides (C4-C6, C11; 1la-d). 4-Bromo-1-butene, 5-Bromo-1-Pentene, 6-Bromo-1-hexene
were synthesized according to literaturel!, using an elimination reaction with potassium tert-butoxide
in diethyl ether. The reaction was catalyzed via 18-crown-6 ether. Synthesis of 11-bromo undecene
(1d)i was described elsewere.

Octakis(hydridodimethylsiloxy)octasilsesquioxane (2) was synthesized according to a literature
procedure. [l

Octakis(bromoalkyldimethylsiloxy)octasilsesquioxane (3a-d).
Octakis(hydridodimethylsiloxy)octasilsesquioxane (2) (3.00 g, 2.95 mmol) and w-bromo alkene (1a-d)
(23.6 mmol) were dissolved in anhydrous toluene (30 mL). Karstedt -catalyst (2 % in xylene, 350 uL) was
added and the mixture was heated to 80 °C for 1-2 h. The mixture was filtered through Al,Os (active
neutral) and the solvent was removed under reduced pressure. The product was obtained as colorless
oil and used without further purification for the following reactions.

3a (C4): Colorless QOil. Yield: 6.12 g (100 %, 2.95 mmol). *H NMR (300 MHz, CDCl3) 6 3.41 (t, J = 6.8 Hz,
16H, CH2Br), 1.97-1.80 (m, 16H, CH,CH,Br), 1.56 — 1.45 (m, 16H, CH,CH,Si), 0.67 —0.54 (m, 16H, CH-Si),
0.16 (s, 48H, Si(CHs)2). 3C NMR (75 MHz, CDCl3) 6 36.14 (CH-Br), 33.44 (CH,CH-Br), 21.72 (CH-Si), 16.81
(CH,CH,SI), -0.16 (Si(CHs),). 2°Si NMR (60 MHz, CDCl3) 6 12.68 (OSi(CHs)2R), -108.96 (SiO4). IR v = 2960
(v C-H), 2935 (v C-H), 1254 (v Si-C), 1072 (v Si-O), 840 (6 C-H), 694(v C-Br), 548 (6 Si-O cage deformation)
cmt. CHN:heo (CagH112Brs020Sise): C: 27.48; H: 5.38; N — CHNeyp. C: 27.36; H: 5.37; N -.

3b (C5): Colorless Oil. Yield: 6.52 g (100 %, 2.95 mmol). *H NMR (300 MHz, CDCl5) 6 3.40 (t, J = 6.9 Hz,
16H, CH4Br), 1.86 (m, 16H, CH>CH,Br), 1.54 — 1.31 (m, 32H, CH.CH-CH,Si), 0.66 — 0.56 (m, 16H, CH,Si),
0.13 (s, 48H, Si(CHs)2). 3C NMR (75 MHz, CDCl3) & 33.93 (CH,Br), 32.72 (CH,CH,Br), 31.91 (CH,CH>
CH3Br), 22.36 (CH5Si), 17.65 (CH2CH,Si), -0.14 (Si(CHs)2).2%Si NMR (60 MHz, CDCls) 6 12.66 (OSi(CHs)2R),
-108.93 (Si04). IR v = 2958 (v C-H), 2926 (v C-H), 1253 (v Si-C), 1070 (v Si-0), 835 (& C-H), 694 (v C-Br),
546 (6 Si-O cage deformation) cm™. CHNineo (CssH128BrsO20Sit6): C: 30.43; H: 5.84; N — CHNeyo. C: 30.43;
H:5.84; N -.

3c (C6): Colorless Qil. Yield: 6.85 g (100 %, 2.95 mmol). 'H NMR (300 MHz, CDCl3) & 3.40 (t, J = 6.9 Hz,
2H, CH2Br), 1.85 (m, 2H, CH>CH,Br), 1.52 — 1.27 (m, 48H, CH,CH>CH>CH,Si), 0.65 — 0.54 (m, 16H, CH.Si),
0.13 (s, 48H, Si(CHs)2). 3C NMR (75 MHz, CDCls) & 34.08 (CH,Br), 32.93 (CH>CH,Br), 32.58 (CH,CH>
CH,Br), 28.03 (CH, CH,CH,Si), 22.94 (CH,Si), 17.73 (CH,CH,SI), -0.14 (Si(CHs)2). 2°Si NMR (60 MHz, CDCls)
6 12.68 (OSi(CHs)2R), -108.91 (SiO4). IR v = 2958 (v C-H), 2924 (v C-H), 1252 (v Si-C), 1071 (v Si-0), 839
(6 C-H), 694 (v C-Br), 548 (& Si-O cage deformation) cm™. CHNiheo (CeaH144BrsO20Sit6): C: 33.10; H: 6.25;
N — CHNeyp. C: 33.54; H: 6.34; N -.

3d (C11): Colorless Oil. Yield: 8.51 g (100 %, 2.95 mmol).*H NMR (300 MHz, CDCl3) & 3.40 (t, J = 6.9 Hz,
16H, CH,Br), 1.91-1.80 (m, 16H, CH,CH,Br), 1.48 = 1.18 (m, 128H, CH; aiyi), 0.88 (t, / = 6.7 Hz, 1H, CH,SI
small amount a product), 0.67 —0.51 (m, 15H, CH-Si), 0.13 (s, 48H, Si(CHz),). **C NMR (75 MHz, CDCls)
6 34.13 (CH2Br), 33.64 (CH,CH2Br), 33.03 (Caikyi), 29.82 (Caikyt), 29.81 (Caikyt), 29.66 (Caiky), 29.58 (Caikyl),
28.99 (Caiyl), 28.37 (Caikyl), 23.14 (CH5SI), 17.87 (CH,CH,SI), -0.17 ((CH3)2Si). 2°Si NMR (60 MHz, CDCls) 6
12.58 (OSi(CHs)3R), -108.88 (Si04). IR v = 2921 (v C-H), 2856 (v C-H), 1252 (v Si-C), 1074 (v Si-0), 838 (6 C-
H), 548 (6 Si-O cage deformation) cm™. CHNheo (C104H244Brs020Sit6): C: 43.51; H: 7.89; N — CHNeyp. C:
43.23; H:7.75; N -.

200



CHAPTER 6 SUPPORTING INFORMATION

Octakis(azidoalkyldimethylsiloxy)octasilsesquioxane (4a-d): Sodium azide (4.60 g, 70.8 mmol, 4 eq per C-
Br group) was suspended in a mixture of anhydrous ACN:DMF (10:1 v/v; 40 mL) and the appropriate
octakis(bromoalkyldimethylsiloxy)octasilsesquioxane (2.95 mmol) was added. The reaction mixture was
heated to 80 °C for 4-5 h. After cooling to room temperature, the mixture was extracted with n-hexane
(3 x 20 mL). Afterwards, the hexane layer was extracted with water to remove the residual DMF. The
organic layer was dried over MgS0, and the solvent was removed in vacuo. The product was obtained
as colorless oil.

4a: Colorless Oil. Isolated Yield: 4.58 g (87 %, 2.57 mmol). Conversion: 100 %. *H NMR (300 MHz, CDCls)
63.27 (t,/=6.9 Hz, 16H, CH2N3), 1.69 — 1.57 (m, 16H, CH,CH,N3), 1.51 — 1.37 (m, 16H, CH,CH,Si), 0.68
— 0.56 (m, 16H, CH,Si), 0.15 (s, 48H, Si(CHs);). BC NMR (75 MHz, CDCls) § 51.19 (CH:Ns), 32.36
(CH2CH,CH,SI), 20.33 (CH,Si), 17.30 (CH,CH,SI), -0.23 ((CHs),Si). 2°Si NMR (60 MHz, CDCls) 6 12.66
(OSi(CHs)2R), -108.95 (SiO4). IR v = 2956 (v C-H), 2928 (v C-H), 2092 (v N3), 1254 (v Si-C), 1072 (v Si-0),
827 (6 C-H), 552 (& Si-O cage deformation) cm™. CHNtheo (CagH112N24020Si16): C: 32.12; H: 6.29; N: 18.73
CHNeyo. C: 31.78, H: 6.10; N: 18.22.

4b: Colorless Oil. Isolated Yield: 5.23 g (93 %, 2.74 mmol). Conversion: 100 %. *H NMR (300 MHz, CDCls)
6 3.25(t, /= 6.9 Hz, 16H, CH,N3), 1.69 — 1.49 (m, 16H, CH,CH,Ns), 1.47 — 1.26 (m, 32H, CH,CH,CH,Si),
0.69 — 0.49 (m, 16H, CH-Si), 0.13 (s, 48H, Si(CHs),). *C NMR (75 MHz, CDCls) & 51.57 (CH,Ns), 30.49
(CH2CH,CH,SI), 28.72 (CH,CHLCHLCH,SI), 22.72 (CHASI), 17.70 (CH2CHASI), -0.20 ((CHs)2Si). 2°Si NMR
(60 MHz, CDCls) 6 12.67 (OSi(CHs)2R), -108.90 (Si0.). IR v = 2956 (v C-H), 2928 (v C-H), 2091 (v N3), 1252
(v Si-C), 1070 (v Si-0), 837 (86 C-H), 550 (6 Si-O cage deformation) cm™. CHNtheo (CssH128N24020Si16): C:
35.27; H: 6.77; N: 17.63 CHNey. C: 35.26; H: 6.69; N: 16.89.

4c: Colorless Oil. Isolated Yield: 5.41 g (91 %, 2.68 mmol). Conversion: 100 %. *H NMR (300 MHz, CDCls)
63.25(t,J=6.9 Hz, 16H, CH2N3), 1.66 — 1.52 (m, 16H, CH,CH,Ns), 1.44 —1.28 (m, 48H), 0.68 — 0.53 (m,
16H, CH,Si), 0.13 (s, 48H, Si(CH3),). 3CNMR (75 MHz, CDCls) § 51.63 (CH,N3), 32.98 (CH,CH,CH,Si), 28.96
(CH2CH3N3), 26.57 (CH,CHLCH3N3), 22.97 (CH,Si), 17.72 (CH,CH,SI), -0.19 ((CHs)2Si). 2°Si NMR (60 MHz,
CDCl5) 6 12.67 (OSi(CHs)3R), -108.90 (SiO4). IR v = 2958 (v C-H), 2926 (v C-H), 2092 (v Ns), 1252 (v Si-C),
1062 (v Si-0), 839 (6 C-H), 548 (& Si-O cage deformation) cm™. CHNiheo (CoaH144N24020Sis6): C: 38.07; H:
7.19; N: 16.65 CHNeyp. C: 37.95; H: 7.13; N: 16.25.

4d: Colorless Oil. Isolated Yield: 6.79 g (89 %, 2.63 mmol). Conversion: 100 %. *H NMR (300 MHz, CDCl5)
63.26 (t,/=6.9 Hz, 16H, CH2N3), 1.66 — 1.54 (m, 16H, CH,CH,N3), 1.46 — 1.22 (m, 128H, CH, alkyl), 0.91
—0.85 (m, 1H, CH,Si small amount a product), 0.66 — 0.52 (m, 15H, CH,Si), 0.09 (s, 48H, Si(CHs),). *C
NMR (75 MHz, CDCls) 6 51.64 (CH,N3), 33.64 (CH,CH,N3), 29.80, 29.70, 29.58, 29.37, 29.01, 26.91, 23.14
(CH,Si), 17.86 (CH2CH3Si), -0.18 ((CH3)2Si). 2°Si NMR (60 MHz, CDCls) & 12.58 (0Si(CHz)2R), -108.88 (SiO4).
IRv = 2921 (v C-H), 2856 (v C-H), 2091 (v N), 1252 (v Si-C), 1074 (v Si-O), 838 (5 C-H), 548 (5 Si-O cage
deformation) cm™. CHNheo (C10aH244N3020Si16): C 48.41; H: 8.75; N 13.03 CHNexp. C: 48.54; H: 8.10; N
12.15.

Octakis(aminoalkyldimethylsiloxy)octasilsesquioxane (5a-d).

Octakis(azidoalkyldimethylsiloxy)octasilsesquioxane (Yield from 4a-d) and palladium catalyst on
activated carbon (10 wt%, ca. 200 mg) was suspended in anhydrous ethanol (200 mL). Hydrogen was
bubbled slowly through the suspension for 1-2 h at 20-25°C. The quantitative conversion was
determined by *H NMR spectroscopy. Therefore, the catalyst was removed by filtering through a glas

201



CHAPTER 6 SUPPORTING INFORMATION

filter under inert atmosphere and the solvent was evaporated at room temperature in vacuo. 2°Si was
not possible to aquire due to long measurement time in which the cube structure decomposes.

5a: Not isolated. Conversion: 100 %, 2.57 mmol. *H NMR (300 MHz, MeOD) § 2.64 (t, 16H, CH;NH,), 1.55
—1.37 (m, 32H, CH2CHCH-Si), 0.68 — 0.59 (m, 16H, CH,Si), 0.11 (s, 42H (should be 48, (CHs)2Si)). *C NMR
(75 MHz, CDCl3) 6 42.20 (CH;NH,), 37.37 (CH2CH,NH,), 21.58 (CH,SI), 16.59 (CH2CH,SI), -2.69 ((CH3).Si).
IR v = 3300 (v N-H), 2958 (v C-H), 2924 (v C-H), 1579 (& N-H), 1251 (v Si-C), 1045 (v Si-O), 836 (8 C-H),
545 (8 Si-O cage deformation) cm™. ESI-MS: +MS: [M+H"]: 1586.59, [M+2H*]: 793.33 m/z.

5b: Not isolated. Conversion: 100 %, 2.74 mmol. *H NMR (300 MHz, MeOD) & 2.63 (t, / = 6.9 Hz, 16H,
CHNH,), 1.55 — 1.37 (m, 48H, CH2CH,CH,CH,Si), 0.72 — 0.61 (m, 16H, CH.Si), 0.17 (s, 48H, (CHs),Si).13C
NMR (75 MHz, MeOD) & 42.50 (CH,NH,), 33.53 (CH,CH,NH,), 31.74 (CH2CH,CH,NH,), 24.10 (CHASI),
16.70 (CH2CH:Si), -2.69 ((CH3):Si). IR v = 3300 (v N-H), 2958 (v C-H), 2924 (v C-H), 1579 (& N-H), 1251 (v
Si-C), 1045 (v Si-0), 836 (6 C-H), 545 (6 Si-O cage deformation) cm™. ESI-MS: +MS: [M+H*]: 1699.70
[M+2H*]: 849.89 m/z.

5c: Not isolated. Conversion: 100 %, 2.68 mmol. *H NMR (300 MHz, MeOD) § 2.70 — 2.57 (m, 16H,
CH3NH,), 1.45 (dd, / = 21.1, 14.2 Hz, 64H, CH,CH,CH,CH,CH,SI), 0.66 (s, 16H, CH,Si), 0.16 (d, J = 3.3 Hz,
48H, (CHs):Si)). 3C NMR (75 MHz, MeOD) & 42.60 (CH2NHa), 34.35 (CH,CH,CH>CH:NH,), 33.78
(CH2CH3NH3), 27.72 (CH,CH,CHaNH,), 24.16 (CHSSI), 16.68 (CHLCH,SI), -2.69 ((CH3)2Si). IR v = 3300 (v N-
H), 2958 (v C-H), 2924 (v C-H), 1579 (& N-H), 1251 (v Si-C), 1045 (v Si-0), 836 (& C-H), 545 (& Si-O cage
deformation) cm™. ESI-MS: +MS: [M+H*]: 1811.90, [M+2H*]: 906.42 m/z.

5d: Slightly yellow solid. Conversion: 100 %, 2.63 mmol. Isolated Yield: 4.49 g (1.89 mmol, 72 %). *H NMR
(300 MHz, MeOD) 6 2.92 (d, J = 7.1 Hz, 16H, CH:NH,), 1.74 — 1.58 (m, 16H, CH,CH,NH,), 1.48 — 1.24 (m,
128H, , CH, alkyl), 0.69 —0.62 (m, 16H, CH,Si), 0.16 (s, 48H, (Si(CH3),). 3C NMR (75 MHz, MeOD) & 40.82
(CH2NH,), 34.70 (CH,CH3N), 30.92 (Caiyl), 30.89 (Caikyt), 30.72 (Caikyt), 30.68 (Caikyi), 30.41 (Caiyl), 28.66
(Caikyt), 27.62 (Caiyt), 24.26 (CH,Si), 18.75 (CH,CH,Si), 0.09 (Si(CHs),). 2°Si NMR (60 MHz, MeOD) 6 13.00
(OSi(CHs)2R), -108.63 (SiO4). CHNtheo (C10aH240N8020Sis6): C, 52.65; H, 10.20; N, 4.72 CHNeyp. C, 47.44; H,
9.25; N, 4.78. IR v = 3300 (v N-H), 2921 (v C-H), 2856 (v C-H), 1579 (& N-H), 1252 (8 C-H), 1074 (v Si-O),
838 (6 C-H), 548 (& Si-O cage deformation) cm™. TG residual mass: N,: 29.93 %, O,: 33.22 % (theoretical
residual mass: 32.43%). ESI-MS: [M+2H*]: 1186.73, [M+3H*]: 791.49 m/z.

Octakis(X-(3-propylurea)alkyl-1-dimethylsiloxy)octasilsesquioxane (X =4, 5, 6, 11).

The amine cube solutions in ethanol were filtered off from reaction solution under inert atmosphere.
Propyl isocyanate (1 eq) was added at room temperature to the reaction mixture. Afterwards, the
solvent was removed in vacuo and in case of residual free propyl isocyanate, the product was extracted
with chloroform.

6a: Colorless Solid. Yield: 5.53 g (95 %, 2.44 mmol). *H NMR (300 MHz, MeOD) & 3.20 — 3.01 (m, 32H,
CH,NHCONHCH,), 1.49 (td, J = 14.6, 7.3 Hz, 48H, CH,CH,CH,NHCONHCH,CH,), 0.91 (t, J = 7.4 Hz, 24H,
CHs), 0.75—-0.61 (m, 16H, CH,Si), 0.18 (s, 48H, Si(CHs)). *C NMR (75 MHz, MeOD) § 161.33 (CO), 42.83
(CONHCH,), 40.74 (CONHCH,—Si), 35.01 (Cay), 24.57 (CHJSi), 21.46 (Caiy), 18.39 (CH,CH,Si), 11.69
(CHs), 0.01 (Si(CHs)2). 2Si NMR (60 MHz, MeOD) 6 13.31 (0Si(CHs);R), -108.57 (SiO4). IR v = 3332 (v N-
H), 2960 (v C-H), 2928 (v C-H), 1632 (amide | v C=0), 1568 (amide I, 6 N-H, C=0, v C-N), 1252 (6 C-H),
1070 (v Si-0), 842 (6 C-H), 554 (& Si-O cage deformation) cm™. ESI-MS: [M+H*+Na*]: 1156.50 m/z.
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6b: Colorless Solid. Yield: 6.19 g (95 %, 2.60 mmol). *H NMR (300 MHz, MeOD) & 3.09 (dt, J = 13.9, 6.9
Hz, 32H, CH,NHCONHCH,), 1.57 — 1.33 (m, 64H, CH,CH,CH,CH,NHCONHCH,CH,CHs), 0.91 (t, ) = 7.4 Hz,
24H, CHs), 0.73 —0.59 (m, 16H, CH,Si), 0.17 (s, 48H, Si(CHs)2). 3C NMR (75 MHz, MeOD) & 161.33 (CO),
42.84 (CONHCH,), 41.07 (CONHCH,—Si), 31.81 (Caiy), 31.21 (Caiyl), 24.56 (Caikyl), 23.99 (Caiyl), 23.56
(CH,Si), 18.70 (CH2CH,SI), 11.68 (CHs), 0.04 (Si(CHs)a). °Si NMR (60 MHz, MeOD) & 13.24 (0Si(CHs)JR), -
108.55 (SiO4). IR v = 3333 (v N-H), 2960 (v C-H), 2926 (v C-H), 1628 (amide | v C=0), 1570 (amide II, & N-
H, C=0, v C-N), 1252 (v Si-C), 1070 (v Si-0), 839 (6 C-H), 548 (6 Si-O cage deformation) cm™. ESI-MS:
[M+H*+Na*]: 1212.56 m/z.

6¢: Colorless Solid. Yield: 6.41 g (96 %, 2.57 mmol). *H NMR (300 MHz, MeOD) & 3.16 — 2.99 (m, 32H,
CH2NHCONHCH,), 1.57 — 1.27 (m, 80H, CH2CH,CH,CH,CH,NHCONHCH,CH,), 0.91 (t, J = 7.4 Hz, 24H,
CHs), 0.72 —0.55 (m, J = 14.7 Hz, 16H, CH,Si), 0.16 (s, 48H, Si(CHs),). *C NMR (75 MHz, MeOD) 6 161.34
(CO), 42.84 (CONHCH,), 41.15 (CONHCH>—Si), 34.51 (Caiy1), 31.51 (Caiyl), 27.78 (Caikyl), 24.56 (Caiky),
24.16 (CH.Si), 18.84 (CH,CH,Si), 11.68 (CHs), 0.07 (Si(CHs)2). 2Si NMR (60 MHz, MeOD) & 13.23
(OSi(CH3),R), -108.56 (Si04). IR v = 3329 (v N-H), 2960 (v C-H), 2924 (v C-H), 2858 (v C-H), 1628 (amide |
v C=0), 1572 (amide Il, § N-H, C=0, v C-N), 1252 (& Si-C), 1062 (v Si-0), 839 (8 C-H), 548 (& Si-O cage
deformation) cm™. ESI-MS: [M+2Na*]: 1268.63 m/z.

6d: Colorless Solid. Yield: 7.63 g (2.50 mmol, 95 %). *H NMR (300 MHz, MeOD) § 3.16 —3.03 (m, J=9.7,
7.0 Hz, 32H, CH,NHCONHCH,), 1.56 — 1.23 (m, 160H, CHaaiy), 0.91 (t, J = 7.4 Hz, 24H, CHs), 0.70 — 0.61
(m, 16H, CH,Si), 0.14 (s, 48H, Si(CHs)2). BCNMR (75 MHz, MeOD) & 161.36 (CO), 42.84 (CONHCH,), 41.10
(CONHCH;—Si), 34.69 (Caikyl), 31.49 (Caiy), 30.94 (Caikyt), 30.69 (Caikyl), 28.10 (Caikyl), 24.55 (Caiy), 24.27
(CH,Si), 18.77 (CH2CH,Si), 11.67 (CH3), 0.15 (Si(CHs)2). 2°Si NMR (60 MHz, MeOD) 6 12.98 (OSi(CHs):R), -
108.63 (Si04). IR v =3325 (v N-H), 2960 (v C-H), 2922 (v C-H), 1624 (amide |, v C=0), 1579 (amide Il, 6 N-
H, C=0, v C-N), 1252 (v Si-C), 1072 (v Si-0), 840 (8 C-H), 550 (6 Si-O cage deformation) cm™. TG residual
mass: Ny: 28.19 %, (theoretical residual mass: 29.39 %). ESI-MS: [M+2Na*]: 1549.40, [M+Na*+K']:
1557.39, [M+2K*]: 1564.89 m/z.
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NMR

C4Br (3a)

C4Br (3a)

'H NMR (300 MHz, CDCL;) 6 3.41 (t, J = 6.8 Hz, 16H),
1.97 — 1.80 (m, 16H), 1.56 — 1.45 (m, 16H). 0.67 — 0.54 (m,
16H), 0.16 (s, 48H).

A(t) B (m) | E (m) C(m)| D|(s)
3.4 1.89 | 1.50 0.62 | | 016

| | | |

8 3 & 8 8

g g 4 I

;5 £D 65 65 55 55 45 45 3; 35 25 25 LS JD iS ;D
d [ppm]

< < N oo o
= Lo S - - ] o]
C4Br (3a) S o o 8 Z
BC NMR (75 MHz, CDCls) 6 36.14, 33.44, 21.72, 16.81, -0.16. o oo '
I
- I . i

T T T T T T T T T T T T T T T
120 115 110 105 100 895 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10
& [ppm]

204



CHAPTER 6 SUPPORTING INFORMATION
C4Br (32) ® a
28 NMR (60 MHz, CDCL;) 6 12.68, -108.96. © @
(o] -
- 1
| |
I
léU I léU I 1“10 I 1I20 ' 160 ‘ 8‘0 I 6‘0 4‘0 I ZIU 5 -].IU I -E;D -1‘10 -1110 I -1‘?0 I
 [ppm]
C5Br (3b)
C5Br (3b)
H NMR (300 MHz, CDCL;) & 3.40 (t, J = 6.9 Hz, 1H), 1.95
—1.78 (m, 16H), 1.52 — 1.32 (m, 2H), 0.69 — 0.53 (m, 1H),
0.19 — 0.08 (m, 3H).
A(t) B (m)| |E (m) C(m)| |D{m)
3.40 1.86 || 142 0.61 0114
. }L N b
] | | 1
g8 g 3 g 8
9 s & 8 2
7.‘5 7.‘U 615 SjU 515 SjEl 415 4.IEI 3.‘5 Z.IEI 1.‘5 l.IEI U.‘S U.‘U
8 [ppm]
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o o [Xa] (%3] =
M~ e -] —
C5Br (30) med 8N 5
EC NMR (73 MHz, CDCl) 8 33.93, 32.72, 31.91, 22.36, 17.63, -0.14. it | | |
]
n L. r i
1‘20 1]‘.5 110 10‘5 160 9‘5 85 SIU 75 GID 5‘5 SIU 4‘5 35 3‘0 2‘5 2‘0 1‘5 IID .rI) 6 -‘5 -1‘0
& [ppm]
™M
W @
C5Br (3b) o &
25i NMR (60 MHz, CDCLy) 6 12.66, -108.93. i
I léU I 16‘0 I 1“40 léﬂ 160 8‘0 GIU 4‘0 ZIU I 6 -1‘0 I -3‘0 -5‘0 -;I’U 9‘0 I -1‘10 I I -1110 I I -1‘;"0 ‘ I
& [ppm]
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C6Br (3¢)

C6Br (30)
I'H NMR (300 MHz, CDCls) § 3.40 (t, 7= 6.8 Hz, 16H),

1.91 — 1.79 (m, 1H), 1.50 — 1.31 (m, 3H), 0.67 — 0.34 (m,
1H), 0.13 (s, 3H).

A(t) B (m)| |E(m) C(m)| |D{(s)
3.40 1.85 1.40 0.60 0113

! | | | |
8 ] 3 & 5
g g g 59
?II] 6.‘5 E.‘EI 5‘.5 SII] 4‘5 4.II] 315 Z‘I] 2‘5 2‘.E| 1‘5 1II] EI.‘E I]I.I]
@ [ppm]
MM S m <+
C6Br (3¢) gggggp e
3C NMR (75 MHz, CDClL;) § 34.08,32.93, 32.58, 28.03, ‘T,";j__‘:’/a ;‘ H\ |
22.94,17.73, -0.14.

125 115 105 95 S0 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5
8 [ppm]
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=
[=s] .
C6Br (3¢) 2 8
#Si NMR (60 MHz, CDCl;) 6 12.68, -108.91. T i
I léU léU l“10 1‘20 160 I éU GIU I 4‘0 I 2‘0 I 6 -]I.U I -3:0 I ' -9‘0 I -1‘10 I I -1:10 I I-1‘}'0 I I
& [ppm]
C11Br (3d)
C11Br (3d)
'H NMR (300 MHz, CDCl;) § 3.40 (t, /= 6.9 Hz, 16H),
1.91 — 1.80 (m, 16H), 1.48 — 1.18 (m, 128H), 0.88 (t, /=6.7
Hz, 1H), 0.67 — 0.51 (m, 15H). 0.13 (s, 48H).
E ()
0.88
A(t) B(m)| |D(m) C(m)| |F[s)
3.40 1.85 | | 1.3 | 059 | |of3
residual H O
p)
| | | I |
8 B | =l B
o ] & ™ ]
7.3 7.0 6.5 6.0 3.3 5.0 4.5 4.0 3.5 3.0 2.3 2.0 1.5 1.0 0.5 0.0
8 [ppm]
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T N =W O M~
—0QrEYMaa M- —

C11Br (3d) TROLLTLLEETN ©
BC NMR (75 MHz, CDCls) 6 34.13, 33.64, 33.03, 29.82, e S——— I

29.81.29.66, 29.58,28.99, 28.37, 23.14, 17.87, -0.17.

T
125 120 115 110 105 100 95 a0 a5 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 1] -5 -10

3 [ppm]
&8
C11Br (3d) % Q
23i NMR (60 MHz, CDCl;) 6 12.58, -108.88. o S
| 1
I léD I léD I l“10 I 1‘20 160 I BID éD I 4‘0 2‘0 I 6 -1‘0 I ID 5‘0 I 7‘0 9‘0 I -1‘10 I I -1:40 I I -1‘70 ‘ I
8 [ppm]
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C4N3 (4a)

C4N3 (4a)

'H NMR (300 MHz, CDCl3) 8 3.26 (t, /= 6.8 Hz, 2H), 1.63
(dt, J=14.1, 7.0 Hz, 2H), 1.44 (it, J = 9.6, 6.2 Hz, 2H), 0.68
—0.56 (m, 2H), 0.15 (s, 6H).

C(tt)
1.44
A(D) B (dt) D(m) |Es)
3.26 _ 1.63 0.62 | of15
| Y A
| | ] ] |
8 8 8 8 5
v ] 9 2
7.‘El 6.‘5 EjU 5.‘5 S.IEI 4.‘5 4.IEI 315 3.‘El 2.‘5 ZjU 1.‘5 lI.EI U‘.S UI.EI
& [ppm]
C4N3 (42) o 9 2 o
BC NMR (75 MHz, CDCL;) § 51.19, 32.36, 20.33, 17.30. & o SN o
-0.23. | | [ |
|
| ]
| |
_ | L |
I léS I 115 I ].DIS I 9‘5 9‘0 EIS 8‘0 7‘5 7‘0 6‘5 6‘0 5‘5 SID 4‘5 4ID 3‘5 3‘0 2‘5 2‘0 ].‘5 1‘0 5‘ 6 -IS -1‘0 -]I.S
& [ppm]
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© 3
C4N3 (4a) o &
»3i NMR (60 MHz, CDCL) § 12.66, -108.95. ﬁ[ T
]
léﬂ I léD I 14IEI I 1‘2!] I léﬂ I EIIIJ I SIIJ I 4‘I] Z‘IJ I; *1II] I 73II] I f!;I] I *?I'I] I *QII] I *1I1EI ‘ *111E| ‘ I *1‘?!] I I
8 [ppm]
C5N3 (4b)
C5N3 (4b)
'H NMR (300 MHz, CDCl;) § 3.37 — 3.22 (m, 16H), 1.62
(dd. J=13.8. 6.9 Hz, 16H), 1.42 (d, /= 3.8 Hz, 32H), 0.71 —
0.57 (m, 16H), 0.17 (s, 48H).
C(d)
1.42
A(m) B (dd) Dm)| E[is)
3.30 1.62 0.64 ol7

| | | | |
-
8 8 8 8 g
] CI 5 ¢
T T T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
3 [ppm]
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5 RRAR S
A RSN @
C5N3 (4b) \ s ) \
3C NMR (75 MHz, CDCL) & 51.57, 30.49, 28.72, 22.72,
17.70, -0.20.

T
120 115 110 105 100 95 90 8 80 75 F0 65 60 55 S50 45 40 35 30 25 20 15 10 5 0 -5 -10 -15

@ [ppm]

—12.67
—-108.90

C5N3 (4b)
29i NMR (60 MHz, CDCl5) § 12.67, -108.90.

T T T T T
180 160 140 120 100 a0 60 40 20
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C6N3 (4c¢)

C6N3 (40)
'H NMR (300 MHz, CDCl;) 8 3.25 (t, J= 6.9 Hz, 16H),
1.58 (dd, J = 13.7, 6.9 Hz, 16H), 1.35 (d, J= 1.7 Hz, 48H),

0.59 (d,.J=7.5 Hz, 16H), 0.18 — 0.09 (m, 48H).
C(d)
135
A(E) B (dd) D(d)| |[Efm)
3.25 1.58 0.59 0j13
| | | |
8 g8 8 3 3
) R 3 g
?15 ?.‘U 615 6.‘U 5‘.5 SiU 4.‘5 4.IEI 3‘.5 3I.EI 2.‘5 ZIU 1‘5 1‘.EI EIIS U‘U
3 [ppm]
3 EEHGR 3
C6N3 (40) = NESan S
13C NMR (75 MHz, CDCl;) 5 51.63, 32.98, 28.96, 26.57, ' AN |
22.97,17.72,-0.19.
1 I25 I 1 i 3 1 65 DIS 9‘0 BIS SID 7‘5 ?ID 6‘5 6‘0 5‘5 SIU 4‘5 4ID 3‘5 EID 2‘5 2‘0 lIS IID é 6 I5 1‘ 0 lI 3
3 [ppm]
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C6N3 (40)
28i NMR (60 MHz, CDCl;) § 12.67, -108.90.

—12.67
—-108.90

T T T T T
180 160 140 120 100 80 60 40 20

0 -10 30 50 -70 an -170
3 [ppm]
C11N3 (4d)
C11N3 (4d)
IH NMR (300 MHz, CDCls) § 3.25 (t, J = 6.9 Hz, 16H),
1.65—1.55 (m, 16H), 1.42 — 1.18 (m, 128H), 0.91 — 0.85
(m, 1H), 0.66 — 0.52 (m. 15H), 0.09 (s, 48H).
F (m)| |D (m)
1.p1 0.87
At) B (m) C(m) H (s)
3.25 1.60 0.59 .09
] I | I I I
g g 8 53
3 ¢ § % 3 9
7.3 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
8 [ppm]
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C11N3 (4d)
13C NMR (75 MHz, CDCL) & 51.64, 33.64, 29.82, 29.80,
29.70, 29.58, 29.37, 29.01, 26.91, 23.14, 17.86, -0.18.

—51.64
—33.64
—23.14
—17.86
—0.18

—26.91

T T
130 125 120 115 110 105 100 95 @0 85 80 75 70 65

60 55 50 45 40 35 30 25 20 15 10 5 0 -5 -10
3 [ppm]
[00]
C11N3 (4d) @ @
81 NMR (60 MHz, CDCl;) 6 12.58, -108.88. 2 g
— 1
| |
]
]
180 160 140 120 100 80 60 40 20 0 -10 30 -50 70 90 -110 -140 -170
3 [ppm]
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C4NH2 (5a)

C4NH2 (5a)
'H NMR (300 MHz, MeOD) § 2.64 (t, 16H), 1.55 — 1.37 (m,
32H). 0.68 — 0.59 (m, 16H), 0.11 (s, 42H (should be 48)).

A(t) C(m) B (m)| [D|(s)
_2.64 1.46 | 0.63 | 0f11
residual EtOH
* 1 | |
residual EtOH 8 Fi 3 5
g # g F
g.lu sl.s s.ln 7.‘5 7.Iu s.‘s sin 5.‘5 5!0 4‘.5 4!0 3.|5 3|.n z.ls zl.n 1.|5 1.Iu nl.s u.lu -u‘.s
d [ppm]
5 2 2 3
C4NH2 (52) Ql Rl H‘ % rT
5C NMR (75 MHz, CDCls) § 42.20,37.37, 21.58, 16.59,
-2.69.
]
| | l
r T T T T T T T T T T T " T T 5.5 5.El 4.5 4.El 3.5 3.El 2.5 2.El l.5 1.El ; E.| 1

130 125 120 115 110 105 100 95 a0 85 80 73 70 65
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C5NH2 (5b)

C5NH2 (5b)
'H NMR (300 MHz, MeOD) & 2.63 (t, J = 6.9 Hz, [L6H),
1.55—1.37 (m, 49H), 0.72 — 0.61 (m, 16H), 0.17 (b, 48H).

A(t) D (m) B (m)||C(s)
2.63 1.48 0.67 || 0.17
= — =] G
grease
residual EtOH

) L |

|

residual EtOH 8_
]

—

16.34-
04

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 3.5 3.0 2.5 2.0 1

in 148,54

4.0
& [ppm]

o s o o o
[Fp] [Fp] r-.: — M~ ¥
§ 4dH £ 9 N
C5NH2 (5b) | N | |
B0 NMR (75 MHz, MeOD) 6 42.50, 33.53, 31.74, 24.10,
16.70, -2.69.
, |
1 [ |
| N
150 1‘20 11‘0 160 DID 8‘0 7‘0 GID SID 4‘0 3‘0 2‘0 IID 6 -]I.D

a [ppm]
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C6NH2 (5¢)
C6NH2 (5¢)
'H NMR (300 MHz, MeOD) § 2.70 — 2.57 (m, 16H), 1.45
(dd, 7=21.1, 14.2 Hz, 64H), 0.66 (s. 16H), 0.16 (d, J=3.3
Hz, 48H).
A(m) C(dd) B (s)| | Dy(d)
2.62 1.45 0.66|| 0116
residual
EtOH
residual EtOH /
) N
] all
1 | |
8 . 8 8
g 3 g ¢
Q.II] SI.S SI.I] ?.IS ?j[l 6‘.5 6‘.EI 5.‘5 5.‘EI 415 4.II] 3.‘5 3.II] 2‘.5 ZjI] 1;5 1.‘EI I]iE EI.‘I]
& [ppm]
gRRNSE 3
FEERIS o
C6NH2 (SC) s 170 |
5C NMR (75 MHz, MeOD) 6 42.60, 34.35, 33.78, 27.72,
24.16, 16.68, -2.69.
[ |
1 I 1
Ll |
Z‘ZI] Ziﬂ ZEIIEI 1;0 léﬂ 13I"I] lﬁIEI 1!I5I] 1““] 13II] 1I2E| liﬂ ll‘]I] QIEI EIIEI ?II] S‘I] EIEI 4I[| 3II] ZII] 1IE| II] '1II]

8 [ppm]
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C11NH2 (5d)

C11NH2 (4d)

'H NMR (300 MHz, MeOD) 6 2.92 (d, J= 7.1 Hz, 16H), 1.74
—1.58 (m, 201), 1.48 — 1.24 (m, 163H), 0.69 — 0.62 (m,
15H), 0.16 (s, 50H).

[J

/‘ residual EtOH
| [\ 7 \
{
I L Jml_ fu \JJJ_ ;.n\\_jt _w LULL,
¢ \ I | | | \
&
residual EtOH 8 B 1 8 H
8 o 3 8 & )
T T T T T T T T T T T T T T T T T T T T T T T T
4.4 4.2 4.0 3.8 3.6 3.4 3.2 3.0 2.8 2.6 2.4 22 2.0 1.8 16 1.4 12 1.0 0.8 0.6 0.4 0.2 0.0 0.2
a [ppm]
[ (] [ — LN
RROERNETEGERN 2
=~ d
Ql HRERARARINIY S

C1INH2 (4d)
3C NMR (75 MHz, MeOD) § 40.82, 34.70, 30.92, 30.89,
30.72, 30.68, 30.41, 28.66, 27.62, 24.26, 18.75, 0.09.

125 120 115 110 105 100 95 a0 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 ] -5
@ [ppm]
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C11NH2 (5d) 3 o
23i NMR (60 MHz, MeOD) 5 13.01, -108.63. o =
| |
]
|
| ||
I léU léU l“10 1‘20 160 I éU 6‘0 I 4‘0 I 2‘0 I 6 -]I.U I -3:0 I -SIU I -7‘0 ' -9‘0 I -].IlU I I -1:10 I I-1‘70 I I
3 [ppm]
C4Urea (6a)
C4U (6a)
'H NMR (300 MHz, MeOD) & 3.20 — 3.01 (m, 32H), 1.49
(td, J=14.6, 7.3 Hz, 48H), 0.91 (t, /= 7.4 Hz, 24H), 0.75 —
0.61 (m, 16H), 0.18 (s, 48H).
D (m)
0.68
A (m) B (td) ct) E(s)
3.12 1.49 0.91 0.18
| | [ |
8 8 & 8 B
" g N %
32 30 28 26 24 22 20 18 16 14 12 1.0 08 0.6 04 0.2 0.0

T T
6.2 6.0 58 56 54 52 50 48 4.6 44 4.2 4.0 3.8 36 34
& [ppm]
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(8]

e M= M~NOooo

= @RS AEAB o
f=) Nowm o 00— =2
— T Mm NN [=]
| NS/ NS |

C4U (6a)
BC NMR (75 MHz, MeOD) 6 161.33, 42.83, 40.74, 35.01,
24.57,21.46,18.39, 11.69, 0.01.

T
220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 a0 50 40 30 20 10 a -10
a [ppm]

C4U (6a)
28] NMR (60 MHz, MeOD) 6 13.31, -108.57.

—13.31
—-108.57

-30 -50 -70 -00 -110 -140 -170

180 160 140 120 100 80 60 40 20 0 -10
& [ppm]
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C5Urea (6b)

C5U (6b)
'H NMR (300 MHz, MeOD) & 3.09 (dt, J= 13.9, 6.9 Hz
32H), 1.57 — 1.33 (m, 64H), 0.91 (t. /= 7.4 Hz, 24H), 0|73 —
0.59 (m, 16H), 0.17 (s, 48H).

D (1)
0.91
B (dt) C(m) A (m)||E|(s)
| 309 | 1.48 0.66 || 0}17
I | |
8 &g 8% 8
i 3 g9 5
9.0 8.3 8.0 7.3 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
& [ppm]
m e e
o LS RANNRIRRE ¢
6=} NSt~ 2
— NN A O
| N T N
C5U (6b)
BC NMR (75 MHz, MeOD) 6 161.33, 42.84, 41.07, 31.81,
31.21, 24.56, 23.99, 23.56, 18.70, 11.68, 0.04.
j | | |
! it L
Ll
2‘20 Ziﬂ EDID léﬂ léﬂ 1;’0 léD léﬂ l“lﬂ 13‘0 1‘20 liﬂ 160 QID SID 7‘0 E‘D EID 4ID 3‘0 ZID IID 6 -IID
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—13.24
—-108.55

C5U (6b)
29i NMR (60 MHz, MeOD) & 13.24, -108.55.
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1.27 (m, 80H), 0.91 (t, J= 7.4 Hz, 24H), 0.7p — 0.55 (m, J =
14.7 Hz, 16H), 0.16 (s, 48H).
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5C NMR (75 MHz, MeOD) § 161.34, 42.84, 41.15, 34.51,
31.51,27.78, 24.56, 24.16, 18.84, 11.68, 0.07.
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C11Urea (6d)

C11Urea (6d)

' NMR (300 MHz, MeOD) § 3.16 — 3.03 (m, J=9.7, 7.0
Hz, 32H), 1.56 — 1.23 (m, 160H), 0.91 (t, J= 7.4 Hz, 24H),
0.70 — 0.61 (m, 16H), 0.14 (s, 48H).
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C11Urea (6d)
3C NMR (75 MHz, MeOD) § 161.36, 42.84, 41.10, 34.69,
31.49,30.94, 30.69, 28.10, 24.55, 24.27, 18.77, 11.67, 0.15.
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C11Urea (6d)
»3i NMR (60 MHz, MeOD) 6 12.98, -108.63.
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—— C5Urea

—— C5NH2 residual EtOH
—— C5N3

—— C5Br
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ESI- MS spectra
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C6NH2 (5¢)
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C6 Urea (6¢)
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TG curves

1004
90
80+
g' ]
= 70
8 4
» 60+
2 ]
= 504
40] —— sans83 C5U
{ —— San584 C6U
304 —— San586 C4U
1 —— San496 C11U
20 T T T T T T T T T T
200 400 600 800 1000
Temperature [°C]
Tse Onset Meesidual mass
[°C] [°C] [%]
C4 217 167 39.58
c5 247 181 38.69
C6 237 198 35.22
C11 259 204 28.76

Remark: Measurements were conducted under Ny, therefore the residual mass corresponds not to
value of inorganic part. Measurements were conducted to determine thermal stability.

[i] Libbe C., Dumrath A., Neumann H., Beller M., Kadyrov R., ChemCatChem 2014, 6, 105-108.

[ii] Kobayashi Y., Nakano M., Kumar G.B., Kishihara K., J. Org. Chem. 1998, 63, 7505-7515.

[iii] a) Dutkiewicz M., Maciejewski H., Marciniec B., Karasiewicz J., Organomet. 2011, 30, 2149-2153; b)
Hasegawa |., Motojima S., J. Organomet. Chem. 1992, 441, 373-380.
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1. 'H, & 3C NMR spectra of synthesized molecules (1-10) and polymers (P1-P11)

3-Acetylaminopropanol (1).}

"H NMR (300 MHz, CDCF)  6.80 (s, 1H, H8 or H4), 4.12
(1H, HS or H4), 3.58 (t/ = 5.7 Hz, 2H, H1), 3.32 (td,/ =
6.0 Hz, 2H, H3), 1.93 (s, 3H, H7), 1.63 (quint, 2H, H2).

A(s) B (s) c®)|| o (td) g (s)|| F (quint)

6.80 4.12 3.58(| 3.32 93| 1.63
— — — 7 —

NN

& - N & <

S ° ° o - 9

L] - o~ o~ (o] o~

T T

T T T T T T T T T T T T T
74 72 7.0 68 66 64 6.2 60 58 56 54 52 50 48 46 6?.4 31.2 40 38 36 34 32 30 28 26 24 22 20 18 16 14
ppm

Figure S1: '"H NMR of 3-Acetlyaminopropanol (1).

C NMR (75 MHz, CDCF) § 171.64 (C5), 59.40 (C1),
36.56 (C3), 32.05 (C2), 23.03 (C7).

(0] o
i S,
1 AN (o))
HO/ ~ 2/ ™~ NH CHj; 0 O
8 4 7 n o
O o
M M
I -
\ <
m
(o]
. |
@
—
~N
—
A "
T T T T T T T T T T T T T T T T
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20

& [ppm]

Figure S2: 3C NMR of 3-Acetlyaminopropanol (1).
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3-Acetamidopropyl methacrylate (2).

'"H NMR (300 MHz, CDCP)  6.14 — 6.02 (m,J = 1.5, 1.0

Hz, 2H, H12 and H4), 5.58 — 5.50 (m, 1H, H12), 4.18 (i =
6.0 Hz, 2H, H1), 3.28 (td.J = 6.0 Hz, 2H, H3), 1.95 (s, 3H,
H7), 1.92 — 1.90 (m, 3H, H13), 1.85 (quint/ = 6.0 Hz, 2H,

H2).
o
¥ i
Hal~ |“1/9\ o SN > ohg
8 4
[ (m)
1.91
A (m) B (m) C(t) D (td) E (s)
6.07 5.55 4.18 3.28 1.95
— — — — i
H (quint),
1.85
] J
& & & & €'t
o o - [y} oonN
N b N N 0NN
T T T

T T T T T T T T T T T T T T T T T
74 72 7.0 68 6.6 64 62 60 58 56 54 52 50 48 46 44 42 40 3.8 3.6 34 32 3.0 28 26 24 22 20 18 16 14

& [ppm]

Figure S3: 'TH NMR of 3-Acetamidopropyl methacrylate (2).

"C NMR (75 MHz, CDCF) § 170.34 (C5), 167.65 (C9),
136.24 (C11), 125.83 (C12), 62.26 (C1), 36.47 (C3), 28.79
(C2), 23.31 (C7), 18.35 (C13).

o
i i
N N RN © ~
. o~ 0
B 0 7 NH CHy . N TRNOMM
I @« o O O M O
CH, n © M AN N
. — (N NN
|

170.34
~167.65
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T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 _ 100 90 80 70 60 50 40 30 20 10 0 -10
& [ppm]

Figure S4: 3C NMR of 3-Acetamidopropyl methacrylate (2).
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2-(4-Butylureido) ethyl methacrylate (3).

'"H NMR (400 MHz, CDCPF) § 6.19 — 6.07 (m, 1H, H1), 5.64

~N
—5.53(m, 1H, H1), 4.68 (s, IH, H9 or H11), 4.44 (s, 1H, ©
HI1, H9 or H11), 4.24 (t,J = 5.4 Hz, 2H, H6), 3.50 (q,) = |
5.4 Hz, 2H, H8), 3.18 — 3.11 (m, 2H, H12), 1.94 (s, 3H, H4),
1.52 — 1.42 (m, 2H, H13), 1.41 — 1.27 (m, 2H, H15), 0.91 (t,
J=7.3 Hz, 3H, H16).
HZS:%Z/?\,/G\B/';‘H‘ ANH - CHs
L
D (s) J(m)
4.44 1.33
6.12 5.59 4.68 4.24 3.50 3.15 .94 1.47 .91
n Jud \
& & ES LS & + Nb® &
=z e Q9o Q@ o e hKaa o
Lol - ocoonN - Lal m O ~N
7‘.5 7‘.0 6;.5 6;.0 5‘.5 !;.0 4‘.5 4:.0 3‘.5 3‘.0 2‘.5 2‘.0 1‘.5 1‘.0 (;.5
& [ppm]
Figure S5: 'TH NMR of 2-(4-Butylureido) ethyl methacrylate (3).
"C NMR (75 MHz, CDCF) § 167.73 (C5), 158.12 (C10),
136.22 (C2), 126.11 (C1), 64.37 (C6), 40.54 (C8), 39.88
(C12),32.38 (C13), 20.15 (C4), 18.44 (C15), 13.89 (C16).
RO OB AN NH s CHg
I 5 ) 10 12 15
= N © S+
: ) T ™ <+ R
o o N8 3 S & Ran
N g | \ oo P
B ] — | | \H/ | O
= |
\ l | 1 l
|
I N I | NSRRI I
1‘70 1‘60 1‘50 1‘40 1‘30 1‘20 1‘10 1‘00 éO éO 7‘0 éO ;0 “10 3“0 2‘0 1‘0

& [ppm]

Figure S6: 3°C NMR of 2-(4-Butylureido) ethyl methacrylate (3).
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2-(2-Hydroxyethyl)-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione (4).

'"H NMR (300 MHz, CDCF) § 6.53 — 6.48 (m, 2H, H1&2),
5.27 (t,J = 0.9 Hz, 2H, H3&6), 3.79 — 3.72 (m, 2H, H14),
3.71 - 3.63 (m, 2H, H13), 2.88 (s, 2H, H4&S5), 2.37 (s, 1H,

H15).
[¢]
//10
1//5\5/9\
o [ wy
Z\‘3/4\7 14— OH
\\ 15
[e]
11
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3.67
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=] — —— He [ e—
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Figure S7: 'TH NMR of 2-(2-Hydroxyethyl)-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione (4).

C NMR (75 MHz, CDCF) § 176.92 (C7/9), 136.67 (C1/2),
81.15(C3/6), 60.57 (C14), 47.65 (C4/5), 41.97 (C13).
S
. I
1//t'\s/f’\
o T vy
Nt~ o
<A "
Q
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© |
l ~N
~ n
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° |
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Figure S8: 3C NMR of 2-(2-Hydroxyethyl)-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione (4).
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Furfuryl methacrylate (5).1

"H NMR (400 MHz, CDCF) § 7.50 — 7.35 (m,J = 1.0 Hz,
1H, H11), 6.44 — 6.41 (m,J = 3.2 Hz, 1H, H9), 6.38 — 6.35
(m,/=3.1,1.9 Hz, 1H, H10), 6.15 6.1 (m, 1H, H7), 5.14
(s, 2H, H1), 1.95 (s, 3H, HS).

o
5

i
E 4 CH
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11 ” 3 H
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7
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7.42 6.4 414 .95
HH H H HH
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J ) G JLJ__%,\_,;
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Figure S9: 'TH NMR of Furfuryl methacrylate (5).

"C NMR (75 MHz, CDCF) 5 167.16 (C4), 149.77 (C2),
14331 (C11), 136.17 (C6), 126.13 (C7), 110.68 (C10),
110.66 (C9), 58.41 (C1), 18.41 (C8).
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58.41
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Figure S10 3C NMR of Furfuryl methacrylate (5).
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2-(1,3-Dioxo-3a,4,7,7atetrahydro-1H-4,7-epoxyisoindol-2(3H)-yl)ethylmethacrylate (MIMA, 6)'

'H NMR (400 MHz, CDCP) 3 6.50 (s, 2H, HI&H2), 6.06 _
(s, 1H, H20), 5.59 — 5.51 (m, 1H, H20), 5.25 (s, 2H, N
H3&H6), 427 (t,J = 5.4 Hz, 2H, H14),3.80 (t/ =53 Hz, T
2H, H13), 2.86 (s, 2H, H4&HS), 1.89 (s, 3H, H19).
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Figure S11: '"H NMR of 2-(1,3-Dioxo-3a,4,7,7atetrahydro-1H-4,7-epoxyisoindol-2(3H)-yl)ethylmethacrylate

(MIMA, 6).
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Figure S12: 3C NMR of 2-(1,3-Dioxo-3a,4,7,7atetrahydro-1H-4,7-epoxyisoindol-2(3H)-
yl)ethylmethacrylate (MIMA, 6).
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'"H NMR (300 MHz, CDCP) 6 4.10 — 3.82 (m, 1H, OCH),

2.14 - 0.59 (m, 6H, pBMA backbone). in
I
o CHs pBMA backbone
/>O Br
Hed CHs .
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Figure S13: "H NMR of pBMA (P1).
]H NMR (300 MHz, CDCE}) 6 7.42 (s, 1H), 6.44 — 6.29 (m,
2H), 5.02 — 4.88 (m, 2H), 4.08 — 3.81 (m, 21H), 2.12 — 0.64
(m, 140H).
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Figure S14: "H NMR of pBMAcoFMA (P2).
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"H NMR (300 MHz, CDCL) § 6.58 — 6.45 (m, 1H), 5.32 —
5.15 (m. 1H), 4.13 — 3.81 (m. 24H), 3.68 — 3.48 (m. 1H),
2.91—2.79 (m., 1H), 2.14 — 0.62 (m, 149H).
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Figure S15: '"H NMR of pBMAcoMiMA (P3).
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Figure S16: "H NMR of deprotected pBMAcoMiMA (dP3).
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Figure S17: '"H NMR of pBMAco"H1" (P4).
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Figure S18: '"H NMR of EKH14 (P5).
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Figure S19: '"H NMR of EKH2,4 (P6).
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Figure S20: '"H NMR of EKH1g (P7).
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Figure S21: "H NMR of EKH2g (P8).
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Figure S22: "H NMR of EK(OCN) (P9).
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Figure $S23: "H NMR of EK(OCN +amine)= EKH2g (P10).
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Figure S24: FTIR spectra of monomers: BMA, 2, 3, 5, 6.
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Figure S25: FTIR of polymers: P1, P2, P3 and deprotected dP3.

z
z
£
s
2
5
z
e
E

—— pBMAcoH1 (P4)
—— pBMA (P1)

v(C-N)

I
2z

=

B
A

r T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber [cm™]

Figure S26: FTIR of polymers: P1 and P4.
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Figure S27: FTIR of polymers: P1, P5, P7 and deprotected dP7
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3. DSC curves (2nd heating) of polymers P6-P10.
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Figure S28: DSC curves (2nd heating) of P6-P10 for glass transition temperature. All curves show rDA
signal.

4. IR spectra of composites C1-C4.
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Figure S29: IR spectra of composites C1-C4.

247



CHAPTER 6 SUPPORTING INFORMATION

5. DSC curves of C1-C4.
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Figure S30: DSC curve of C1.
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Figure S31: DSC curve of C2.
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Figure S32: DSC curve of C3.
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6. Microscope Images of composites C1-C3.

Figure S34: Microscope Images of self-healing experiment with C1:

a) cut through whole thickness; b-c) trying to reconnect at room temperature; d) “decrosslinked” (in
this case = heated) at 120°C.

Figure S35: Microscope Images of self-healing control experiment with C2:

a) cut through whole thickness; b-c) trying to reconnect at room temperature; d) “decrosslinked” (in
this case = heated) at 120°C.
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Figure S36: Microscope Images of self-healing control experiment with C3:

C4: a) cut through whole thickness; b-c) recombination of surfaces; d) gently pressed together interfaces at 30°C; e)
decrosslinked at 120°C and f) crosslinked at 70°C.
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7. UV/Vis spectra and conversion over time for P8.
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Figure S37: UV/ Vis spectra followed over time while crosslinking of P8 at 70°C.
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Figure S38: Zoomed UV/ Vis spectra followed over time while crosslinking of P8 at 70°C.
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Figure S39: DA conversion over time of P8 determined from UV/Vis.
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Figure S40: UV/ Vis spectra followed over time while crosslinking of C4 at 70°C.
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8. Rheology measurement of P8.
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Figure S41: Rheology measurement of P8.

9. TEM images and EDX of C3

Figure S42: TEM image of microtome cutting slices (~ 20 nm depth) of C3.
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Spektrum 1

Figure S43: EDX spectrum of C3 determined from microtome cutting slice (~ 20 nm depth).
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