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Kurzfassung

Im Zuge dieser Arbeit wurden sowohl die Synthesemoglichkeiten als auch die vielfaltigen
Eigenschaften von ionischen Nanopartikelnetzwerken (INN) untersucht. Die mit Hilfe des Sol-Gel-
Prozesses hergestellten Metalloxidnanopartikel wurden mittels unterschiedlich substituierten
Trimethoxysilanen modifiziert. Die endglltige Bildungsreaktion der Hybridmaterialien wurde durch
eine nukleophile Substitution zwischen mit zyklischen Stickstoffbasen modifizierten Nanopartikeln
und mit choralkylmodifizierten Nanopartikeln oder mit zweifach chlormethylensubstituierten
(-CH,CI)  Linkermolekiilen realisiert. Die so erhaltenen Materialen boten vielfiltige
Verarbeitungsmoglichkeiten und wurden mittels zahlreicher Analysemethoden charakterisiert. Die
Kinetik der Bildungsreaktion wurde auBerdem mittels einer Quartzkristallmikrowaage untersucht.
Des Weiteren wurden Rontgenkleinwinkelstreuungsmessungen durchgefiihrt, welche eine
Nahordnung im Material zeigten, die mit hoher Wahrscheinlichkeit auf m-m-Wechselwirkungen
zwischen den aromatischen Ringen des Materials zurlickzufiihren ist. Fiir einen besseren Einblick in
die Zusammensetzung des Materials und die Wechselwirkungen der Komponenten untereinander
wurden Festkorper-NMR-Messungen, sowie ab-initio-Berechnungen als auch DFT-Berechnungen
durchgefiihrt. Diese Untersuchungen bestatigten die Prasenz von mi-m-Wechselwirkungen zwischen

den aromatischen Ringen der INN Materialien.

Den Kern der Arbeit bildeten Untersuchungen der Photolumineszenzeigenschaften der INN-
Materialien. Dabei wurde speziell die Regulierbarkeit der Anregungs- und Emissionswellenlangen
durch Variation der Substituenten an der C2-Position des Imidazoliumringes oder durch die
Variation des Linkermolekils zwischen den Imidazoliumringen, fir Gber zwanzig verschiedene INN-
Materialien untersucht. Zudem wurde der Einfluss der verschiedenen Linkermolekiile auf die
Nahordnung im  Material und die daraus resultierenden  Veranderungen der

Photolumineszenzeigenschaften bestimmt.

Daruber hinaus wurden Metallchloride, die fiir die Bildung von Chlorokomplexen bekannt sind, mit
den Chloridionen der INN-Materialien komplexiert und die daraus resultierenden Eigenschaften der

Materialien, wie Thermochromie oder Photolumineszenz, untersucht.

Des Weiteren konnte gezeigt werden, dass die Reaktion von CO, und unterschiedlichen Epoxiden zu
organischen zyklischen Carbonaten durch die INN-Materialien effektiv katalysiert wird. Fir
Reaktionen mit Epichlorhydrin wurden fir alle getesteten Materialien quantitative Umsetzungen
beobachtet. Die INN-Materialien konnten dabei bis zu vier Mal ohne erkennbare Minderung des

Umesatzes, allerdings mit einem signifikanten Riickgang der Selektivitat, wiederverwendet werden.

AbschlieBend wurden Versuche unternommen SiO,-nanopartikelbasierte selbstheilende Materialien
herzustellen, indem Prinzipien von selbstheilenden Polymeren auf SiO,-Nanopartikelnetzwerke

Ubertragen wurden.



Abstract

In the course of this work the synthesis and versatile properties of novel inorganic-organic hybrid
materials, so-called lonic Nanoparticle Networks (INN), were investigated. The metal oxide
nanoparticles, prepared by sol-gel processing, were modified with various differently substituted
trimethoxysilanes. The final synthesis of the hybrid materials was the crosslinking of cyclic nitrogen
base modified nanoparticles and chloroalkyl modified nanoparticles or chloromethylene (-CH,Cl)
disubstituted aromatic linker molecules by a nucleophilic substitution. The obtained hybrid
materials showed a very versatile processing and were characterized by various analysis techniques.
The kinetics of the INN materials formation was also investigated by Quartz Crystal Microbalance
(QCM). Short Angle X-ray Scattering (SAXS) measurements were executed on the INN materials
revealing a short range order in the material, which most likely is caused by m-m stacking
interactions between the aromatic rings in the material. For a deeper understanding of the
interactions in the material as well as of the composition of the INN materials solid state NMR
measurements, ab-initio calculations and DFT calculations were conducted. These measurements
confirmed the presence of m-m stacking interactions between the aromatic rings in the INN
materials.

The core of the work was the investigation of the photoluminescence properties of the materials.
Especially the tailoring of the excitation and emission wavelengths, by varying the substituents on
the C2 position of the imidazolium moiety as well as by variation of the aromatic linker, was
investigated for more than twenty different INN materials. The influence of the different linker
molecules on the short range order and the resulting changes in photoluminescence activity was
also evaluated.

Furthermore, metal chlorides, which are known to form chloro metalate complexes, were used for
the complexation with the chloride ion of the INN materials and the resulting properties, such as
thermochromism and photoluminescence features, of the INN materials were explored.

In addition, it could be shown that the INN materials are efficient heterogeneous catalysts for the
conversion of CO, and different epoxides into organic cyclic carbonates. Reactions with
epichlorohydrin showed that a quantitative conversion could be reached for all the tested materials
under relatively mild conditions. The INN materials could be easily recycled for at least four runs
without a loss in conversion, but a decrease in selectivity was observed.

Finally, first attempts on silica nanoparticle based self-healing materials were made by the transfer

of principles from self-healing polymers to silica nanoparticle networks.
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1 Introduction

1.1 Hybrid Materials

Hybrid materials are materials that include two moieties blended on the molecular scale. Usually
one of the molecular compounds is inorganic and the other one organic.[” The materials combine
the advantages of the individual compounds to form high performance materials. Nowadays, hybrid
materials are often used for protective and smart coatings, e.g. as corrosion protecting coatings for
aircrafts, “easy-to-clean” coatings for glass or scratch resistant clear coatings for the automotive
industry.? Another striking example is their application in so-called dye-sensitized solar cells, which
are based on the use of interpenetrating network of nanocrystalline oxide and conducting

electrolyte.?*

The first hybrid materials can be found in nature, where optimal balance between durability,
mechanical properties and other important properties such as density, permeability, color,
hydrophobicity etc. could be observed.”? In the most cases the inorganic part provides mechanical
strength and the overall structure, while the organic part connects the inorganic building blocks
and/or the soft matter of the material.™ These natural made inorganic-organic nanocomposites are
formed under soft and sustainable conditions. Examples for this are the human bones and teeth
and mollusc shells.”! In some cases inorganic-organic interfaces play an important role in the
construction of living systems, e.g. as catalysts for natural processes like the polypeptide synthesis

by the catalytic activation of organic compounds by clays or zeolithes.!®”!

Some selected examples for early man-made hybrid materials are china ceramics, blue Maya
pigments and some prehistoric frescos.””! Especially the Maya blue is an illustrative example of man-
made hybrid materials. It combines the resistance of the inorganic clay palygorskite with the color

of the organic pigment indigo.”®*!

The industrial manufacturing of inorganic organic hybrid materials started in the middle of the 20™
century. One of the first hybrid material products were paints, which are inorganic nano-pigments
suspended in organic solvents by closer examination. Another product is paper, where the cellulosic

polymers were cross linked by metal oxides, such as titania, alumina and zinc oxide.?

The interest on the concept of inorganic-organic nanocomposites exploded in 1980s by the
development of soft inorganic chemistry processes, like the sol-gel chemistry.m This type of
chemistry opened the door to numerous new synthesis pathways and application possibilities of

today’s tailor-made functional hybrid materials.
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Hybrid materials can be divided in two classes™:

- Class | Hybrid Materials: The inorganic and the organic components are only connected by
weak interactions, like van der Waals, hydrogen bonding or electrostatic interactions.
- Class Il Hybrid Materials: The inorganic and the organic components in the material show

strong interactions, like ionic or covalent bonding, between the components.

The most important system of this work, the lonic Nanoparticle Networks (INN), belongs to Class Il
hybrid materials.

For different classes of hybrid materials various synthetic pathways are possible!>®:

Route A:

This route corresponds to molecular growing processes including sol-gel chemistry, the application
of bridged polyfunctional precursors and hydrothermal synthesis of e.g. coordination polymers such
as Metal Organic Frameworks.” In conventional sol-gel chemistry metal alkoxides or metal halides
react in a polycondensation reaction, which usually results in a three-dimensional cross-linked
network. (The sol-gel process will be discussed more in detail in chapter 1.2.) The advantage of this
synthesis method is that the starting compounds are simple and low cost. Moreover, the products
are very versatile and exhibit interesting properties. However, the main disadvantage is that the
products are typically polydisperse in size and locally heterogeneous in their chemical composition.
Therefore it is very important to get control about the local structure of the hybrid materials. There
are two methods to improve the organization within the materials. The first is the use of bridging
precursors, such as silsesquioxanes X;Si-R’-SiX; (R’ = organic spacer, X = Cl, Br, OR), which allow the
formation of homogenous molecular hybrid inorganic-organic materials with a higher degree of
local ordering.>'® The second method is the hydrothermal synthesis in polar solvents in the
presence of organic templates. This synthesis resulted in numerous zeolithes with applications as
adsorbents or catalysts. Another type of hybrid materials, which can be obtained by this method,
are the Metal Organic Frameworks (MOFs). These materials are coordination polymers synthesized
by the linkage or coordination of polymerizable or polyfunctional spacers to metal-containing small
oIigomers,m e.g. metal oxo-clusters.™ In the last 15 years the synthesis and applications of these
MOFs were investigated by a large number of research groups all over the world building an own
research community. These hybrid materials exhibit very high surface areas (from 1000 to 4500
m?/g)?* 7 and thus they are extremely high promising for catalytic and gas adsorption based

applications, e.g. hydrogen storage.”s]
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Route B:

This route corresponds to the assembly or dispersion of well-defined nanobuilding blocks (NBB),
which can be clusters, pre- or post- functionalized nanoparticles (metal or metal oxide), nano-core-

shell structures®*”!

or layered compounds (clays or lamellar phosphates or oxides) that can host
organic compounds.***?% For this reaction pathway the NBB are synthesized prior to the real
material synthesis and thus they retain their shape and physicochemical properties in the final
hybrid material.”” The hybrid material synthesis itself is the assembly or dispersion of the NBBs.
One big advantage of this synthesis strategy is that once synthesized the NBB are quite resistant
against hydrolysis and nucleophilic attacks compared to the metal alkoxides. One further advantage
is that the pre-synthesized NBB can be monodisperse and show well defined forms and surface,

which facilitates the characterization of the final hybrid materials.*

The hybrid materials developed in this work, the lonic Nanoparticle Networks, were synthesized via

this route.

Route C:

The synthesis strategy of this route is based on the self-assembly of amphiphilic molecules or
polymers coupled with sol-gel polymerization.'? It could alternatively be described as a template
growth of the nanomaterials by organic surfactants.®®! One example for this strategy is the
synthesis of mesoporous solids from the calcination of alumosilicate gels in the presence of
surfactants.® Furthermore silsesquioxanes can be used as precursors for this reaction. The
resulting hybrid materials are nanoporous and present a high degree of order. Due to their
mesoporosity it is possible to modify the surface afterwards with organic functionalities by grafting

reactions with for example different substituted alkoxysilanes.!?”!

These different synthesis routes give access to hybrid materials with a controlled design and a
tailorable assembly of the components in the nanoscopic to mesoscopic range. Furthermore,

chemistry, physics and processing are strongly coupled for these synthesis pathways.!”

For all these routes sol-gel processing can be used as it is in general a “chimie douce” procedure.



1 Introduction

1.2 Nanoparticles and Sol-Gel Processing

Usually particles can be defined as nanoparticles, if the dimension of every three spatial directions
is located between 1 nm and 100 nm. At this size it is not possible to apply quantum chemistry and
the rules of solid state physics are not valid anymore. These phenomena can be assigned to two

effects!?®:

1. Finite-size effect: The electronic structure of a nanoparticle is located between the
electronic structure of a molecular material and the electronic structure of a bulk material.
By scaling down the size of the particle to the lower nanometer regime, the electronic
bands split to molecular orbitals. However, the discrete energy levels of molecular
compounds have not been reached yet.”®

2. Surface and interface effects: A high percentage of atoms in nanomaterials are surface

atoms. Thus they can be considered as surface matter in macroscopic quantities.”?®

Due to their very special properties, nanoparticles are extremely high promising for numerous

[27] [28,29]

applications, e.g. for electronic and sensor applications”, for surface active paints and

superhydrophobic coatings.*>*" Another branch of applications is their wide use in medicine and

[32,33] [34,35]

biology for drug delivery and for cell markers.

For the synthesis of nanoparticles two main synthesis pathways exist: the top-down and the

bottom-up strategy.®®

In the top-down processes the synthesis of the nanoparticles started from macroscopic initial
structures. The synthesis itself can be realized, on the one hand, by ball milling or grinding

15738 and, on the other hand,

techniques applying mechanical forces on the starting materia
template techniques.®**® The “crude” top down methods like ball milling and grinding typically
offer less control on parameters like particle size and size distribution and the shape of the particles
deviates significantly from spherical.*” Chemical bonds are broken during the ball milling and new
surfaces are created. The dangling bonds on these newly created surfaces usually show a high
chemical reactivity.””) The template based techniques lead to a better control of the particle size
and shape, and are mainly applied in microelectronics. However these techniques are also

characterized by a low sample throughput and expensive procedures.*!

The bottoms-up techniques start with molecular building blocks for the synthesis of the
nanoparticles. The driving force of the assembly of the molecular building blocks is the achievement
of low energetic states.”! As only the bottom-up strategy was used for the synthesis of the

nanoparticles in this work this method will be discussed in detail in the following pages.
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A very important bottom-up synthesis strategy in materials chemistry and also for the nanoparticle

synthesis in this work is the sol-gel process. At this point the terms sol and gel have to be defined:

A sol is a stable suspension of colloidal solid particles or polymers in a liquid. Thereby the particles
can be amorphous or crystalline.”?® Thereby, colloidal particles are defined by a diameter between 1

nm and 1000 nm.

A gel consists of a porous, three-dimensionally continuous solid network surrounding and
supporting a continuous liquid phase. In colloidal gels, the network forms by agglomeration of
dense colloidal particles, whereas in “polymeric” gels the particles have a polymeric sub-structure
made by aggregation of sub-colloidal chemical units. In general, the sol particles can be connected

by covalent bonds, van der Waals forces, or hydrogen bonds.?®

The sol-gel process can be defined as the synthesis of inorganic or hybrid materials from molecular
precursors.[“] It can be described as a green chemistry process, because toxic reactants are not
required and it is executed at relatively low temperatures, typically between room temperature and
100 °C.”*! The precursors are predominantly silicon or metal alkoxides or metal salts. One
advantage of the sol-gel chemistry is that the processing is quite simple. Thin films of the material
can be obtained by dip-, spray- or spin coating, fibers can be directly spun from the sol, monoliths

can be obtained by a slowly drying procedure and powders by simply drying of the sol (Figure 1).1%°
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Figure 1 Possibilities of processing in sol-gel chemistry.ml
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As in this work predominantly silica based materials were synthesized, the sol-gel process of silicon
alkoxides will be discussed in detail in the following pages. The sol-gel process of silicon alkoxides
mainly consists of two steps. The first step is the reaction of a silicon alkoxide group Si-OR with
water forming a silanol group Si-OH and a simultaneous elimination of the respective alcohol ROH
(Scheme 1). There are two possibilities for the second reaction step: The fresh formed silanol group
can react with another silanol group (water condensation) or with a silicon alkoxide group of an
unreacted precursor molecule (alcohol). At this point it has to be highlighted that the condensation
usually starts before the hydrolysis of the silicon alkoxide is completed.?® The sol-gel transition (gel
point) is reached when a continuous network has been formed, which can be seen macroscopically

by a sharp increase of viscosity until no flowing of the liquids is possible.

Hydrolysis:

==Si—OR + H,0 e =5i—0H + ROH

Water Condensation:

==5i—OH  + HO—SE= —P =gi-Q——SiE= + Hy0

Alcohol Condensation:

=Si—0OR + HO—SIsS= — = Si—0—SiF= + ROH

Scheme 1 Basic reactions of sol-gel processing of silicon alkoxides.

The sol-gel processing of silicon alkoxides and metal alkoxides take place in a similar way. The main
difference of silicon alkoxides and metal alkoxides lies in the reactivity regarding the hydrolysis and
condensation reactions. Silicon, depending on its low electrophilicity, shows a rather low reactivity
regarding these reactions. Transition metals, such as Ti, Zr, Mn etc. show a more electropositive
character and thus a higher reactivity towards hydrolysis reactions.”® Furthermore, most metals
offer several stable coordination numbers, which also increases the reactivity in hydrolysis and

condensation reactions.*®

In general sol-gel reactions are carried out in alcoholic solutions to get a homogeneous reaction
mixture, because many alkoxysilanes are immiscible with water. The most common precursors for

silicon alkoxide sol-gel processes are tetramethoxysilane (TMOS) and tetraethoxysilane (TEOS).

Typically, the sol-gel reactions of alkoxysilanes are catalyzed by adding acidic or basic catalysts to

the reaction mixture. In fact there are three different regions of the pH value, which influence the
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reactivity of the precursors and the morphology of the resulting material in different ways: pH < 2,
pH 2-7 and pH > 7 (Figure 2). The point of zero charge, where the surface charge of silica is zero, and

the isoelectric point, where the electrical mobility of silica particles is zero, are both located in the

pH range between 1 and 3.1*¥

MONOMER
DIMER
CYCLIC

pH<7ORpH7-10  PARTICLE

WITH SALTS
pH 7-10 WITH
PRESENTA/// \\SALTSABSENT
g tonm B

100nm

THREE-DIMENSIONAL

GEL NETWORKS SOLS

Figure 2 Dependence on the pH value of the morphology of the silica material.[*¥

At pH values lower than 2, the oxygen atom of a Si-OH or Si-OR group is protonated in a rapid first
step (Scheme 2). Thereby a good leaving group, like water or alcohol, is formed. The reaction rate
of the condensation reaction depends on the H' concentration. The gel time, which can be defined
as time at which the gel point is reached after starting hydrolysis and condensation reactions, is
quite long. This acid catalyzed condensation involves protonated silanol species which increase the
electrophilicity. Thereby monomers and weakly branched silanols are easy to protonate. In
consequence, this condensation type usually occurs at monomers and end groups of chains. Under

acidic conditions the resulting material consists of particles of maximum 2 nm in diameter.?**¥

Acid catalysis:

H OR . OR OR
\ l H H\6+ I 5:—/H | . ROH +
/o + rowSi —_ JOr§ie=-0( —_ _Simugg 0

{4 TOR AR Y HO™ '\

H RO RO OR OR

Scheme 2 Acid catalyzed silicon alkoxide sol-gel reaction.™

At pH 2-7 the hydroxide anion attacks the silicon atom by an Sy2-type mechanism (Scheme 3). The

reaction rate of the condensation is proportional to the concentration of OH ions. In consequence,

7
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a higher condensation rate can be monitored by increasing the pH value. Here the condensation
reaction takes place by the nucleophilic attack of a deprotonated silanol species on a neutral silanol
species. Therefore the condensation reaction preferentially occurs between highly branched
silanols, because they are easy to deprotonate, and weakly branched neutral silanols. The obtained

materials consist of particles, which are 2 -4 nm in diameter.[*4

Base catalysis:

... OR OR OR
N 5 1 & | ]
RO“"S'\OR — | HO- ;;S'\' -OR —_— o _Simor OR
RO RO OR OR
Scheme 3 Base catalyzed silicon alkoxide sol-gel reaction.™

By the application of basic catalysis (pH > 7) the condensation reaction occurs by the same
nucleophilic mechanism as shown in Scheme 3. All the condensed species are ionized and
preferentially react with monomeric species. The particle growth occurs primarily by the addition of
monomers on already existing particles, instead of the formation of new particles. In consequence

the obtained nanoparticle suspensions or materials consist of relatively large particles (Figure
2) [26,44]

The nanoparticles used in this work were synthesized at pH > 7. More in detail, the silica particles
were synthesized by the Stober process.[‘m This process is well known as ammonium-catalyzed

hydrolysis of tetraethoxysilane (TEOS) in methanol or ethanol to form spherical silica particles."*®

Further steps of the sol-gel process are ageing and the drying of the obtained gel. During the ageing
the gel may contains some fluid sol. This contains particles or monomers which are able to
condense to the existing network. Additionally the structure of the network can be modified by the
condensation of neighboring Si-OH or Si-OR groups. Also a ripening process can occur. That means
some mass of the particle is dissolved from thermodynamically unfavorable regions and the solutes
condense to thermodynamically more suitable regions. In consequence this process results in the
reduction of the network curvature, the disappearance of small particle and the filling of small

pores.’®!

The drying process is a critical step in the material synthesis, because it determines the form of the
final product. By conventional drying methods, like the evaporation of solvent or increasing the
temperature, xerogels are obtained, because of the collapse of the network. Aerogels can be
obtained by replacing the pore filling liquid by air or another gas, e.g. by the supercritical drying
with C0,.1*"



1 Introduction

1.3 Surface Modification of Nanoparticles

As discussed in chapter 1.2 nanoparticles show very special properties, i.e. finite size effects and
surface effects, when compared to their bulk counterparts. In consequence there are some reasons
for the surface modification of nanoparticles:***% First of all, the modification of the surface can

prevent agglomeration of the nanoparticles.***

Furthermore, the shape and size of the
nanoparticles can be controlled by this approach.[53] One further reason for the surface
modification is to establish the compatibility with another phase, e.g. to enable the water solubility
of nanoparticles, which is quite important for biological applications. For example this can be
reached by the addition of a peptide to a citrate stabilized silver nanoparticle suspension.®* The
surface modification also can improve mechanical properties of the particles by preventing
heterogeneities and incompatibilities.” Another field of interest for the modification is to facilitate

the self-assembly of the nanoparticles.”®

The suitable group or ligand for the surface modification depends on the chemical properties of the

nanoparticle itself.l*% Inorganic oxides like Si0,,”*"*® zno®? and AI203[6°]

can be modified by
different silane ligands; TiO,,'***? Sn0,,'*® Fe;0,'****! and Y,05"*® can be modified by phosphorous
based ligands and amorphous Fe,03 by sulfonic acids.'®” For the noble metal nanoparticles, like
A, Agl” or pd," the most important ligands for the surface modification are thiols, but also

amines can be used to modify Pd nanoparticles’’” and carboxylic acids for Ag nanoparticles."””

In general there are three important synthesis pathways for the surface modification of

nanoparticles:

1. The nanoparticles are synthesized in the presence of a stabilizing organic ligand, like the
synthesis of gold nanoparticles in the presence of citrate.””

2. Ligands, which were used for stabilization during the nanoparticle synthesis, can be later
exchanged against ligand with the favored properties, e.g. for functionalization the surface
or a better stabilization of the nanoparticles.””

3. Postsynthetic modification of the ligand shell: Thereby, organic functional groups can be
modified by standard organic reaction, e.g. the quaternization of amine groups with

chloroalkyl terminated modifying reactants./®

In the following only the surface modification by silane ligands will be discussed, as only they were

used for the surface modification of the synthesized metal oxide nanoparticles in this work.

Very often silanes are used for the modification of the surfaces of metal oxides. The use of silanes

offers many advantages, as they are commercially available with numerous functionalities, e.g.

9
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amino, cyano, mercapto etc. and the postsynthetic modification of metal alkoxide surfaces is quite

simple.[5°] For these modification reactions in general alkoxysilanes and chlorosilanes can be used

(Scheme 4).
Cl OR
/ /
R'=——Si=—ClI R'=—Si—O0R
Ci OR
Scheme 4 Chemical structure of organotrichloro- and organotrialkoxysilanes.

Depending on the comparable weak Si-Cl bond strength and the oxygen affinity of silicon in
general,m] di- (R’,SiCl,) and trichlorosilanes (R’SiCl;) showed a very high reactivity for the silica
surface modification reaction. This high reactivity causes the building of multidentate attachments,
which results in less ordered siloxane layers on the silica surface. For the formation of well-defined
siloxane layers chlorosilanes (R’;SiCl) can be used for the silica surface modification, but due to their
low reactivity they have to be activated by amines.”® One disadvantage of the surface modification
with chlorosilanes is the formation of HCl, which may have a negative influence on the resulting
material by initiating subsequent reactions. Depending on this fact it is more elegant to use
alkoxysilanes for the surface modification, as only alcohols are formed as side products. Thereby the
favored alkoxy groups are methoxy and ethoxy, as they show quite low molecular weights, which is
an advantage in their purification after synthesis. In fact the organotrialkoxysilanes can only purified
by distillation, because purification via column chromatography will lead to an irreversible
modification of the stationary phase with the respective silane. Thereby, various synthesis pathways
are possible for trialkyoxysilanes, e.g. the functional group of the alkyl chain R can be exchanged by

[78]

nucleophilic substitution,””™™ an unsaturated alkyl chain and the silicon atom of trimethoxy- or

[79]

triethoxysilane can be connected by a hydrosilylation or the chlorine atoms of

organochlorosilanes can be exchanged by alkoxy groups via alkoholysis reactions (Scheme 5).%%

Organochlorosilanes can be obtained from the direct synthesis of silicon and alkylchlorides in the

Miiller-Rochow synthesis."
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Nucieophilic Substitution:

(RO)gsi/\/\ X + NaY —_— (RO)3Si/\/\Y + NaXx

Hydrosilylation;

cat.

HSI(OR); + /\/Y —_— (Ro)gsi/\/\Y

Alkoholysis:
(C|)3SE/\/\Y + 3 ROH  — (RO)3Si/\/\Y
- 3 HCI
Scheme 5 Examples for possible synthesis pathways for trialkoxysilanes (R = Me, Et).
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1.4 lonic Liquids in Materials Science

lonic liquids (IL), per definition, are salts with melting points below 100 °C. Therefore, the synthesis
of ethanolammonium nitrate (melting point = 52 — 55 °C) could be designated as the first ionic

8.8% Furthermore, it is possible to

liquid, which was reported by S. Gabriel and J. Weiner in 188
prepare ionic liquids that are liquid at and below room temperature, which are known as room
temperature ionic liquids (RTIL).[83] Ethylammonium nitrate could be named as the first room
temperature ionic liquid offering a melting point of 13 °C.B4 This first RTIL was synthesized and
reported in 1914 by Paul Walden,® who is also famous for the confirmation of the “Walden
Inversion” in Sy2 type nucleophilic substitutions in organic chemistry.®® After their discovery no or
only some investigations were reported for room temperature ionic liquids for more than 50 years.
In 1964 L. King initiated a research project aimed at finding a replacement for LiCI-KCl molten salt
electrolyte used in thermal batteries, where he was working on chloroaluminates.®” These ionic
liquids are known as excellent catalysts and solvents in many processes, but they offer a big
disadvantage: their moisture sensitivity.®*% In the 1970s J. Atwood discovered a compound class
he named “liquid clathrates”, which were composed of a salt and an aluminum alkyl with the

formula M[AI(CH;)eX] (M = inorganic or organic cation, X = halide). 8790 However in the last two

decades the interest in the properties and applications of ionic liquids increased dramatically.

Invariably, ionic liquids are organic salts or mixtures consisting of at least one organic component.

The most common cations used for ionic liquids are N,N’-dialkylimidazolium, N-alkylpyridinium, N-

dialkypyrrolidinium, alkylammonium, alkylsulfonium and alkylphosphonium (Figure 3).%%°

a
R R' | R\?/R
NOd S
\~/ |®
R
N,N‘-dialkylimidazolium N-alkylpyridinium N-dialkylpyrrolidinium
) ) )
® p®
R\ @ R P,
~ S ~
R/ R R” R X R
alkylammonium alkylsulfonium alkylphosphonium
Figure 3 Chemical structure of typical cations for ionic liquids.
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The most common anions for ionic liquids are: halide, nitrate, tetrafluoroborate (BF,),
hexafluorophosphate (PFs), chloroaluminates (AICl, and Al,Cl;), alkylsulfate (RSO,), tosylate (Tol-
S05) and triflate (CF5C0O, ).

There are some methods for the preparation of ionic liquids. A well-known method is a nucleophilic
substitution between the appropriate halogenoalkane and the amine, e.g. alkylamines, pyridines®®
and imidazoles.”™ A very common RTIL is 1-butyl-3-methyl-imidazolium chloride ([bmim]Cl), which
can be prepared by heating the reactants (1-methylimidazole and 1-chlorobutane) in toluene under
reflux.” In general, ionic liquids can be synthesized at low temperatures with high yields by using
no or non-toxic solvents. Therefore ionic liquids are often named as “green” solvents.®® A
possibility for the modification of ionic liquids is the anion metathesis, e.g. by AgBF, in methanol,®®
NH,BF, in acetone,”” NaBF, in acetone or KPFg in acetone.”® In addition, monoalkylammonium
nitrate salts could be synthesized by the neutralization of aqueous solutions of the amine with nitric
acid.® In a similar reaction tetraalylammonium sulfonates were prepared by mixing equimolar
amounts of the sulfonic acid and the tetraalkylammonium hydroxide."® An additional method for
the preparation of halogenoaluminates (lll) and chlorocuprates (l) is the direct combination of a

halide salt with a metal halide.®>*°% Except the halogenoaluminates(lll) and the

chlorocuprates(l), ionic liquids are generally known to be air and moisture stable.

lonic liquids have been described as “designer solvents”, which means that their properties can be
adjusted to suit the requirements of a chemical process.™™ Properties such as melting point,

viscosity, density and hydrophobicity can be varied by simple changes to the structure of the ions

[88]

and the alkyl chains. For example the melting points of 1-alkyl-3-methylimidazolium

tetrafluoroborates and hexafluorophosphates are a function of the length of the 1-alkyl chain.**%%

Moreover, ionic liquids in general show further advantageous properties, e.g. low vapor pressure,

thermal stability and electric conductivity.®*!

Depending on these adjustable properties ionic liquids are used as solvent for numerous chemical
reactions, e.g. ionic liquids were reported to be excellent solvents for the Diels-Alder reaction.!*%*"”)
The results of reactions, conducted in ionic liquids, showed a significant conversion enhancement
compared to water, which is known to enhance the rate and selectivity of this chemical reaction.!%!
Furthermore the selectivities for this reaction can be improved by the addition of a mild Lewis acid
such as zinc(ll) iodide.™ One further advantage of ionic liquids as solvent for this reaction type is
that the ionic liquid and the catalyst can be recycled and reused after solvent extraction or the
product ca be purified by direct distillation from the ionic quuid.[ss] Other examples for the
application of ionic liquids as solvent for chemical reactions are the regioselective alkylation of

[110,111]

indole and 2-naphtole derivatives, selective oxidation reactions,™**? hydrogenation reactions
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[113]

of C=C bonds catalyzed by transition metal complexes, ruthenium and rhodium complex

[114,115]

catalyzed hydroformylation reactions of olefins, palladium (Il) catalyzed cross-coupling Heck

[120]

reactions,“le_llg] Baeyer-Villiger reactions and Beckmann rearrangements.[m] In addition, the

chloroaluminate(lll) based ionic liquids are used as solvents/reactants for Friedel-Crafts

[122,123]

reactions and oligomerization of olefins in the presence of homogenous nickel(ll)

catalysts.!?2#1%

In the chemical industry ionic liquids found their application at the BASIL™ process (Biphasic Acid
Scavenging utilizing lonic Liquids), developed by BASF. The BASIL™ process was originally developed
to scavenge HCl in the production of diethoxyphenylphosphine (Scheme 6, R = phenyl) to prevent
the formation of undesirable side reactions. In contrast to the common method with triethylamine
1-methylimidazole acts as HCl scavenger in this process. This procedure offered the advantage in
contrast to the triethylamine method, that no formed salt has to be filtered off. The formed 1-
methylimidazoliumchloride (melting point = 75 °C)** and the pure product can be simply

separated by a phase separation. ""**®!

R R

I ! ©
cozEoH + 2 STy — P + 2\N/§'®

o g \__/ E0” OEt \__/

Scheme 6 Basic reaction equation of the BASIL™ process.

Depending on their negligible vapor pressure, non-flammability, low toxicity and tunable
physicochemical properties ionic liquids in particular are used as solvents for liquid-liquid extraction

processes. 29130

In the recent years ionic liquids also showed versatile applications in materials science. Thereby,
ionic liquids simply can act as the reaction medium, e.g. they can be used as solvent for sol-gel
reactions for the synthesis of aerogels, which can be dried without a supercritical drying
procedure.™3¥32 A further sol-gel application of ionic liquids was reported by Zhou et al. They
hydrolyzed titanium tetrachloride in 1-butyl-3-methylimidazolium tetrafluoroborate [bmim][BF,]
with small amounts of water (water-poor conditions) in a low-temperature synthesis (T = 80 °C) to
get TiO, nanocrystals, which form mesoporous spherical aggregates by self-assembly.!*** Interesting
material properties were also obtained by using mixtures of ionic liquids and organic solvents, as
reported by Nakashima and Kimizuka."" The authors reported the use of an ionic liquid-toluene
mixture for the single step synthesis of hollow titania microspheres. Here the ionic liquid and the
toluene are hydrophobic and immiscible. In this case titanium tert-butoxide is hydrolyzed by water

traces in the reaction mixture and the ionic liquid itself act as a stabilizer for the hollow spheres.™**
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Another application for ionic liquid as reaction medium is the ionothermal synthesis, which
describes reactions that are conducted in ionic liquids at high temperature. In comparison to
conventional hydrothermal or solvothermal synthesis, these reactions offer the advantage that they
can be executed at ambient pressure, because of the negligible vapor pressure of the used ionic
liquids, which eliminates the safety risk caused by high pressure reactions.™* The first ionothermal
fabricated material is the zeolite SIZ-1, which contains 4- and 5-coordinated aluminum atoms.!*®

Further examples are the LaCO;0H nanoparticle and nanowire ionothermal synthesis from La,0; in

a mixture of ionic liquid (1,1,3,3-tetramethylguanidinium lactate) and water 37 the synthesis of

[138] [139]

alumino phosphate chain structures and molecular sieves and also iron and manganese

oxalatophosphonates with a three-dimensional network structure were synthesized

ionothermically.*%

Also so-called “all-in-one” ionic liquids have been reported. In these cases the ionic liquid is not only
used as a solvent, but it acts as a molecular precursor with a well-defined composition, structure
and reactivity.[134] One example for this application is the synthesis of unusual CuCl morphologies
from ionic liquid crystal, which can act as the precursor, the template and the reactant at the same
time. In this case the ionic liquid precursor is a mixture of bis(dodecylpyridinium)tetrachlorocuprate
and a derivate of ascorbic acid forming a thermotropic liquid crystal. The copper(l) chloride (CuCl) is
formed during heating by the reduction of the copper(ll) species with the ascorbic acid. The CuCl
adopted the layered architecture of the ionic liquid crystal precursor by the formation of an unusual

plate morph0|ogy.[134,141]

In material synthesis ionic liquids are also used as molecular building blocks, e.g.in the polymerized
ionic liquids (PIL). Thereby some of the unique properties of ionic liquids are incorporated in
polymer chains.™? The poly-ionic liquids can be generally synthesized by the direct radical
polymerization of ionic liquid monomers, i.e. vinylimidazolium based ionic liquids.**® These PILs are
used as polymer electrolytes in batteries and fuel cells, because they eliminate the known
disadvantages of liquid electrolytes such as leakage, flammability, toxicity and instability.**"
Furthermore they are used as polymeric surfactants in the synthesis of conductive organic polymer
[145]

dispersions.

(1481 or silica

lonic liquids can also be immobilized on solid surfaces, e.g. on porous silica
nanoparticles.™! The unique physicochemical properties of ionic liquids can be transferred to the
substrates.® The anchoring of ionic liquids on silica materials can be executed by the
condensation reaction of trimethoxysilyl groups on the silica surface, as shown in chapter 1.3.
Mainly these immobilized ionic liquids are used for catalysis applications, because in comparison to

the pure ionic liquids, they are not leaching by the catalytic reaction and, because of the high

15



1 Introduction

surface area of the used silica materials, only small amounts of the catalyst have to be used.!**!

[150]

Furthermore, immobilized ionic liquids are used for solid-phase extraction and for

chromatographic separation techniques, ie. for stationary phase in liquid chromatography

columns, 5132

The synthesis of ionogels is a further possibility to immobilize ionic liquids in a solid material, while
keeping their specific properties. The second component beside the ionic liquid can be organic
(polyethylene oxide, cellulose etc.), inorganic (silica, carbon nanotubes etc.) or organic-inorganic
(silsesquioxane etc.). The various types of ionogels can be divided in two groups: physical and
chemical gels. The physical gels are characterized by only weak interactions between the
compounds, e.g. hydrogen bonds, hydrophobic interactions, m-n interactions etc. They can be
obtained by adding a low molecular weight organic gelator, like carbohydrates, such as B-D-Glucose
or a-cyclodextrin, which build the gel by self-assembly. In general, physical gels show a limited
mechanical stability, as they are often jellies or pastes. In contrary chemical gels are cross-linked by
covalent bonds. They consist of organic or inorganic oxide matrices, which can be prepared by sol-
gel process from a metal alkoxide precursor. in comparison to the physical gels, the chemical gels
show a significantly higher mechanical stability.”*® Depending on their physicochemical and

electrical properties ionogels are high promising for numerous applications such as electrolytic

[156] [157]

membranes for lithium batteries!™**** fuel cells and solar cells and for gas separation

[158] et

membranes C.

The lonic Nanoparticle Networks, developed in this work, are closely related to the chemical

ionogels, as the silica nanoparticles are covalently bonded to ionic liquid-like moieties.
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2 Research Goals

The main goal of this work was the synthesis of novel ionic nanoparticle networks (INN) hybrid

materials and the investigation of their resulting versatile properties.

In the first part silica nanoparticle networks were synthesized by grafting organic linker molecules
on the surface of metal oxide nanoparticles and connecting them by a nucleophilic substitution.
Afterwards, the chemical composition of the materials was investigated by numerous analysis
techniques. The thermal stability, the short range order and the kinetics of the building reaction of
the INN materials were also investigated. Furthermore, solid state NMR measurements, ab-initio
calculations and DFT studies gave a deeper insight in the structural development at the nanometer
scale of these hybrid materials. Based on these investigations, experiments on the electrical

properties of the materials were executed.

The core of this work was the investigation of the photoluminescence properties of the INN
materials. The tailoring of the excitation and emission wavelengths of INN materials was
investigated by the modification of the organic linker molecules between the nanoparticles. The
influence of the different linker molecules on the short range order and the resulting changes in

photoluminescence activity was also determined.

In the third part of this work metal chlorides, which are known to form chloro metalate complexes,
were tested for the complexation reaction with the chloride ions of the INN materials. Afterwards,
the resulting properties, such as thermochromism and photoluminescence features of the INN

materials were explored.

Depending on the fact that ionic liquids show a high affinity to carbon dioxide and that nowadays
the CO, transformation into usable chemicals is of capital importance, the INN materials were
tested as heterogeneous catalysts for the synthesis of cyclic carbonates from epoxides and CO,.
Thereby, the influence of the substituents on the imidazole and of different linkers between the

silica nanoparticles on the catalytic reaction was evaluated.

The last point of interest was to synthesize silica nanoparticle network based self-healing materials.
Therefore, principles of self-healing polymers were transferred to nanoparticle networks.

Afterwards, the self-healing abilities of the resulting materials were tested.
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3 Results and Discussion

3.1 Syntheses

3.1.1 Nanoparticle Syntheses

All nanoparticles used in this work were prepared by “chimie douce” process. In the most cases,
silica nanoparticles were used for the synthesis of the lonic Nanoparticle Networks materials, which
will be referred hereafter as INN materials. The silica nanoparticles were synthesized by Stéber

“7Vin which tetraethoxysilane acts as silicon source. The reaction (Figure 4) was carried out

process,
in methanol with a small amount of water and a basic catalyst. In this case an aqueous solution of
NH; was used. The catalyst plays a very important role and has to be handled very carefully,
because if the concentration of the ammonia solution is too high on the one hand, the particles will
grow very fast and get too big, while offering a quite bad particle size distribution. On the other
hand, if the ammonia solution is concentrated too low, the particles will not grow at all. Empirical
studies, in the course of this work, showed that ammonia solutions with a concentration of about

30 w% NH; are best for growing silica nanoparticles with an average hydrodynamic diameter

(determined by DLS) of about 16 nm after three days of stirring.

E)
MeOH, H,0, S,
( /S cat. NH; B
O\ /O 3 days %
/Si\ —_— E
o o 3
\/ =
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- %
16 nm z
1 10 100 1000
Radius [nm]
Figure 4 (left) synthesis of silica nanoparticles, (right) DLS of a methanolic silica nanoparticle
solution.

Alternatively, zinc oxide nanoparticles were used for the synthesis of so-called mixed INN hybrid
materials. These zinc oxide nanoparticles were synthesized by a procedure published by Dejene et
al. "** Therefore, zinc(ll) acetate dihydrate was dissolved in ethanol. This was followed by cooling
with an ice bath and the addition of an ethanolic sodium hydroxide solution. After two days of

stirring zinc oxide nanoparticles with an average diameter of 6 nm were formed (Figure 5).
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(left) synthesis of zinc oxide nanoparticles, (right) DLS of an ethanolic zinc oxide
nanoparticle solution.

3.1.2 Precursor Synthesis and Nanoparticle Surface modification

The precursor molecules, that are required to modify the surface of the nanoparticles, were in all

cases different substituted trimethoxysilanes, which were obtained by nucleophilic substitutions

reactions or hydrosilylation reactions. The nucleophilic substitutions, used for the synthesis of the

respective trimethoxysilanes, were carried out with different substituted diazoles, such as

imidazoles and pyrazoles (Scheme 7)."%% In the first step the hydrogen atom was removed by

sodium hydride in dry tetrahydrofurane to get the respective sodium imidazolide or pyrazolide.

Afterwards this salt reacted in a nucleophilic substitution with 3-iodopropyltrimethoxysilane to get

the respective N-(3-propyltrimethoxysilane)imidazole or N-(3-propyltrimethoxysilane)pyrazole.

A

N NH

Scheme 7
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Synthesis of various N-(3-propyltrimethoxysilane)imidazoles and N-(3-
propyltrimethoxysilane)pyrazoles.
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3 Results and Discussion

Another possibility for the synthesis of nitrogen base linked trimethoxysilanes is a metal catalyst
free hydrosilylation. This alternative method was chosen for the pyridine derivatives, because the
method used for imidazole and pyrazole was not applicable in this case, depending on the fact that
there is no second nitrogen atom available to bond the trimethoxysilylpropyl group in a nucleophilic
substitution. In the first step of this reaction the trichlorosilane reacts with 2- or 4-vinylpyridine by
refluxing in dry acetonitrile to form the respective trichlorosilylethylpyridine (Scheme 8).**Y The
second step of the reaction is the substitution of the three chlorine atoms by three methoxy groups.
The complete reaction was carried out in a one pot synthesis. After purification by distillation a
colorless transparent liquid was successfully obtained, with yields of 33 % and 75 % for the 2-(2-
trimethoxysilylethyl)pyridine (7) and the 4-(2-trimethoxysilylethyl)pyridine (6), respectively. It
turned out that the yield of the 4-(2-trimethoxysilylethyl)pyridine was significantly higher than for
the 2-(2-trimethoxysilylethyl)pyridine. One possible explanation for this phenomenon could be the
formation of a pentacoordinated silicon species for the first step of the building reaction, which was
observed by G.W. Fester.’® Most likely, the pentacoordinated silicon compound hinders the
second part of the reaction from a kinetic point of view. The formation reaction of 4-(2-
trimethoxysilylethyl)pyridine was also executed on the common hydrosilylation reaction pathway
with a Karstedt catalyst, but a yield of only about 5 % was obtained. Due to this fact, the metal
catalyst free hydrosilylation followed by a methanolysis reaction was chosen for the synthesis of

this kind of trimethoxysilanes.

SiCly Si(OMe);
+ 3 MeOH
MeCN AT 2 + 3 EGN —
HSICl + 1 e | ®
" -
N - 3 EizN*HCI N
+ 3 MeCH
i\ﬂeCN AT +3 Et3N
HsiCl; + ]
~
N [ -3 EEgN*HCl
38! 30)385
Scheme 8 Formation of 4-(2-trimethoxysilylethyl)pyridine and 2-(2-trimethoxysilylethyl)pyridine in

a one pot synthesis.

The synthesized trimethoxysilanes were analyzed by NMR spectroscopy, which is exemplarily shown

in the 'H NMR spectrum of 4-(2-trimethoxysilylethyl)pyridine in Figure 6. The signals of the ethyl
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group were observed at a chemical shift of 2.20 ppm and 0.45 ppm. Due to the sterically hindered
rotation of the ethyl group, the hydrogen atoms of the CH, groups show geminal and vicinal
coupling at the same time, leading to a doublet on a triplet signal. The same phenomenon was also
observed in the 'H NMR spectrum of 2-(2-trimethoxysilylethyl)pyridine. The hydrogen atoms of the
trimethoxysilyl group correspond to the signal at a chemical shift at 3.04 ppm. The signals at a

chemical shift of 7.97 ppm and 6.62 ppm can be assigned to the C-H groups of the pyridine ring.

25 20 17.75 1.0 [ppm]

8 6 4 2 [ppm]

Figure 6 'H NMR spectrum of 4-(2-trimethoxysilylethyl)pyridine.

This type of a metal catalyst free hydrosilylation was also tried for the reaction of HSiCl; and 1-
vinylimidazole, but only a hexacoordinated silicon compound was formed, which was determined
by *°Si NMR (one signal at a chemical shift of -195 ppm). For the synthesis of trimethoxysilanes with
a longer alkyl chain in order to get a better self-assembly of the ligands in the materials many
attempts were performed. Additionally, some other nitrogen bases were tried to couple with a
trimethoxysilane. Unfortunately, most of these reactions did not work. The main problem of the
synthesis of this type of trimethoxysilanes was the purification of the product after the respective
building reaction. To be more precise, if the molar mass was too high (about > 300 g/mol), it was
not possible to purify the trimethoxysilanes by vacuum distillation. Additionally, due to the
trimethoxysilyl groups, the purification of the products by column chromatography was not
possible, because the trimethoxysilane species would link covalently to the stationary phase of the
column. Besides that, it was supposed that some of the products were destroyed by the distillation

(see experimental part).

For the allocation of functional groups on the nanoparticle surface, trimethoxysilanes were chosen
since they show controllable reactivity in sol-gel reactions.”*” The following materials synthesis

requires trimethoxysilanes containing a halogen or nitrogen base end group. After the synthesis of
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the respective trimethoxysilane the surface of the silica nanoparticles was modified directly in the
suspension obtained by the Stober process. For a systematic investigation of the properties of the
INN hybrid materials, numerous different nitrogen base substituted trimethoxysilanes were used to

modify the surface of the nanoparticles.

3.1.3 Synthesis of the INN hybrid materials

The final synthesis of the basic hybrid material is based on a nucleophilic substitution between the

1-propylimidazole and chloropropyl modified silica nanoparticles (Scheme 9).

D
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Scheme 9 Reaction of imidazole modified silica nanoparticles with chloroalkyl modified silica
nanoparticles to form the INN hybrid material.

The reaction led to the formation of imidazolium moieties between the silica nanoparticles and is
related to the common synthesis of ionic liquids. The biggest difference is that there is no need to
heat the reaction mixture to reflux. The reaction takes place by stirring the different nanoparticle
species in methanol in a volume ratio of 1 : 1 for two to three days at room temperature. After this
procedure, the solvent was removed under vacuum conditions and the product was dried carefully.
This reaction was applied to various different five-membered nitrogen heterocyclic ring bases, such
as different substituted imidazoles and pyrazoles (Scheme 10), modified silica nanoparticles as well
as for ethylpyridine derivative modified silica nanoparticles. For the coupling of the pyridine bases
with a chloroalkyl chain, due to the symmetry of the particle bridging, chloroethyl instead of

chloropropyl modified silica nanoparticles were used for the material synthesis (Scheme 10).
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Scheme 10 Formation of the various mono nitrogen base bridged INN materials.

Another possible synthesis of the hybrid materials is the reaction of two equivalents of nitrogen
base modified silica nanoparticles and one equivalent of a chloromethlyene (-CH,Cl) disubstituted

aromatic linker molecule, e.g. a,a’-dichloro-p-xylene (Scheme 11).

R R

Scheme 11 Various coupling possibilities between nitrogen base modified silica nanoparticles and
chloromethlyene (-CH,CI) disubstituted aromatic linker molecules to form INN hybrid
materials.
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For this nucleophilic substitution it is very important to use aromatic molecules which exhibit two
chloromethylene groups (-CH,CI). It is not possible to couple the nitrogen base modified silica
nanoparticles directly to a dihalogeno substituted aromatic system. Because, in this case the
reaction type changes from nucleophilic substitution to an aromatic nucleophilic and this would
require completely different reaction conditions.™ One strategy to get a full conjugated three ring
system is to synthesize a diimidazole, e.g. 1,4-bis(1H-imidazol-1-yl)benzene can be synthesized by
an aromatic nucleophilic substitution of 1,4-dibromobenzene and imidazole with CuSO, as the
catalyst. Afterwards this diimidazole can be used to react in a nucleophilic substitution with two

chloropropyl modified silica nanoparticles to form the INN materials (Scheme 12).

Mat 38

4

Scheme 12 Synthesis of a full conjugated three ring system based INN material.

Furthermore, a full conjugated m-system can be introduced by using 1,6-dibromo-2,4-hexadiyne as
the linking unit to connect the imidazole units. Therefore two equivalents of imidazole modified
silica nanoparticles were allowed to react with one equivalent of 1,6-dibromo-2,4-hexadiyne, which

was provided by the University of Montpellier (Scheme 13).

2 W./ —).. ./\/\N/@)\N 'N\/_\/N
Mat 17 Br

Scheme 13 Synthesis of the bis-imidazolium based diacetylene linked INN material.

Additionally, so-called mixed lonic Nanoparticle Networks were obtained by the reaction of
imidazole modified silica nanoparticles and chloro modified zinc oxide nanoparticles (Scheme 14).
The surface modification of the zinc oxide nanoparticles was only possible with 3-
chloropropyltrimethoxysilane. While using the nitrogen base substituted trimethoxysilanes for
surface modification the nanoparticles agglomerated immediately and formed a colorless
precipitate. This may occurred due to the more basic zeta potential of the zinc oxide nanoparticles

compared to the silica nanoparticles (10.2 and 2.1 respectively).!*#*¢!

R =H = Mat 35
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Scheme 14 Formation of the so-called mixed zinc oxide containing INN materials.

A general overview of all synthesized materials and their abbreviation can be found at the end of

the experimental part.
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3.1.4 Processing of the INN hybrid materials

The lonic Silica Nanoparticle Networks could be processed into various forms. Essential for the
processing of the hybrid materials is the drying process. After a quick drying procedure with high
temperatures and under vacuum conditions, colorless powders or transparent self-standing films
with an average thickness of 35 um could be obtained (Figure 7). At this point it has to be
highlighted that the self-standing films are really flexible. Performing a slow drying procedure in the
oven at 45 °C on a petri dish, transparent gels could be obtained. Moreover, the INN hybrid
materials can be processed into monolithic gels by drying them slowly under air over a period of
eight weeks. Per definition a gel monolith is a free-standing bulky gel. Furthermore, the INN hybrid
materials can be processed into thin films. Therefore a methanolic solution of the material has to be
dip coated on to glass slabs or other substrates. These manifold processing possibilities open the
door for several investigations on the materials, e.g. electric measurements and catalytic
investigations. The so-called mixed, zinc oxide containing, INN materials could only be processed

into colorless powders.

Figure 7 Versatile processing of the INN hybrid materials: a) monolithic gel of Mat 1 b) (left)
transparent colorless gel of Mat 8, (right) transparent yellow gel of Mat 11 c) Mat 1
coated on a glass slab d) self-standing film of Mat 1 e) SEM Image of the self-standing
film of Mat 1.
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3.2 Characterization

3.2.1 Chemical Analysis of the INN hybrid materials

To prove that the respective INN materials were synthesized indeed, numerous analysis techniques

were executed on the materials.

One possibility to get proof of the formation of the ionic network is to change the anion of the INN
material.l"®® Therefore the solid materials were mixed with NaBF, or KPF¢in a weight ratioof 1 : 1
(about 0.3 g each) and were stirred in acetone for 24 hours. The used salts were in excess compared
to the amount of exchangeable anions in the material. The reason for choosing acetone as the
solvent was that sodium chloride and potassium chloride are nearly insoluble in acetone. Therefore,
the driving force of the metathesis reaction is the precipitation of these salts."®” When the reaction
was complete the solvent and the product were separated by centrifugation. Afterwards the
product was washed with water, ethanol and acetone. After each washing step the respective
solvent was separated from the product by centrifugation. This procedure was followed by
combining the washing phases and the reaction solvent. The combined phases were evaporated

and the resulting corresponding salt was further investigated.

One possibility to evaluate the success of the metathesis reaction were powder XRD investigations
of the solid residue after the evaporation combined washing and reaction phases. In the XRD
pattern of the residue of the dried phases, the signals of NaCl and KClI, respectively, were observed
(schematically shown for an anion exchange of Mat 1 in Figure 8). However, the salts for the anion
exchange, NaBF, and KPF; were added in large excess. In consequence the XRD patterns of these
salts were dominant in the powder XRD investigations. The procedure of anion exchange was
executed on all of the different INN materials and led to almost equal results. Alternatively, the
presence of the exchanged chlorine anion in the residue could be proven by a quite simple and fast
reaction: the residue was dissolved in water and the chlorine was detected as AgCl after adding

some drops of a 0.1 molar solution of AgNOs;.
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Figure 8 (top) reaction equation for the anion metathesis at Mat 1 to form Mat 30 and Mat 31,

(bottom left) XRD pattern of the solid residue after the anion metathesis of Mat 1 with
NaBF, and the comparison spectrum for NaCl (JCPDS # 02-0818), (bottom right) XRD
pattern of the solid residue after the anion metathesis of Mat 1 with KPFg and the
comparison spectrum for KCI (JCPDS # 01-0786).

Furthermore, the resulting material after the anion metathesis could be investigated by solid state
NMR spectroscopy. This was done for Mat 30 by 'B CP/MAS NMR spectroscopy and for Mat 31 by
3P CP/MAS NMR spectroscopy. The changed properties of the material, due to the exchanged

anion, were investigated and published by M. Litschauer et al. **®

Elemental analysis, as another direct analysis method, was executed on the INN materials. In Table
1 selected results are presented. The samples showed a quite heterogeneous composition. This
heterogeneity arises from the amorphous character of the hybrid materials, caused by polydisperse
nanoparticles and various coverage densities of the organic groups on the surface of the
nanoparticles. Due to this fact the presented weight percent for carbon, hydrogen, nitrogen and
chlorine were calculated out of the average values from triple and in some case from four way
determinations of the respective elements. It was not possible to verify the composition of the
presented very accurately by this analytical method, but some trends have to be mentioned and
discussed. The INN materials listed in Table 1 offer carbon values in a range between 20 and 38 w%.
As expected, the mono-imidazolium based INN materials show lower amounts of carbon compared
to the bis-imidazolium based INN materials. Furthermore, by comparing the 2-methylimidazolium
based INN materials and the imidazolium based INN materials (Mat 1 & Mat 2, Mat 4 & Mat 5 etc.)

the expected higher carbon content for the 2-methylimidazolium based can be confirmed. This
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circumstance was also monitored for the mixed ZnO nanoparticle containing INN materials (Mat 35
& 36). The obtained hydrogen content is located between 3.6 and 5.2 w% for the INN materials and
it is dependent on the carbon content of the respective INN material. The nitrogen values should be
dependent on the imidazolium/imidazole content of the investigated material. For the presented
materials the nitrogen value is located between 5.7 and 11.3 w% and it is obvious that for the
mono-imidazolium based INN materials a lower nitrogen content was observed compared to the
bis-imidazolium based INN materials. The chlorine content shows a very interesting behavior and
gives a reason for a more detailed discussion. The weight percent values for the chlorine content
are located between 1.0 and 10.6 w%. The highest amount of chlorine was observed for the mono-
imidazolium based (Mat 1 & 2) and the bis-imidazolium based xylene linked INN materials (Mat 4 &
5). Especially for the bis-imidazolium based INN materials the chlorine content can be a measure of
the number of coupled imidazolium moieties, because after the synthesis of the materials, they
were washed with water, ethanol and acetone. During this washing procedure non-reacted linker
molecules were separated from the product. That means after the washing procedure only linker
molecules, which are covalently bonded on the imidazolium units, remain in the material, which is
in direct correlation to the chlorine content of the material. In Table 1 it can be seen that xylene
(Mat 4 & 5) linker based INN materials are coupled very well, followed by the biphenyl linker
containing materials (Mat 7 & 8), while the anthracene linked materials (Mat 10 & 11) showed the
worst coupling, considering this hypothesis. This correlation will be discussed later in the thesis. In
addition, a lower content of chlorine was observed for the so-called mixed INN (Mat 35 & 36)
compared to the respective pure silica INN materials (Mat 1 & 2). This fact could be explained by
the different sizes of ZnO and SiO, nanoparticles. In fact, the ZnO nanoparticles, which can only be
modified with 3-chloropropyltrimethoxysilane, offer only half the hydrodynamic diameter in
comparison to the silica nanoparticles. In consequence they can be modified with less chloropropyl
groups compared to the silica nanoparticles and this is why lower chlorine contents were observed

for the mixed INN materials (Mat 35 & 36) compared to the pure silica INN materials (Mat 1 & 2).
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Table 1 Average weight% values of selected INN materials.

Sample w% C w% H w% N w% Cl
Mat 1 20.1 4.3 5.7 9.4
Mat 2 21.3 4.4 6.0 6.0
Mat 4 32.9 5.2 7.7 10.6
Mat 5 34.0 5.2 8.0 8.4
Mat 7 30.5 4.6 104 3.6
Mat 8 37.6 5.1 10.3 3.0
Mat 10 28.8 4.3 9.8 2.8
Mat 11 354 4.9 11.3 1.0
Mat 35 24.9 3.6 7.1 4.9
Mat 36 26.8 4.2 6.5 3.4

Additionally, scanning electron microscopy (SEM) coupled with energy dispersive X-ray
spectroscopy (EDX) was carried out on a piece of self-standing film of Mat 1. In Figure 9 a picture of
the breaking edge of the 35 um thick film is presented. The EDX spectrum showed the expected
reflexes for the silica nanoparticles (silicon and oxygen), for the 1,3-dipropylimidazolium bridging
unit (carbon and nitrogen) and chlorine at an energy of about 2.6 keV. The gold signal at 2.2 keV
belongs to the SEM sample preparation, where the gold is vapor deposited on the surface of the
INN material to generate electric conductivity on the material surface and to prevent a positive
charging of the INN material. Furthermore, it should be kept in mind that EDX analysis is not as
accurate (especially for light elements) compared to other characterization methods (e.g. elemental
analysis), but it is accurate enough to demonstrate some trends in the elements ratio and to answer

the question of the existence of an element into a sample.
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Figure 9 (left) SEM image of a piece of self-standing film of Mat 1, (right) EDX measurement of a
piece of self-standing film of Mat 1.

On the same piece of self-standing thin film of Mat 1 Raman investigations were executed. From
this spectrum no conclusions about the structure of the materials can be made, but due to the high

absorption of the INN material, interference features could be monitored.
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Figure 10 Raman spectrum of the self-standing film of Mat 1 and equation (1) for the calculation of

the refractive index of the material.

Depending on this interference, the refractive index of the material was calculated to 1.63 by using
equation (1). Due to the simplicity of the determination method the accuracy of the value of this

refractive index should be regarded with suspicion.

For the so-called mixed ZnO nanoparticle containing INN material Mat 36 TEM measurements

coupled with energy dispersive X-ray spectroscopy (EDX) were carried out. In Figure 11 three TEM
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images of the material Mat 36 are shown and it attracts attention that the ZnO nanoparticles (the
bright points in the TEM images) looks like well-arranged while offering exactly defined distances
between each other. This clearly suggests the formation of a well-defined three dimensional
network of SiO, and ZnO nanoparticles connected by 1,3-dipropyl-2-methylimidazolium chloride
units. The EDX analysis of this material reinforced the hypothesis of a well-defined three
dimensional network (Table 2). The atomic % of Si and Zn offer a ratio of about 1 : 2, which
correlates to the fact that the diameter ratio of these two different nanoparticle species exhibit the
same ratio. Additionally, chlorine was found in the samples. Carbon and nitrogen were also found in
the material, but the peaks overlapped one another, and, for this reason, it was not possible to

integrate them.

For all of the pure silica based INN materials TEM imaging was not applicable, because of the bad z-

contrast of silica nanoparticles placed in an organic matrix.

Figure 11 TEM images of Mat 36 at increasing magnifications (from left to right).
Table 2 EDX analysis for Mat 36 for the elements O, Si, Cl and Zn.
Element Weight % Atomic %
0] 27 49
Si 29 30
cl 8 7
Zn 35 15

The application of numerous analysis techniques showed that all the different INN materials were

synthesized at the expected reaction pathway.
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3.2.2 Thermal Analysis on the INN hybrid materials

Thermogravimetric analyses under air were carried out for the reference material (Mat 1) and for
the chloropropyl modified silica nanoparticles as well as for the 1-propylimidazole modified silica
nanoparticles. For the chloropropyl and 1-propylimidazole modified silica nanoparticles onset
temperatures were observed at 170 °C and 250 °C respectively. It was determined that the mass
loss below 170 °C corresponds to the degradation of absorbed solvent molecules (water and
methanol) and above, until 250 °C, the degradation of unbound ligands was observed. However, for
the final hybrid material (Mat 1) an elevated degradation onset temperature, starting at 300 °C, was
monitored.™ Recent measurements (Figure 12 and Figure 13) of the reference material (Mat 1)
reinforced these observations. Further TGA measurements on Mat 1 and on the bis-imidazolium
based INN materials with different aromatic linkers (Mat 4, Mat 7 and Mat 10) were carried out to
explore the influence of the linker molecules on the thermal behavior of the INN materials. For the
reference material (Mat 1) a mass loss of 4.2 w% was monitored below 300 °C. At temperatures
above 300 °C the material was decomposed in two steps. The first decomposition step took place at
a temperature of 300 °C and the second step at about 580 °C. At a temperature higher than 650 °C
the decomposition of the organic part of the hybrid material has been finished and a colorless
residue, SiO,, was left over. The positions of the decomposing steps were quite similar for all
investigated materials. However, the materials showed different values for the mass loss at each
step (see Figure 12). The bis-imidazolium based material, consisting of the xylene linker (Mat 4),
showed the biggest mass loss (72 w%) compared to the reference material (Mat 1) (54 %), which
corresponds to the higher organic content in the material. Furthermore the two-step
decomposition is very distinct for this material. The bis-imidazolium based material, containing the
biphenyl linker (Mat 7), showed a slightly higher mass loss (58 %) compared to the reference
material (54 %) and the bis-imidazolium based material, containing the anthracene linker (Mat 10),
showed a slightly lower mass loss (50 %) compared to the reference material. The comparison of
the three bis-imidazolium based materials reinforces the trend that by increasing the organic
content in the material the mass loss is decreased. This phenomenon, which looks paradox in the
first moment, can be explained by the goodness of the network inside the materials. After the
synthesis of the materials, they were washed with water, ethanol and acetone to remove excessive
non-reacted linker. In consequence a bigger amount of non-reacted linker was removed by this step
for the biphenyl and especially for the anthracene linker. This leads to the conclusion that the
coupling reaction worked better for o,a’-Dichloro-p-xylene than for 4,4’-bis(chloromethyl)-1,1’-

biphenyl and 9,10-bis(chloromethyl)anthracene.
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Figure 12 TGA measurement of Mat 1, Mat 4, Mat 7 and Mat 10 at a heating rate of 10 K min™.

On top of that, TGA/MS measurements were executed under argon on the reference material (Mat

1) and the anion exchange products (Mat 30 and Mat 31) to explore the degradation process more

in detail. The materials seem to decompose at slightly higher temperatures compared to the TG

analyses. One explanation for this phenomenon could be the fact that the TG was measured in air

and TGA/MS under argon atmosphere. That means in the TG

measurements some oxidation

processes could be responsible for the slightly lower onset temperature. At this point it has to be

mentioned that both, TG and TGA/MS investigations, were executed at a heating rate of 10 K min™.

For Mat 1 (Figure 13) at temperatures lower than 300 °C and a mass loss of 4.2 w% the evaporation

of water and methanol could be proven by mass spectrometry (mass numbers 18, 28 and 32).
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Figure 13 TG/MS measurement of Mat 1, dotted black line: TGA, solid lines: MS measurements for

several mass numbers.

For a better visibility of the change of the remaining mass numbers in the MS measurement at the
temperature area above 300 °C, the ion current of the MS measurement (y-axis) was plotted
logarithmically in Figure 14. At a temperature above 300 °C the main decomposition of the material
started, as observed in previous TGA measurements. For this first decomposition step the mass
spectrum showed two different events. At mass number 17 there are OH groups visible, but due to
the high temperature, they have their origin not in adsorbed water. Most likely they are
corresponding to silanol groups (Si-OH) grafted on the surface of the silica nanoparticles.
Furthermore, organic fragments (28), nitrogen (14) and chlorine (35) could be observed in the mass
spectrum. This proves the decomposition of the organic part of the hybrid material at this
temperature. Most likely, the decomposition step at this temperature corresponds to the
decomposition of the ionic part of the material, as the decomposition of chlorine based ionic liquids
takes place in this temperature area as well.®”****"% For the second decomposition step organic
nitrogen fragments were found as well. In addition, HCI (36) could be monitored. This suggests that
at the first decomposition step some of the imidazolium chloride may be converted into imidazole

hydrochlorides, which were decomposing in a second step at higher temperatures.
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Figure 14 TG/MS measurement of Mat 1, dotted black line: TGA, solid lines: logarithmic plot of the

MS measurements for several mass numbers.

For the anion exchanged BF, containing material (Mat 30) the TGA curve looks quite similar
compared to the curve of Mat 1 (Figure 15). At temperatures below 300 °C and a mass loss of 3.7 %
water and methanol were detected again. At temperatures above 300 °C two less well developed
decomposition steps were observed. In the first step quite the same fragments were detected as for
Mat 1. The difference here lies only in the anion. In consequence, F (19) and B (11) were detected
for the first decomposing step. For the second step of Mat 30 an escape of organic and BF, (86)
fragments was observed. In consequence, the TGA/MS delivered an additional proof that the anion
has been exchanged. For the anion exchanged PFs containing material (Mat 31) the TG/MS analysis
looks quite similar compared to Mat 30, except that the presence of the PFs was verified at the first

decomposing step at temperatures higher than 300 °C.
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Figure 15 TG/MS measurement of Mat 30, dotted black line: TGA, solid lines: logarithmic

application of the MS measurements for several mass numbers.

In conclusion the thermal characterization methods were very suitable method to verify the
formation of INN hybrid materials. The organic content of the INN materials was in the range
between 50 % and 70 %. In addition, it could be proven that the mass loss below 300 °C
corresponds to water and methanol. For the INN materials this solvent content was determined
between 3 % and 5 %. Furthermore, the assumptions of Marco Litschauer on the thermal
decomposition of the INN material above 300 °C were reinforced by the TG/MS measurements.
Additionally, the decomposing mechanism was quite similar for the three investigated INN
materials, and the influence of the anion was not significant for the thermal stability of the

materials.
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3.2.3 Structural Analysis of the INN Materials by Short Angle X-ray Scattering
(SAXS)

The INN inorganic-organic hybrid materials exhibit a short-range order. Depending on this fact,
small angle X-ray scattering (SAXS) was the method of choice to investigate the organization of the
INN materials at the nanometer scale. These measurements granted an insight view into size,

distance and arrangement at the nanosized objects discussed in this work.™""

Figure 16 shows exemplarily scattering curves (black symbols) for Mat 1 — Mat 3 and the respective
fits (red lines). The first shoulder or peak at about q = 0.4 nm™, which corresponds to distance in
real space of about 16 nm, was assigned to the size and distance of the silica nanoparticles. The
broad peaks in the area from q = 3 to 6 nm™, corresponding to distances in real space of
approximately 1 — 2 nm, were attributed to the interparticle distance resulting from the bridging of
the linker molecules. The intensity slope towards small g-values is exactly -4, caused by the electron

density contrast, suggesting a sharp interface between the inorganic and organic part of the

material.
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Figure 16 Scattering curves (black symbols) of Mat 1, 2 and 3 and the respective fits (red lines).

Due to the fact that the scattering curve presents a two-level system (the larger silica nanoparticles
and the smaller bridging ligands) a unified model, proposed by Beaucage for hierarchical structures,

was applied for the data evaluation.’”?*” The visible scattering intensity /(g) is described by:

I(@=a-q*+P(@-S@)+bgr (2)
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In this equation a is a constant containing experimental parameters such as beam intensity, phase
contrast between the two phases and additional variables due to the setup of the experiments,[m]
g is the scattering vector P(g) is the form factor, S(g) is the structure factor, and bgr is a constant
value, which corrects remaining background scattering. For the data evaluation the unified form

factor P(g), suggested by Beaucage, was used:

2,2 P
q°Tg

P(q)=G-e<_ 3 )+B

In this equation erf is the error function, G and B are numerical prefactors and r, is the gyration

(3)

radius. Furthermore, an effective structure factor™ S(g) from a hard sphere model™**"*! was

used: 179

S(q) = @ 4)

1+ 249 =2

G(A) is defined as:
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The values for the mean distance d; of the particles and for the hard sphere volume fraction n were
deduced from this hard sphere model.""’# Only two parameters are needed to describe the particle-

particle interaction. That is the reason for using n; and d;. One of the fitted parameters is the radius
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of gyration ry of the silica nanoparticles, which can be converted into the equivalent particle

diameter @, by the following equation (5).
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Additional fitting parameters are the distance d; of the silica nanoparticles and the hard sphere
volume fraction n;. This value gives the probability of finding a neighboring silica particle in the
vicinity of another one. Furthermore, the degree of order of the imidazolium rings was described
by two values: their distance to each other d, and the hard sphere volume fraction n,. The hard
sphere volume fraction n, is a measure of the degree of order of the imidazolium rings in the
material. That means the higher the n, value, the higher the agglomeration, the stronger the short
range order and the more pronounced the peak in the scattering intensities. 7**"”! The set of
parameters for the silica nanoparticles is given the subscript 1 (d; and n,), and the subscript 2 is
given to the linker regarding parameters (d, and n,). Scheme 15 shows a sketch of the INN material

and the parameter describing the nano-structural arrangement.

d;,n,

Scheme 15 Definition of the SAXS parameters on the example of a non-substituted mono-
imidazolium based INN material (Mat 1).

The resulting numerical data of the described parameters of Mat 1 are presented in Table 3. The
diameter @, of the silica nanoparticles is about 12.4 nm. This is in agreement with the values
obtained from the DLS measurements for the particle diameter without a solvent shell. Additionally,
the distance of correlation, d;, of 13.5 nm was determined by fitting the SAXS curve. This distance

corresponds to two nanoparticle radii plus, in this case, the length of the linking 1,3-
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dipropylimidazolium chloride moiety. Thereby the length of the linking unit was about 1 nm, which
fits the assumed size of the 1,3-dipropylimidazolium chloride unit quite good. At this point, it has to
be highlighted that numerical values of the particle size, determined by different methods, should
be carefully interpreted, because not only the type of the material, but also its shape and porosity
might have a significant influence.!”’® The interparticle distance d, is assigned to the distance of the
imidazolium units and correlates with the measure of the degree of the short range order in the INN

material, the hard sphere volume fraction ns.

Table 3 Parameters obtained from the mathematical fitting of the SAXS measurements of Mat 1.
r [nm] 2p [nm] N1 di[nm] N2 d, [nm]
6.2 12.4 0.08 135 0.31 1.37

SAXS measurements on the INN materials revealed a short range order of the silica nanoparticles in
the material. The phenomenon of short range order in hybrid materials was also discussed in
literature, e.g. the self-assembly of room temperature ionic liquids in silica wormlike pores reported
by Antonietti et al. 179 Most likely, this short range order is caused by m-n-stacking interactions

between the aromatic rings between the silica nanoparticles. 8%

The numerous SAXS
measurements of all the different INN materials and the influence of the short range order on the

respective properties of the materials will be discussed later in this work.
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3.2.4 Kinetic determination of the INN material building reaction by quartz
crystal microbalance (QCM)

In all preliminary works on INN materials, that were performed in our group, the chosen reaction
time for the final synthesis step of the hybrid materials was 48 hours, in order to make sure that the
nucleophilic substitution is completed. Thus, it remained very interesting to investigate the kinetics
of the building reaction of the INN materials. Quartz crystal microbalance (QCM) measurements
were carried out, to realize these kinetic investigations, at Linkoping University (Sweden) in
cooperation with Prof Nathaniel D. Robinson and his research group. At first, the QCM crystals
(sensors) were cleaned in a multi-stage cleaning process (for more details see experimental part).
Afterwards, the clean and dry crystals were measured several times and were removed after each
single measurement to get the error variation. Then, the sensors were silanized ex situ. That means
the sensors were treated with two to three drops of the respective N-(3-
propyltrimethoxysilane)imidazole (compound 1 or 2) and let them react for 15 minutes. This was
followed by washing the crystals with methanol. Then the crystals were dried for several hours and
were measured again dry to figure out the mass of the deposited trimethoxysilane. Afterwards, the
equipment, containing a peristaltic pump to run the reactants in circle for the building reaction of
the INN material, was setup. For the formation of the INN material like film on the SiO, QCM crystal,
two different reaction pathways were tried. On the one hand, 1-propylimidazole modified QCM
crystals were allowed to react with a methanolic solution of chloropropyl modified SiO,
nanoparticles for modelling the reaction between 1-propylimidazole and chloropropyl modified
silica nanoparticles. On the other hand, 1-propylimidazole modified QCM crystals were treated with
a 0.1 molar methanolic solution of a,a’-dichloro-p-xylene for the simulation of the reaction of two

equivalents of 1-propylimidazole modified silica nanoparticles and o, a’-dichloro-p-xylene.

At first, the reaction between a 1-propyl-2-methylimidazole modified crystal and chloropropyl

modified silica nanoparticles (Figure 17) will be discussed.
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Figure 17 Schematic reaction pathway of the reaction of the 1-propyl-2-methylimidazole modified
SiO, crystal surface and the chloropropyl modified SiO, nanoparticles for the formation
of an INN material like film.

The amount of condensed trimethoxysilane on the SiO, surface of the crystal was determined by

measuring the resonant frequencies for the odd overtones between the 1* and 11" harmonic of the

crystal, which can be calculated using the mass change Am by the Sauerbrey relationship.!*8*%3)

am=- 6

C=17.7 ng Hz"' cm™ for 5 MHz quartz crystal

n=1,3,5,7,9,11 (overtone number)

Due to the big error for the 1 and 11™ overtone in the measurements, the respective calculated
Am was excluded for further discussions. In Table 4 the mass changes, after the silanization and
after completing the coupling reaction between the 1-propyl-2-methylimidazole modified SiO,
crystal surface and the chloropropyl modified SiO, nanoparticles, are presented. For the silanization
the average mass change was about 770 ng/cm’. The mass of received material after completing

the reaction was about 1390 ng/cmz.

42



3 Results and Discussion

Table 4 Mass of deposited silane and material for the reaction between 1-propyl-2-
methylimidazole modified SiO, crystal surface and the chloropropyl modified SiO,

nanoparticles.

Overtone number 3 5 7 f9 average
Mass silane [ng/cmZ] 780.0 740.1 753.6 806.2 770
Mass material [ng/cmz] 1318.0 1505.2 13729 1366.1 1390

The kinetics of the building reaction of the INN material like film were followed by the change of the
frequency Af, which can be calculated to mass change Am, and the change of the dissipation AD by
the time. The dissipation D is defined as the ratio of the energy dissipated in one period of crystal
oscillation to the energy stored in the oscillator.”® In the g-Sense instrument, this value is
calculated from the time constant T, associated with the decay in the oscillation after the driving

potential was removed.8#

D= - — 7
R ()

In the equation above f; is the resonance frequency of the crystal for the overtone being sampled.
The plotting of the frequency overtones f3, f5, f7, f9 and fll against the time of the QCM
measurement of the reaction between the 1-propyl-2-methylimidazole modified SiO, crystal surface
and the chloropropyl modified SiO, nanoparticles as well as an enlarged picture of the time range of
the coupling reaction of this QCM measurement are shown in Figure 18. In general, a drop in
frequency is equal to an increase of mass on the crystal surface. At the beginning of the
measurement MeOH was introduced to the crystal. This was observed in the measurement by a
decrease of the frequency overtones. In this case no mass was added on the crystal, but the
viscosity changed dramatically between the gaseous and the liquid phase. The methanol was
circulated until the frequency values were stabilized to get a stable baseline before adding the
reactant. The switch from methanol to the methanolic chloropropyl modified silica nanoparticle
suspension was executed after 80 minutes. This can be seen in Figure 18 by a drop of all frequency
overtones. There are two possible explanations for this observation. On the one hand, the change
from the solvent to the reactant could cause a change of the viscosity of the fluid phase again. On
the other hand, it looks like a significant amount of mass was deposited on the crystal surface in a
short time. Most likely, a mixture of these two scenarios took place here. After the drop of the
frequency overtones a slightly increasing for about 90 minutes was observed. This means some
deposited mass was removed from the crystal. Probably, during this period of time, the freshly
formed INN material layer was arranged and, in the course of the self-assembly of the material,

some of the chloropropyl modified silica nanoparticles were removed from the surface. After this,
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the frequency overtones seemed to be very stable, but to get sure that the reaction was completed,
the methanolic chloropropyl modified silica nanoparticle suspension was applied on the crystal
overnight. After about 17 hours reaction time methanol was applied on the crystal again and a
strong increase for the frequency overtones was monitored. The explanation for this phenomenon
can be, either, a change in the viscosity of the fluid phase by switching from the nanoparticle
solution to methanol or, on the other hand, a removal of non-reacted chloropropyl modified silica
nanoparticles from the crystal surface. In general, the application of the D-values against the time
Figure 18 shows a reciprocal behavior compared to the application of the frequency overtones. At
this point, it has to be highlighted that in this case the coupling reaction between the 1-propyl-2-
methylimidazole modified crystal surface and the chloropropyl modified silica nanoparticles only

took 90 minutes.
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Figure 18 (top left) plot of the f-values against the time for the QCM measurement of the reaction

between the 1-propyl-2-methylimidazole modified SiO, crystal surface and the
chloropropyl modified SiO, nanoparticles, (top right) enlarged image of this plot for the
reaction time, (bottom left) plot of the D-values against the time for the QCM
measurement of the reaction between the 1-propyl-2-methylimidazole modified SiO,
crystal surface and the chloropropyl modified SiO, nanoparticles, (bottom right) enlarged
image for this plot for the reaction time.
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The second reaction, which was investigated by QCM, is the formation of an INN material from 1-

propylimidazole modified QCM crystal and o, o’-dichloro-p-xylene (Scheme 16).
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Scheme 16 Schematic reaction pathway of the reaction of 1-propylimidazole modified SiO, crystal

surface and a,a’-dichloro-p-xylene for the formation of an INN material like film.

The plot of the frequency overtones f3, f5, f7, f9 and f11 against the time for the QCM
measurement of the reaction between the 1-propylimidazole modified SiO, crystal surface and the
a,a’-dichloro-p-xylene as well as a zoom of this QCM measurement are shown in Figure 19. At the
beginning of the measurement, MeOH was introduced to the crystal and an identical decrease, as
explained previously, of the frequency overtones was observed. The methanol was moved in cycle
until the frequency values were stabilized again and then, after 45 minutes, the fluid phase was
switched from methanol to a 0.1 molar methanolic solution of a,a’-dichloro-p-xylene. This can be
seen in Figure 19 by a little drop of all frequency overtones. This suggests only a small change in the
viscosity of the liquid phase and that only a small amount of a,a’-dichloro-p-xylene was coupled
between the imidazole groups. After the drop of the frequency overtones a slightly increasing of the
frequency overtones was observed for about 30 minutes. One explanation for this behavior can be
that, at the point of time when the linker solution is introduced to the crystal only one of the
chloromethylene (-CH,Cl) groups of the linker coupled rapidly in a nucleophilic substitution with one
imidazole group on the crystal and then it took 30 minutes to couple the second chloromethylene
group with an imidazole group. After this period of time the frequency overtones looked very
stable. However, it was impossible to determine the ratio of once and twice coupled o,a’-dichloro-
p-xylene molecules by this method. The fact that the linker molecule is coupled twice on the
imidazole moieties also explains the comparably small amount of added mass, mentioned above.
After about 2 hours reaction time methanol was applied on the crystal again and a slightly decrease
was monitored for the frequency overtones. The explanation for this phenomenon could be the
same as for the first reaction, namely, a change in the viscosity of the fluid phase by switching from
the a,a’-dichloro-p-xylene solution to methanol or a removal of non-reacted o,a’-dichloro-p-xylene
molecules from the crystal surface. Furthermore, after switching to methanol, the frequency
overtone values were drifting to lower values and it was not possible to get a solid baseline within
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48 hours. This phenomenon can be explained by the fact that the combination of methanol and the
heat, caused by the movement of the peristaltic pump, destroyed the pump tubing. Most likely
parts of the pump tubing were dissolved in methanol and, therefore, the drifting of the frequencies
corresponded to a deposition of the tubing material on the crystal surface. Due to this fact, it is not
possible to make any statement about the mass of INN material like film on the crystal. However, it
has to be remarked that, in this case, the coupling reaction between the 1-propylimidazole modified

crystal surface and o, 0’-dichloro-p-xylene was completed in 30 minutes.
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Figure 19 (left) QCM measurement of the reaction between the 1-propyl-2-methylimidazole

modified SiO, crystal surface and a 0.1 molar methanolic solution of o,a’-dichloro-p-

xylene, (right) zoom of the marked area with “reaction” on the left.

In this chapter, it could be illustrated that the formation of an INN material like film on a QCM
crystal only takes between 30 and 90 minutes. However, it has to be distinguished that the reaction
on a plane surface is not equal to a reaction between two nanoparticle species in solution or 1-
propylimidazole modified nanoparticles with a chloromethylene disubstituted linker. In solution it
should take a longer time for the molecules to find and interact with each other. Nevertheless,
these QCM studies suggested a faster reaction process than assumed. Depending on the facts that
one complete QCM measurement takes about one week, and that some setup problems occurred
during these measurements, only two investigations of the kinetics of the building reaction of INN
materials could be carried out. In the future, it will be interesting to execute more of these

measurements to analyze the kinetics of the INN building reaction more in detail.
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3.2.5 NMR spectroscopy on INN materials

A very common method for the characterization of non-crystalline chemical compounds is the NMR
spectroscopy. Due to the bad solubility of the INN materials solid state NMR spectroscopy was
chosen for the analysis of the materials. The practical realization of these experiments sometimes
generated some problems, e.g. some samples could not be rotated at a constant frequency,
because of the gel state of the materials, which caused a really diffuse NMR spectrum. Because of
this fact only some interpretable spectra could be measured, e.g. the >N CP/MAS NMR spectrum of
the reference material Mat 1 in Figure 20. In this spectrum a strong signal at a chemical shift of
142 ppm could be observed, which can be assigned to imidazolium groups in the material (blue
rings in Figure 20). On this signal a shoulder is visible as well. This shoulder can be assigned to non-

reacted imidazole groups in the material. This one and numerous more solid state NMR

| [78,168]

investigations were executed and published by Marco Litschauer et a
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Figure 20 (left) N CP/MAS NMR spectrum of the reference INN material (Mat 1), (right) schematic

constitution of the INN material consisting of imidazolium chloride moieties (blue ring)
and unreacted imidazole groups (red ring).

Additionally, {'H}-X (X = ''B, *'P) HETCOR CP MAS experiments were performed on BF, and PFg
containing INN materials (Mat 30 and Mat 31) with the aim to try to locate the counter anions by
Christel Gervais at the Sorbonne Université Paris. Indeed, these HETCOR experiments are based on
the "H-X dipolar couplings which are related to the distance between the X and H groups. For this
reason, it is possible to identify the nature of the protons that are located close to the counter
anions. In the case of BF,, the boron signal, observed at -1.2 ppm, shows cross peaks with signals at

1.7, 4.4 and 7.7 ppm corresponding to Si-CH,-, -CH,-N and imidazolium protons respectively. The
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relative intensities of the cross peaks at 1.7 and 7.7 ppm are comparable, suggesting that BF, is
located in both ways, close to the surface and close to the imidazolium rings. For PFg the
phosphorus signal, located at -144.6 ppm, shows also three cross peaks, but the one at 7.7 ppm is

much more intense, suggesting a closer proximity to the imidazolium rings.

Also, °F MAS NMR spectra were recorded for both systems to investigate whether the fluorine
chemical shift values were sensitive to the position of the counter anions. Then the idea was to
compare these values with the calculated ones for the various models proposed. A preliminary
study was done on crystalline compounds to evaluate the precision of the NMR calculations. For
this purpose, fluorinated imidazolium salts [CeHa(CH,(C4HeN,),]1* 2[A]” (with A = BF,, PF¢) were
chosen, whose structures were reported recently."®® The compound with A = BF, was synthesized
and the corresponding solid-state NMR spectra were recorded while NMR parameters were
calculated for both relaxed structures. A satisfying agreement could be found for the experimental

and computed 'H, 'B, *C and >N NMR data in [C¢Ha(CH,(CsHgN,),][BF4l, (Figure 21).
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Figure 21 Experimental (blue line) and calculated (red line) 1H, 11B, B¢ and N NMR spectra of

fluorinated imidazolium salts [CgHa(CH5(C4HgN>),1[BF.],.

In the case of *F, a single signal was observed experimentally, while the calculated values of the

four sites in BF, are clearly distinct within a range of 16 ppm. This suggests that the correlation time
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for fluorine, hopping between the four B-F sites, is small on the NMR time scale. Therefore, it
appears reasonable to compare the experimental fluorine shift with the average of the four/six
calculated values for BF,/PFs sites. It should be noticed that the comparison between the
experimental data with the calculated ones show a correlation between &, and calculated isotropic
shielding with a slope, that deviates significantly from -1. This suggests that better agreement
between calculated and experimental chemical results will be obtained by the introduction of a
scaling factor, k, such that 8, = -k[o — 6"']. Linear regression vields k of 0.74, which is consistent

with other scaling factors, reported recently for *F in the literature.*®*%

Afterwards, *°F NMR parameters were calculated for six models, characterized by three or five 1,3-
dipropylimidazolium chains (Im) per super cell, BF, and PF¢ as counter anions, hydrated (in the case

of five 1,3-dipropylimidazolium chains) or not.

For the BF, sample, calculated B parameters were consistent with the experiments (signal
centered at -1.2 ppm) for all models, but a better agreement of the *°F parameters was observed

for the five 1,3-dipropylimidazolium chain systems (Figure 22).

Exp.
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(3 Im, dry)
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Figure 22 Experimental and calculated o spectra of Mat 30 containing BF, counter anions.

Similarly, in the case of PFs sample, five 1,3-dipropylimidazolium chain models showed a better
agreement between the calculated and experimental values (Figure 23). It should be noticed that
the Si-O-P linkage, formed in model IV (three 1,3-dipropylimidazolium chains), shows a calculated

*'p chemical shift at -150.8 ppm, which is very far from the observed value (-144.6 ppm).
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Figure 23 Experimental and calculated *F spectra of Mat 31 containing PF¢ counter anions.
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3.2.6 DFT calculations on the INN materials

To get a deeper understanding about the structural development of the INN materials at the
nanometer scale, DFT calculations were carried out by Frederick Tielens at the Sorbonne Université
Paris. Therefore, the construction of the INN material unit cell (Figure 24) is based on the results of
the thermogravimetric analysis and TGA/MS studies, as shown in part 3.2.2. For the detailed model
description see the experimental part. As observed from the TGA results, an inorganic part (SiO,) of
57.5 % and an organic part of 38.5 % was assumed for the calculation. Furthermore, the density of
the silica nanoparticles was taken at 2.2 g/cm® and the size of the silica nanoparticles was estimated
to 15 + 3 nm. The accuracy, depending on the number of ligands per surface unit, resulted from the
accuracy of the results of thermogravimetric analysis. But the most important influence had the
accuracy of the size and density of the silica nanoparticles. In the used SiO, model this result
corresponds to a number of three to five 1,3-dipropylimidazolium chains per unit cell. It has to be
mentioned that for this model it had been assumed that two silica slabs are connected by three to
five 1,3-dipropylimidazolium chains, under consideration of the hypothesis that the curvature of the
silica nanoparticles in INN material is large enough to be negligible for the number of 1,3-

dipropylimidazolium chains.

Figure 24 Model of the unit cell used for DFT calculations.
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For each counter anion investigated (CI', BF,, and PF¢’), a possible molecular structure is proposed
from geometry optimization, for three and five 1,3-dipropylimidazolium chains per super cell,
hydrated or not. The separation distance between the silica surfaces is calculated to be 11 A (total z
dimension of the unit cell used, c £ 15.5), which can be related to the distance between the silica
nanoparticles. This distance of 11 A, obtained from the relaxation of the unit cell, is in good
agreement with the distance observed in SAXS experiments (see 3.2.3.), where this distance was
assigned to the peak at about 5 nm™.

Surprisingly, the chloride ions (CI" ) are predominantly found to interact with surface silanol groups
of the silica particles, while the other anion species (BF, and PFs) were found between the
imidazolium rings, not perpendicular to the rings, but aside the C-H bonds of the rings. Indeed, after
the anion exchange no change in the characteristic structural distance was observed in SAXS
experiments, even though, the fluorinated anions are larger compared to the chloride anions. If the
anion would have been situated between the imidazolium rings, the aromatic rings would have be
further away from one another after the anion exchange and changes in the SAXS as well as in the
photoluminescence data would be expected. Increasing the 1,3-dipropylimidazolium chain density
in the model unit cell from three to five, the chloride anions were still predominantly found next to
the imidazolium rings, which is in line with the fact, that the number of surface silanol groups
decreases with increasing the number of IM chains. Indeed every 1,3-dipropylimidazolium chain
consumes two silanol groups of the silica surface.

After the introduction of water molecules in the super cell, they interacted with the available
surface silanol groups, but no significant expansion of the unit cell was observed. In fact the water
molecules did not interact with the imidazolium rings, but with the silanol groups of the silica
surface.

The larger tetrafluoroborate anions (BF,), in comparison to the chloride (CI), are also located closer
to the imidazolium rings than to the silica surface. Increasing the 1,3-dipropylimidazolium chain
density leads to more BF, ions in closer interaction with them.

The largest of the investigated anions, hexafluorophosphate (PFg’), showed a similar behavior than
the BF, and Cl anions. Nevertheless, it has to be highlighted that a reaction between the anion and
the silica surface was observed in the dry low chain density model. In these cases a Si-O-P linkage

I”

and HCl were formed. Indeed, it is well known that in the “real” ionic liquids, water is always
present, owing to the hygroscopic behavior of imidazolium units.®?”! For the INN materials this
circumstance was confirmed by the TGA/MS results. At higher chain density the bigger cations,
caused by the steric hindrance of the chains and the presence of water, were forced between the
1,3-dipropylimidazolium chains. The different anions were usually located between the imidazolium

rings and not close to the surface of the silica nanoparticles. These observations are in agreement
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with the literature, where a limited stability of imidazolium tetrafluoroborate (BF,) and imidazolium
hexafluorophosphate (PFg) is described, because of the microwave or high temperature induced
leaving of one fluoride anion. 89792

The various characterization techniques, performed on the INN materials, have led to assume the
existence m-m stacking interactions between the aromatic imidazolium rings, which could be the
origin of the modification of the electronic properties of the complete silica nanoparticle system.
This assumption is also strengthened by literature.™ The phenomenon of n-n stacking interactions
between imidazolium units was also reported for other materials."®**¥ Furthermore, the distance
between the linking units is in the range in which an extra stabilization can be obtained by ©-7
stacking of the imidazolium rings."®*® However, the magnitude of the n-m stacking interaction is
dependent on the relative orientation of the imidazolium rings. Thereby, it is difficult to organize
the imidazolium linkers symmetrically on the amorphous surface of the silica particle. In

consequence, this particular van der Waals interaction was expected to be weak.

The electronic structure was also evaluated. In Figure 25 the density of state of the proposed model
is plotted. Therefore, the model, containing five 1,3-dipropylimidazolium chains in hydrated
conditions, was chosen. In the case of the model containing PFs as counter ion, the band gap was
calculated to about 3.17 eV. The difficulties to evaluate the band gap with DFT techniques were
considered. The total density of state curve is drawn in green (Figure 25). The partial density of
state of the imidazolium unit plus the anions is drawn in red. The partial density of state depending
on the C and N atoms (the imidazolium atoms) is applied in blue. The density of state correlating to

the molecular part of the system (C, N, P, and F atoms) determines the band gap (Figure 25).
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Figure 25 Density of State of the model INN materials (Mat1, Mat 30 and Mat 31).
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In conclusion, for the silica INN materials, the distances of the silica nanoparticles to each other
were found of about 11 A. The chain density was well reproduced and allowed to understand the
effect of hydration in the structure. Furthermore, the calculations on the structural organization of
the INN materials seem to confirm the hypothesis of m-m stacking interactions between the

imidazolium rings.
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3.2.7 Investigation of the electrical properties of the INN materials

The INN materials, investigated in this work, consist of ionic moieties. Furthermore a band gap of
about 3.17 eV was determined by DFT calculations. These facts and observations and the assumed
n-1t stacking interactions of the aromatic rings led to investigations of the electrical properties of
the INN materials. Preliminary conductivity measurements showed conductivity values in a range
which are typical for semiconductors. Depending on these facts, transistor measurements were
executed on the hybrid materials. The basic assembly of a field effect transistor (FET) is shown in
Figure 26. For the preparation of the FETs patterned ITO substrates, which are commercially
available from Ossilia, were dip coated with a methanolic solution of the respective INN material.
The dielectric layer, which has to be an insulator, was placed on the previously prepared ITO
substrates by spray coating. Therefore, polyvinylphenol (PVPh) was dissolved in ethyl acetate
(10 w%) and was sprayed by an airbrush gun on the materials surface by using a T-shaped mask.
After drying the dielectric layer, the gate electrode material (PEDOT = Poly-3,4-
ethylendioxythiophene) was painted on the dielectric layer by using the T-shaped mask again. The

polymer (PEDOT), used for the gate electrode, has to be a very good electric conductor.™
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Figure 26 (left) principal setup of the INN material based field effect transistor, (right) principal

assembly of the commercial available ITO patterned substrates from Ossilia (the solid
black lines show the position of the T-shaped mask on the substrate, the dielectricum
and the gate material were deposited on this position).

For the transistor measurements, gate voltages between -20 and 20 V and drain voltages in the
range of -30 to 30 V were applied. For the current-voltage characteristic of the transistor, the drain
current was plotted against the drain voltage. The measurements were carried out under ambient
light, UV-light and under dark conditions. In Figure 27 the current-voltage characteristic of a
transistor based on the bis-imidazolium biphenyl linker containing INN material (Mat 7) is presented

under dark conditions.
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Figure 27 Current-voltage characteristic of a working transistor (under dark conditions) based on
Mat 7.

The sample seems to work like a field effect transistor, but only under dark conditions. This
phenomenon could be explained by a photoinduced electron transfer of the ionic liquids under light
and UV-light conditions, as published by Paul et al. **® This process may had disturbed the electrical

conduction processes in the material for the measurements under ambient and UV light.

Unfortunately, the “working” transistor only worked once and during four weeks of daily transistor
measurements this result was not reproducible. The major problem at these transistor
measurements was that a gate current in pA range was measured for numerous transistor samples,
which suggested a leakage in the dielectric layer. On the microscope images in Figure 28 it can be
seen that dissolving the PVPh in ethyl acetate leads to a dewetting of the surface of the substrates.
This problem was fixed after several days by using methanol as solvent for the insulating material.
However, gate currents in PA range were still measured and could not be fixed during the

measurements in Sweden.
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Figure 28 Microscope images of (left) dielectric layer made of PVPh dissolved in EtOAc, (right)
dielectric layer made of PVPh dissolved in MeOH.

The facts, that the transistor only worked once and the continuing problems with the setup,
suggested that the silica INN materials are minor applicable for the preparation of field effect
transistors. One reason for the malfunction of the INN material based field effect transistor could be
the insulating properties of the silica nanoparticles. Due to the semiconducting properties of zinc
oxide,™®” the so-called mixed INN materials will be highly attractive for the application as a
transistor material, but until now it was not possible to produce thin films on a substrate of these

materials.
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3.3 Fluorescence properties of INN materials

Numerous light emitting materials were published in the last years. Some of these materials consist

[198-201] [202-204]

of lanthanide ions or platinum-group metal ions owing to their photophysical
properties. Due to the fact that lanthanides as well as platinum-group metals are rare and
expensive, metal-free photoluminescence active materials have been developed.?®?® |n the
course of the development of luminescent materials, the hybrid materials community started to
focus on ionic liquids, which were proven to be luminescent.””?® Especially 1-butyl-3-
methylimidazolium tetrafluoroborate [bmim][BF,] and 1-ethyl-3-methylimidazolium
tetrafluoroborate [emim][BF,;] showed emission at wavelengths in the range at about 450 nm. 2%}
Furthermore, imidazolium salts in general showed interesting fluorescence properties, e.g. C.W.
Bielawski et al. published the synthesis and application of benzobis(imidazolium) salts and also their
use in fluorescent block ionomers and liquid crystals.?****! Thus room temperature ionic liquids
(RTIL), e.g. 1-butyl-3-methylimidazolium based ionic liquids, were used to improve the
electroluminescence properties of light emitting compounds. R. Martin et al. reported the beneficial
influence of ionic liquids on the efficiency of electroluminescent cells. Therefore, they modified a
diphenylanthracene moiety with two imidazolium units and investigated their use in OLEDs. They
measured a significant efficiency enhancement compared to the parent molecule. The authors
suppose that this effect arises from the blocking of spurious current flow and a more effcient charge
injection into the active layer of the OLED.”* R.C. Evans and P.C. Marr reported the use of ionic
liquids in an hybrid material made of poly(9,9-dioctylfluorene), tetraethoxysilane (TEOS) and 1-
butyl-3-methylimidazolium bis(trifluoromethanesulfoimide) [bmim][Tf,N]. In this case the ionic
liqguid caused that the polymer built a B-phase and nice photoluminescence features were
observed.”™ Depending on these interesting photoluminescence features of ionic liquids or
photoluminescence features of hybrid materials, which were improved by ionic liquids, the INN
materials were also investigated relating to their photoluminescence properties in the past and they
also showed promising photoluminescence properties.”?'® In this photoluminescence experiment an
emission for Mat 1 of 400 nm was observed. This can be assigned to a band gap of about 3.11 eV,

which is in quite good agreement with the calculated band gap of 3.17 eV presented in chapter

3.2.6.

In this work the tailoring of the excitation and emission wavelengths of INN materials was
investigated more in detail. Therefore the substituents on the C2 position of the imidazolium
moiety as well as, in the case of the bis-imidazolium based INN materials, the aromatic linker was

varied. The photoluminescence properties as well as the SAXS profiles of mono- and bis-
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imidazolium based INN materials, with or without substituents on the C2 position, as well as of
pyrazolium and pyridinium based INN materials were investigated and compared. Furthermore, the
optical properties and SAXS curves of the mixed INN materials were investigated. The

photoluminescence properties of the various INN materials were determined in the solid state.

3.3.1 Photoluminescence properties of the mono-imidazolium INN materials

R
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cl
Scheme 17 Mono-imidazolium INN materials Mat 1 — Mat 3.

The excitation spectra of the substituted and non-substituted mono-imidazolium INN materials,
Mat 1 to Mat 3 (Scheme 17), are characterized by a broad band in the region between 300 — 400
nm (dotted lines in Figure 29). Additionally, a shift for the absorption maxima was detected. Mat 1
shows a maximum in absorption at 320 nm, Mat 2 at 365 nm and Mat 3 at 345 nm. By exciting the
samples at the wavelength of these maxima, emission in the range between 350 nm and 550 nm
was detected (solid lines in Figure 29), with emission maxima for Mat 1 to 3 situated at 380, 440
and 400 nm respectively. These maxima are corresponding to an emission maximum in the violet
area for Mat 1 and Mat 3 and in the blue area of the light spectrum for Mat 2. Due to the broadness
of these emission bands the materials seem all to emit in the blue region to the naked eye. When
modifying the C2 position of the imidazolium ring, either with a methyl or an isopropyl group, a
clear shift for the emission maxima was monitored, Mat 2 and 3 as compared to Mat 1. The largest
shift of the excitation as well as for the emission maxima was observed for the material substituted
with a methyl group on the C2 position of the imidazolium ring (Mat 2). For the isopropyl
substituted mono-imidazolium INN material (Mat 3) a slightly smaller value of the shift of excitation
and emission maximum, compared to Mat 2, was detected. For Mat 1 - Mat 3 a small peak in the
emission spectrum was observed at about 540 nm. Therefore, the samples were measured twice to
exclude a possible contamination of the samples, but the peak did not disappear. This suggests that

this peak is an artefact maybe caused by the measurement instrument.
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Figure 29 (left) Excitation (dotted lines) and emission spectra (solid lines) of the substituted and

non-substituted mono-imidazolium materials (Mat 1 — Mat 3), (right) digital photos of
the emission of the materials Mat 1, Mat 2 and Mat 3 under excitation at 320 nm, 365
nm and 345 nm respectively.

It has to be highlighted at this point that the silica nanoparticles had no influence on the
luminescence mechanism. They were measured separately and no quantum vyield could be

estimated from these emission curves as the intensity was far too low.

3.3.2 Photoluminescence properties of the bis-imidazolium INN materials

The study of the photoluminescence properties of bis-imidazolium INN materials containing the
a,a’-dichloro-p-xylene linker (Mat 4, 5 and 6, Scheme 18) reinforced the previous observations. At
this point it has to be highlighted that the here used linker molecule, a,a’-dichloro-p-xylene, was

proven to be not active in photoluminescence.
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Scheme 18 Bis-imidazolium p-xylene linked INN materials Mat 4 — Mat 6.

The excitation spectra of these materials show broad bands in the region between 320 and 380 nm
and a second local maximum can be distinguished between 200 and 280 nm. The origin of these
two distinct maxima in the spectra could not be assigned yet, however a similar observation was
reported by Paul et al. in a work dedicated to the optical properties of imidazolium ionic
liquids.?*”**8 By exciting the materials with the wavelength corresponding to the excitation

maxima, emission maxima were observed in a range between 410 and 450 nm (solid lines in Figure
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30), with emission maxima for Mat 4 to 6 at 410, 450 and 440 nm respectively. By comparing Mat 4,
5 and 6, a shift of the excitation as well as of the emission maxima could be observed. Here, the
same effect of the substituents as for Mat 1 to 3 was monitored. Namely, the largest shift, for the
excitation as well as for the emission maxima, was observed for the material substituted with a
methyl group on the C2 position of the imidazolium ring (Mat 5). For the isopropyl modified bis-
imidazolium INN material (Mat 6) a slightly smaller shift of excitation and emission maximum,
compared to Mat 5, was detected. The explanation for this phenomenon is the same as for Mat 1 to
Mat 3: the methyl groups on the C2 position of the imidazolium moieties of Mat 5 cause a positive
inductive effect on the imidazolium rings while offering only a weak steric hindering. For Mat 6 the
steric effect dominates the positive inductive effect. In consequence a larger shift in the excitation

and emission maxima could be detected for Mat 5 than for Mat 6 compared to Mat 4.
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Figure 30 (left) Excitation (dotted lines) and emission spectra (solid lines) of the substituted and

non-substituted bis-imidazolium materials containing the xylene linker (Mat 4, 5 and 6),
(right) digital photos of the emission of the materials Mat 4, Mat 5 and Mat 6 under

excitation at 350 nm, 370 nm and 370 nm respectively.

In summary, it turns out that the general trend of the shift between the different substituted
imidazolium moieties in these materials is very similar to the mono-imidazolium INN materials. The
comparison between the mono-imidazolium and bis-imidazolium INN hybrid materials illustrates
that the a,a’-dichloro-p-xylene linker containing INN materials (Mat 4 to Mat 6) in general show
higher wavelengths for the excitation maxima as well as for the emission maxima. This can be

explained by the red shift of aromatic rings.”*>**"

For a higher content of delocalized electrons in the material in combination with free rotatability of
the aromatic rings, 4,4’-bis(chloromethyl)-1,1’-biphenyl was used as the linking unit. The
corresponding INN materials are thus derivatives of a bis-imidazolium biphenyl (Mat 7, 8 and 9,
Scheme 19).
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Scheme 19 Bis-imidazolium biphenyl linked INN materials Mat 7 — Mat 9.

The excitation spectra and emission spectra of these materials (Mat 7 to Mat 9 in Figure 31) are
more complex than of the materials Mat 1 to Mat 6. Regarding the excitation spectra it can be
noticed that the excitation bands for Mat 7 and Mat 8 look quite similar to each other and show
excitation maxima at nearly the same wavelength, namely at 300 nm. Mat 7 showed one global
absorption maximum at 305 nm (black dotted line in the left spectrum in Figure 31). By exciting the
material with this wavelength, an emission maximum was observed at 350 nm (see supporting
information). Additionally, in a range between 310 nm and 380 nm three local maxima in
absorption could be detected. The most intensive one (375 nm) was chosen for exciting the
material which resulted in an emission band with a global maximum at 425 nm (blue area of the
light spectrum) and two other local maxima. This suggests that the material could be used for an
emission at two different wavelengths depending on the excitation wavelength. For Mat 8, with a
similar excitation spectrum as Mat 7, an emission band was observed for an excitation at 300 nm.
This emission band shows a broad maximum plateau between 320 nm and 390 nm. At this stage the
origin of this behavior cannot be explained. Mat 9 shows a different behavior: The very broad
absorption band shows two maxima at 370 nm and 420 nm (blue dotted line). By exciting the
material at these wavelengths the resulting emission spectra are similar to each other. In both cases
a maximum in emission was detected at 475 nm. It can be noticed that by replacing the hydrogen
atom on the C2 position of the imidazolium ring by a methyl group, Mat 8, the color of the emitted
light could be changed from blue to purple and by replacing the methyl group with an isopropyl

group, Mat 9, the color of the emitted light changes to green (Figure 31, right).

By comparing the luminescence spectra of Mat 7 to Mat 9 to these of Mat 1 to Mat 6, large
differences can be found. This difference lies in the presence of the biphenyl linker, which already
emits by itself (Figure 31, bottom right). For comparison with these INN materials the
photoluminescence properties of the pure linker molecule, 4,4’-bis(chloromethyl)-1,1’-biphenyl,
were investigated. It turned at out that the linker molecule shows an emission for an excitation at
375 nm, too (red solid line on the right in Figure 31), but quite weak in comparison to Mat 7 (black
solid line). The luminescence spectra were recorded by measuring the emission of a cuvette fully
filled with the compound to investigate. In consequence in the bottom right spectra in Figure 31 a

compound containing only around 20 w% of biphenyl, the INN Mat 7 is compared with 100 w% of
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pure biphenyl. It can be claimed that the luminescence observed for Mat 7 to Mat 9, is due to the
organization forced during the formation of the INN. However, it seems that in this case the
luminescent behavior of the materials containing bis-(imidazolium)biphenyl linkers is governed by
the biphenyl. In conclusion the materials combining imidazolium and linker luminescence (Mat 7 to

Mat 9) present adjustable photoluminescence properties.
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Figure 31 (left) Excitation (dotted lines) and emission spectra (solid lines) of the substituted and

non-substituted bis-imidazolium materials connected by the biphenyl linker (Mat 7, 8
and 9), (right) Digital photos of the emission of the materials Mat 7, Mat 8 and Mat 9
under excitation at 375 nm, 300 nm and 370 nm respectively and, (bottom) for
comparison, emission spectra of Mat 7 and the pure biphenyl linker under an excitation
at 375 nm.

For a further increasing of the content of delocalized electrons, but in this case combined with a
rigid adjustment of the aromatic rings in the material, 9,10-bis(chloromethyl)anthracene was used
as the linking reactant for the nucleophilic substitution. The corresponding INN materials are thus

derivatives of a bis-imidazolium anthracene (Mat 10 to Mat 12, Scheme 20).
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Scheme 20 Bis-imidazolium anthracene linked INN materials Mat 10 — Mat 12.

Similarly, as for Mat 7 to Mat 9, Mat 10 to Mat 12 showed a complex behavior in the excitation as
well as in the emission spectra (Figure 32). Mat 10 shows an excitation maximum at 380 nm. Mat 11
and Mat 12 exhibit an emission maximum in the same area. Additionally, two local maxima were
detected in the excitation spectra. These relative maxima are typical for anthracene
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chromophores.[214] By exciting Mat 10 at 380 nm an emission maximum was observed at 490 nm in
the green area of the light spectrum. The emission spectra for Mat 11 and Mat 12 show similar
behavior. The emission maxima are centered at 430 nm for an excitation at 375 nm and 380 nm
respectively. One origin for this behavior could be the self-absorption of the material combined
with a partial quenching of the fluorescence in the wavelength area around 500 nm. This suggests
that the linker molecule adsorbs the emitted light caused by m-mt stacking interactions in the
material and is able to emit visible light by its own (Figure 32). This conversion could be responsible
for the numerous different maxima in the excitation as well as in the emission spectra for the INN
materials Mat 10, 11 and 12. Compared to the reference material (Mat 1) the anthracene linked
bis-imidazolium INN materials show red shifted excitation as well as emission maxima, but they
have in common that these bands are very broad. In consequence, it seems to the naked eye that
they are emitting green light (Figure 32, right). Furthermore, the linker molecule itself, the 9,10-
bis(chloromethyl)anthracene, shows photoluminescence properties as well (solid red line on the left
in Figure 32). This molecule was used for the synthesis of some other compounds and materials
bearing interesting photoluminescence properties.***??? Compared to Mat 10 the emission for an
excitation at 375 nm of the pure linker is quite weak as well as observed for the biphenyl containing
materials and the pure biphenyl linker. Here, as described for the biphenyl in the precedent

paragraph, the difference in the relative intensity is significant.
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Figure 32 (left) Excitation (dotted lines) and emission spectra (solid lines) of the substituted and

non-substituted bis-imidazolium materials connected by the anthracene linker (Mat 10,
11 and 12), (right) Digital photos of the emission of the materials Mat 10, Mat 11 and
Mat 12 under excitation at 380 nm, 375 nm and 380 nm respectively and (bottom) for
comparison, emission spectra of Mat 10 and the pure anthracene linker under an
excitation at 380 nm.
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3.3.3 Photoluminescence properties of the pyrazolium INN materials

To get a better understanding of the photoluminescence properties of the INN hybrid materials in
general, the imidazolium moieties were replaced by a pyrazolium unit (Mat 18) or by 3,5-
dimethylpyrazolium moiety (Mat 19). The excitation spectrum of Mat 18 shows a maximum at 310
nm (Figure 33). By exciting the material at this wavelength a broad emission band with a maximum
at 375 nm could be observed. In comparison to Mat 1 the bands of the pyrazolium based materials
(Mat 18 and Mat 19) show a shift towards lower wavelengths from 380 nm to 375 nm. This fact
could be explained by the different geometry of the bridging organic part of the INN material. The
two nitrogen atoms of the pyrazolium are localized right next to each other. In consequence, a
linear connection of the nanoparticles is impossible, as opposed to the linking in imidazolium based
INN materials, such as Mat 1. The excitation spectrum of Mat 19 shows two maxima: at 275 nm and
at 320 nm. By exciting the material at these wavelengths one emission maxima could be detected at
380 nm. By comparing the emission maxima of Mat 18 and Mat 19 only a small difference was
observed. This may be caused by the methyl groups in C3 and C5 position of the pyrazolium moiety
by generating slightly repulsive steric interactions to the propyl groups located on the nitrogen
atoms of the pyrazolium unit in combination with the positive inductive effect. Both, Mat 18 and
Mat 19, absorb and emit light at lower wavelengths compared to the imidazolium based INN

reference material (Mat 1).
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Figure 33 (left) Excitation (dotted lines) and emission (solid lines) spectra of the substituted and

non-substituted pyrazolium based materials (Mat 18 and Mat 19) and, for comparison,
of the reference material Mat 1, (right) digital photos of the emission of the respective
materials under excitation at 320 nm.
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3.3.4 Photoluminescence properties of the mono-pyridinium INN materials

To extend the photoluminescence investigations to six atom rings, ortho- or para- linked pyridinium
based INN materials (Mat 23 and Mat 24) were investigated. The excitation spectrum of the para-
linked pyridinium based INN material (Mat 23) shows a maximum at 365 nm (Figure 34). The
excitation of the material at this wavelength leads to a broad emission band with a maximum at 420
nm, which is localized in the blue area of the light spectrum. By comparing Mat 23 to Mat 1 it was
observed, that the pyridinium containing material shows a red shifted excitation as well as emission
spectra. This could be explained by the different electronic properties of the pyridinium unit
compared to the imidazolium unit in the INN material. Similarly, the excitation spectrum of the
ortho-linked pyridinium based INN material (Mat 24) shows a maximum at 320 nm. By exciting the
material at this wavelength two emission maxima could be detected: one global maximum at 430
nm and one local maximum at 490 nm. This may be caused by the different geometry: In Mat 23
the silica nanoparticles are linearly linked, whereas in Mat 24 the linking angle is more acute (Figure
34). Compared to the reference imidazolium based INN material (Mat 1), the materials Mat 23 and
Mat 24 absorb and emit at higher wavelengths. For Mat 23 and Mat 24 a local maximum in the
emission spectrum was observed at about 500 nm. Therefore, the samples were measured twice to
exclude a possible contamination of the samples or something like that, but the maximum did not

disappear. This suggests that this maximum is an artefact maybe caused by the measurement

instrument.
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Figure 34 (left) Excitation (dotted lines) and emission (solid lines) spectra of the para- and ortho

linked pyridinium based materials (Mat 23 and Mat 24) and, for comparison, of the
reference material Mat 1, (right) digital photos of the emission of the respective
materials under excitation at 365 nm.
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3.3.5 Photoluminescence properties of bis-pyridinium INN materials

For a higher content of delocalized electrons in the material in combination with free rotatability of
the aromatic rings, a,a’-dichloro-p-xylene and 4,4’-bis(chloromethyl)-1,1’-biphenyl were used as
linking unit for para linked bis-pyridinium materials (see Figure 35). The obtained materials (Mat 25
and Mat 27) offer excitation maxima around 350 nm. By exciting the materials at these wavelengths
the resulting emission maxima were quite different compared to each other. The maximum for the
a,a’-dichloro-p-xylene containing bis-pyridinium material (Mat 25) is located at 400 nm on the
border between blue and violet area of the light spectrum. Compared to the mono-pyridinium
material (Mat 23) a blue shift of 20 nm was observed. By exciting the 4,4’-bis(chloromethyl)-1,1’-
biphenyl containing bis-pyridinium material (Mat 27) at 350 nm a maximum in emission at a
wavelength of 450 nm, in the blue region of the light spectrum, was observed. In consequence,
compared to Mat 23, a red shift of 30 nm occurred for this emission maximum. By comparing the
a,a’-dichloro-p-xylene containing bis-pyridinium material (Mat 25) and its bis-imidazolium analogue
(Mat 4) (see Table 5) it was observed that form and position of the bands are similar to each other.
However, comparing the 4,4’-bis(chloromethyl)-1,1’-biphenyl containing bis-pyridinium material
(Mat 27) with the corresponding bis-imidazolium material (Mat 7) differences in form of the bands
and position of the emission maxima were observed. The excitation as well as the emission
behavior of Mat 7 is quite complex and offer local maxima in addition to the global maximum (see
Figure 31). Mat 27 showed a broad excitation band with a global maximum at 350 nm and a
shoulder at 280 nm. By exciting the material at 350 nm a broad emission band with a maximum at

450 nm was observed (Figure 35).
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Figure 35 (left) Excitation (dotted lines) and emission (solid lines) spectra of the para linked bis-
pyridinium based materials (Mat 25 and Mat 27) and, for comparison, of the mono-
pyridinium based material Mat 23, (right) digital photos of the emission of the materials
under excitation at 340 nm and 350 nm, respectively.

3.3.6 Photoluminescence properties of the so-called mixed INN materials

In addition to the silica nanoparticle based INN materials the photoluminescence properties of the
so-called mixed ZnO nanoparticle containing INN materials (Mat 35 and Mat 36) were investigated.
The excitation maxima for these two materials are located at 320 nm and 330 nm respectively (see
Figure 36). Furthermore, at higher wavelengths a sharp decrease of the absorption was monitored.
By exciting these two materials with the wavelength of the respective excitation maximum a really
broad band was observed. Additionally, it turned out that Mat 35 and Mat 36 have exactly the same
emission spectra. Due to this only one band is visible in the emission spectrum for Mat 35 and Mat
36 in Figure 36. This indicates that for these materials the substitution on the C2 position of the
imidazolium unit had no influence on the photoluminescence properties. The emission maximum
was located at 555 nm for both materials. Furthermore, by comparing with the reference material
(Mat 1) it can be noticed that the mixed INN materials (Mat 35 and Mat 36) emit at drastically
lower energies. The photoluminescence properties of ZnO nanoparticles were often discussed in
literature and the emission maximum is described to be located at 555 nm.197223:224] Thig

suggests that not the aromatic moieties between nanoparticles, but the ZnO nanoparticles itself,

are responsible for the green emission of the so-called mixed INN materials.
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Figure 36 (left) Excitation (dotted lines) and emission (solid lines) spectra of the mixed INN

materials (Mat 35 and Mat 36) and, for comparison, of the reference material Mat 1,
(right) digital photos of the emission of the materials under excitation at 320 nm and 330
nm respectively.

3.3.7 The influence of the short range order on the photoluminescence
properties of the INN materials

It is supposed that the luminescence properties of the INN materials are dependent on the degree
of the short range order of the linking units, only the structural parameters, n, and d,, are discussed
in this part. The numerical values n, and d, as well as the measured emission/excitation maxima are

listed in Table 5.
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Table 5 Photoluminescence excitation/emission maxima and quantum yields compared with the
hard sphere volume fraction n, and distance d, of linkers obtained from the fitting of
SAXS-WAXS curves for the various INN materials.

Material Excitation Emission Quantum n, £ 0.02 d, £0.05 nm
Max. [nm] Max.[nm] Yield [%]
Mat 1 320 380 10 0.31 1.37
Mat 2 365 440 15 0.33 1.40
Mat 3 345 400 4 0.29 1.40
Mat 4 350 410 11 0.25 1.70
Mat 5 370 450 18 0.25 1.50
Mat 6 370 440 9 0.11 1.50
Mat 7 305 350 6 - -
375 425 14 - -
Mat 8 275 320 12 0.27 1.20
300 390 16 - -
Mat 9 370 475 12 0.26 1.60
420 475 15 - -
Mat 10 380 490 4 - -
470 550 7 - -
Mat 11 375 430 5 0.3 1.40
470 540 8 - -
Mat 12 375 430 2 0.29 1.54
490 550 4 - -
Mat 18 320 375 4 0.13 0.88
Mat 19 320 380 6 0.29 1.34
Mat 23 365 420 4 0.33 1.11
Mat 24 365 430 5 0.30 1.40
Mat 25 340 400 1 0.27 1.52
Mat 27 350 450 4 0.2 1.52
Mat 35 320 555 5 0.27 1.04
Mat 36 330 555 6 0.27 1.06
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The scattering curves of the INN materials exhibit a short range order peak, caused by the self-
organization of the aromatic linkers in the material. The photoluminescence features were
interpreted as a consequence of ni-it stacking interactions between these aromatic rings. Therefore,
differently substituted imidazolium based INN materials in combination with various aromatic linker
molecules as well as pyrazolium and pyridinium based INN materials were used for a systematic
investigation and their dependence on the structural organization at the nanometer scale. The
photoluminescence phenomena in these aromatic-unit-containing INN materials are caused by the
transition of the m* excited state to the it energy level.??>?* The origin of the broad excitation as
well as emission bands could be attributed to slight differences in the distances d, between the
aromatic rings. Thus various “conjugation lengths” are generated, causing numerous HOMO-LUMO
energy band gaps in the INN material.”****”! The associated guantum yields were also determined
by photoluminescence measurements. These values are reported in Table 5. In order to compare
the structural parameters obtained from the fits of the SAXS curves with the photoluminescence
guantum yields, the mean values of n,, d, and QY were calculated for the different substituents on
the C2 position of the imidazolium moiety (H-, Me-, i-Pr-). Although not all of the numerical values
for n, and d, differ at a level of statistical significance (Figure 37, right). However, it is possible to
identify a general trend between the substituents on the C2 position of the imidazolium unit, the

obtained structural parameters and the photoluminescence quantum yields (Figure 37, left).
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Figure 37 (right) Correlation between n, and quantum yield, (left) correlation between n,, d, and

quantum yield.

The highest quantum yields correspond to the highest short range order and small mean distance,
observed for the methyl substituted materials (Figure 37). A reasonable explanation for this
phenomenon is that the methyl groups, on the C2 position of the imidazolium ring, induce only a
weak steric hindrance. The positive inductive effect of this group is responsible for a slightly higher

electron density in the imidazolium ring. The combination of these two effects lowers the
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electrostatic repulsion between the positive charged imidazolium units in the material and thus
leads to a better ordering of the imidazolium rings in the material and high quantum vyields. The
materials, which are substituted with an isopropyl group on the C2 position on the imidazolium
unit, show the lowest n, and the smallest quantum yields. This observation can be explained in a
way that the steric hindering of the isopropyl moieties dominates the positive inductive effect. Due
to their small size, the hydrogen substituted materials show intermediate short range order as well
as the smallest mean distances. In consequence, they show intermediate quantum vyields. As
mentioned above, the shifts of the excitation maxima as well as the emission maxima of the
materials Mat 1 to Mat 6 have the same origin. The biphenyl linked bis-imidazolium INN materials
Mat 7 — Mat 9 showed quantum yields comparable to Mat 1 — Mat 6 and also similar n, values. The
anthracene linked bis-imidazolium materials Mat 10 - Mat 12 showed lower quantum yields
compared to Mat 7 — Mat 9. This observation leads to the conclusion that the free rotatability and
flexibility of the linking molecules between the imidazolium moieties plays an important role for
photoluminescence properties of the bis-imidazolium INN materials. Additionally, the pyrazolium as
well as the pyridinium based INN materials (Mat 18, 19, 23 — 25 and Mat 27 ) showed quite low
guantum vyields compared to the mono-imidazolium based INN materials (Mat 1 — Mat 3). This
phenomenon may have its origin, for the pyrazolium based INN materials (Mat 18 and Mat 19), in
the different electronic structure of the pyrazolium ring, where the two nitrogen atoms are placed
right next to each other. For the pyridinium based INN materials (Mat 23 — 25 and Mat 27) the
origin of the comparably low quantum yields could be attributed to the different electronic
structure, compared to the imidazolium based INN materials (Mat 1 — Mat 3) as well. The mixed
INN materials (Mat 35 and Mat 36) are also well ordered and offer quantum vyields of 5 and 6 %,

respectively, but it is supposed that the luminescence activity is caused by the ZnO nanoparticles.

In conclusion, the photoluminescence investigations of the INN materials showed exciting
photoluminescence features. For the imidazolium based INN materials the change of the
substituent on the C2 position of the imidazolium ring from hydrogen to methyl or isopropyl group
caused a red shifted maximum in the excitation as well as in the emission spectrum. Furthermore,
the spectral area of the emission as well as for the excitation was changed by varying the linker
molecule between the imidazolium moieties for the bis-imidazolium INN materials. It was shown
that the photoluminescence activity results from the self-organization of the aromatic rings in the
material by m-mt stacking interactions. All the materials, which were investigated here, have in
common that the photoluminescence activity is strongly enhanced by the self-organization of the
aromatic rings in the material, compared to the educts of the nucleophilic substitution, to the bare

silica nanoparticles and to the neat imidazolium salts.
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Small and wide angle X-ray scattering experiments were executed, revealing the impact of different
substituted imidazoles in combination with various aromatic chloromethylene (-CH,Cl) disubstituted
linker molecules on the structure and thus on the optical properties of the INN materials. It was
shown that the quantum yield of the presented materials is affected by structural parameters. The
combination of small distance and high degree of short range order improves the quantum yields,
which is visible for the materials offering methyl substituted imidazolium moieties. In contrast,
materials with isopropyl modified imidazolium units exhibited the lowest quantum yields due to the
large distance of the aromatic units as a consequence of the steric hindering of this substituents.
Furthermore, the results of the photoluminescence investigations of biphenyl and anthracene
linked bis-imidazolium INN materials suggest that free rotatability and flexibility of the aromatic

linker molecule increase the photoluminescence activity of the material.
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3.4 Complexation of metal salts in INN materials and resulting
properties

Some metal chlorides are able to build chloro metalate complexes. These metal complexes show

228
Al

remarkable features, e.g. [NH,(Et),],[CuCl is proven to be thermochromic. Thus it is promising

2292311 Dye to the quaternization reaction during the materials

for the application as sensors.
synthesis, the INN materials consist of halogenide ions, which are chloride ions in the most cases.
Depending on this fact and on the promising properties of tetrachlorometalate complexes,
complexation reactions of metal chlorides, which are known to build chloro complexes, like
CuCl,2H,0, PdCL*? and EuCly6H,0,7%3 with the chloride ions of the INN materials were

investigated.

3.4.1 Complexation of CuCl;-2H,0 in INN materials and resulting
thermochromic properties of the hybrid material

Diethylammoniumchloride is able to complex copper dichloride salts to form the thermochromic
diethylammonium tetrachlorocuprate(ll) complex. The coordination of solvent molecules on the
copper(ll) ion causes a square planar configuration of the copper(ll) ion at room temperature
(Figure 38). The square planar bis-diethylammonium tetrachlorocuprate(ll) complex forms green
crystals. When the temperature is increased, the configuration of the bis-diethylammonium
tetrachlorocuprate(ll) complex switches to a tetrahedral configuration (Figure 38) with a lower band
gap as the interaction with the solvent molecules is degraded. As a consequence a color change
from green to yellow is observed at 52 °C. These thermochromic properties were reported for

(2292311 55 well as for imidazolium metal

ammonium tetrachlorocuprate(ll) complexes
complexes.***! The investigation of the influence of the water on benzimidazolium
tetrachlorocuprate(ll) was reported by Bhattacharya et al. ®** This compound showed a

thermochromic behavior as well, however its thermal stability is limited to 140 °C.
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Figure 38 Schematically drawing of the square-planar (left) and tetrahedral configuration (right) of
[CuCl,]”.

In this chapter the complexation of copper dichloride salt in INN materials to form thermochromic
hybrid materials was investigated. Also the structural and thermochromic properties were
determined and compared to two reference compounds. These were 1,3-butylmethylimidazolium

tetrachlorocuprate(ll) and the reference INN material (Mat 1).1*”!

The complexation reaction was executed by adding copper(ll) chloride dihydrate to a methanolic

suspension of the reference material (Mat 1) (see Figure 39).

/OD

CUC|2'2H20
. NEN
[CuCl,J*
) Si0y) _ e
/OS@N
Figure 39 Formation of the tetrachlorocuprate(ll) based INN material (Mat 32).

The amount of copper(ll) chloride added to the methanolic suspension of Mat 1, was chosen to get
a molar ratio of copper : imidazolium of 1 : 2. Therefore half of the molar amount of copper(ll)
chloride compared to the molar amount of N-(3-trimethoxysilanepropyl)imidazole, which was
introduced for the preparation of Mat 1, was used. After adding the copper(ll) chloride the
suspension was stirred overnight at room temperature, it was washed and dried, resulting in a

green transparent gel (Mat 32) (see Figure 40).
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Figure 40 (top) the green transparent Mat 32, (bottom, left) TG analysis of Mat 32 ([CuCl,]-INN)

and the reference compound [BuMelm],[CuCl,], (bottom, right) reference compound
[BuMelm],[CuCl,].

The thermal stability of Mat 32 was determined by a thermogravimetric analysis (black line in Figure
40). Here no decomposition was observed until 250 °C in air. For the reference compound,
[BuMelm],[CuCl,], the TG analysis showed distinct decomposition steps. A first step was observed in
the temperature range between 165 °C and 320 °C and a second step from 350 °C to 550 °C. Only
11 w% remained after the decomposition, which corresponds to the copper(ll) oxide residues. By
comparing the thermal stability of [BuMelm],[CuCl,] and Mat 32, a clear gain in stability was
observed, arising from the formation of the INN network. This phenomenon was observed for the

INN materials in general (see 3.2.2).

Powder XRD analysis was executed on the green material (Mat 32) (left, Figure 41). Only the very
broad reflection characteristic of amorphous silica at 20° and no crystalline copper salt was
observed. In addition the approximate atomic composition, indicating a molar ratio of 1 : 4 : 35 of
Cu: Cl: C, of the material was determined by EDX (right, Figure 41). These values should be handled
with care, as the error in defining molar ratios by EDX from heavy atoms (Cu) to very light atoms (C,
Cl) is significant. Nevertheless, the ratio of Cu to Cl is about 1 : 4, which was expected for the
tetrachlorocuprate(ll) anion. The high content of carbon atoms is attributed to three reasons: first,

the error on the determination of the amount of light elements is quite high in EDX; second, carbon
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atoms, which belong to non-reacted ligand; third, some additional carbon atoms may belong to side

groups due to the incomplete condensation of the trimethoxysilanes.

Similar to the reference material (Mat 1) the green material (Mat 32) can be processed into thin

films by dip coating a concentrated methanolic suspension onto glass slabs (Figure 42).
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Figure 41 (left) powder XRD pattern of Mat 32, (right) EDX measurement of Mat 32.
Figure 42 Digital photos of INN materials thin films, (left) Mat 1; (middle) Mat 32 before heating;

(right) Mat 32 after heating at 180 °C.

Preliminary investigations on the thermochromic behavior of Mat 32 were carried out by depositing
the dip coated glass slab on a heating plate and increasing the temperature. A clear color change
was observed when the temperature reached 190 °C. The film remained transparent, but the color
turned from slightly green to yellow (Figure 42). Optical microscopy on a Kofler bench reinforced
the clear color change for Mat 32 starting at around 180 °C (Figure 43). However, when the material
was cooled to room temperature, it maintained its yellow color. This indicates that the
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thermochromic behavior of Mat 32 is not reversible. To identify the structural origin of this color
change, e.g. a possible phase transition, differential scanning calorimetry (DSC) was executed on the
green material. The DSC curve at a heating rate of 5 K per minute from 40 °C to 250 °C showed a
strong endothermic peak centered at 180 °C (Figure 43). It is very probable that this peak
corresponds to a change in configuration of the tetrachlorocuprate(ll) complex from a square planar
configuration to a compressed tetrahedral configuration, as known for thermochromic
tetrachlorocuprate(ll) compounds.”*® During cooling at an identical ramp as in the heating process,
the curve remains flat and no further change in configuration was observed. Further heating-cooling

cycles showed no color change, hence no configuration change of the copper(ll) complex in the

material.
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Figure 43 (top) microscope observation of the color change of Mat 32 on a Kofler bench; (bottom)

DSC curve of Mat 32.

For comparison the equivalent compound without nanoparticles, bis(1-butyl-3-methylimidazolium)
tetrachlorocuprate [BuMelm],[CuCl,] was prepared. The synthesis was quite similar to the synthesis
of Mat 32. Equimolar amounts of 1-metylimidazole and 1-chlorobutane were allowed to react in
ethylacetate at room temperature overnight. After evaporating the solvent, copper(ll) chloride
dihydrate was added in a 1 : 2 molar ratio of the copper salt to the 1-butyl-3-methylimidazolium
chloride. Immediately after mixing, the temperature increased significantly, indicating an

exothermic chemical reaction. At the same time, the color changed from blue, due to the unreacted
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copper(ll) salt, to deep green. The mixture was stirred overnight at room temperature. As the
reaction was carried out solvent-free, the elimination of water, from the copper(ll) chloride
dihydrate, was easily observed. The thermal behavior of the reference compound [BuMelm],[CuCl,]
was also investigated on a Kofler bench under an optical microscope (Figure 44). Melting was
observed at 140 °C, corresponding to the first endothermic peak in the DSC curve. At higher
temperatures the melted [BuMelm],[CuCl,] changed its color from green to brown. This is in good
agreement with the decomposition temperature of 165 °C observed TG analysis (Figure 40). By

cooling the sample it was observed that this process is irreversible.
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Figure 44 (top) microscope observation of the color change of [BuMelm],[CuCl,] on a Kofler bench;

(bottom) DSC curve of [BuMelm],[CuCl,].

The structural development at the nanometer scale of the reference material (Mat 1), the reference
compound ([BuMelm],[CuCl,]) and the thermochromic material (Mat 32) was investigated by using
in situ SAXS during heating. Therefore, the samples were placed into capillaries and placed into an
X-ray transparent furnace. The samples were than heated at a heating rate of less than 2 K per

minute and at each step (5 °C intervals) a pattern was taken for 15 minutes.

The SAXS results for Mat 1 were already reported in part 3.2.3. Since the arrangement of the
imidazolium ligands is of primary interest in this investigation Figure 45 only shows the scattering

intensities in the g-range between 2 and 15 nm™. In good agreement with previous observations
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(3.2.2) Mat 1 is stable in air up to 290 °C. No change of the structure during heating up to 200 °C
was observed (Figure 45). Neither the intensity nor the position of the short range order peak at
about g = 5.8 nm™ exhibits any change and the structure at the nanometer scale is maintained.

Furthermore, no degradation of the hybrid material was observed at the macroscopic scale.

In contrast, the SAXS data of the second reference compound, [BuMelm],[CuCl,], is strongly
temperature dependent (Figure 45). All crystalline peaks disappeared at temperatures higher than
150 °C, which is good agreement with the DSC results. In addition, it should be noted that at
temperatures above 100 °C, an additional ordered phase seems to develop, visible by an additional
peak at about g = 8.3 nm™ (arrow in Figure 45). Whereas the peaks of the original crystalline phase
disappeared, this additional phase seems to be more stable. In fact this additional peak disappeared

between 150 °C and 160 °C.
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Figure 45 SAXS intensities depending on temperature (measured in situ) of the reference

compounds; a) Mat 1; b) [BuMelm],[CuCl,].

The temperature dependence of the SAXS intensities of Mat 32 is shown in Figure 46. Here, a linear
scale was chosen for a better presentation of the peaks. For the material at room temperature, one
small short range order peak is visible at about g = 10 nm™, corresponding to a distance in real
space of the units of about d, = 0.6 nm. By heating the material above 150 °C, this peak disappears
and a different peak arises at about g = 5.6 nm™, corresponding to a distance of d, = 1.1 nm in real
space. Furthermore, there is no gradual shift of the peak position, which indicates a phase transition
from one configuration to another. This clearly suggests a configurational change of the
tetrachlorocuprate(ll) complexes from a square planar configuration to a compressed tetrahedral
configuration, as known for thermochromic tetrachlorocuprate(ll) compounds.[234'238] This structural
transformation was completed above 175 °C, which is in perfect agreement with the appearance of

the thermochromic behavior, i.e. the color change from green to yellow.
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Figure 46 Temperature depending SAXS intensities of Mat 32, the arrows indicate a phase

transition from a planar (small distance, peak at g = 10 nm-l) to a tetrahedral

configuration (large distance, peak at g = 5.6nm™)

In contrast to the reference compound [BuMelm],[CuCl,] the thermochromic material (Mat 32) is
stable up to a temperature of 200 °C. This suggests that the confined space between the silica
nanoparticles allows not only thermochromic behavior at significantly higher temperatures than in
pure bis-diethylammonium tetrachlorocuprate(ll), but also stabilizes the material itself. The
introduction of CuCl,2H,0 into Mat 1 induces two effects on the short range order of the material.
On the one hand, the intensity of the short range order peak is lower in the thermochromic
material (Mat 32) compared to the reference material (Mat 1). On the other hand, at low
temperatures, the position of the short range order peak is located at higher g-values in the
thermochromic material (Mat 32) than in the reference material, located at 10 nm™ and 5.8 nm?,
respectively. At temperatures above 150 °C the short range order peak for both materials is located

at around 6 nm™.

The complexation of the chloride anions in Mat 32 most likely causes a re-organization, which
results in a de-organization of the imidazolium units compared to Mat 1. The change and decrease
of the short range order also resulted in a strong change in the photoluminescence properties of
the material. Indeed before the complexation of the copper(ll) salt Mat 1 showed a strong emission
band with an emission maximum at 380 nm for an excitation of 320 nm (see 3.3.1). In contrast
Mat 32 showed almost no photoluminescence activity. It can be assumed that the imidazolium rings

are involved in the coordination sphere of the square planar tetrachlorocuprate(ll) complex at room

81



3 Results and Discussion

temperature in a similar way as reported for the solvent molecules in the thermochromic
ammonium tetrachlorocuprate(ll).”®® This interaction could explain why the electrons of the
aromatic rings are not able to interact with each other. As a consequence no photoluminescence

activity was observed for Mat 32.1*")

In conclusion copper(ll) chloride was successfully complexed in the mono-imidazolium INN material.
The resulting material showed an irreversible thermochromic behavior, which was observed by a
color change from green to yellow at 180 °C. Additionally, this phenomenon was investigated by
TGA and DSC measurements. The configurational change of the tetrachlorocuprate(ll) complex from
a square planar to a tetrahedral configuration at 180 °C was proven by in situ SAXS measurements.
For the future it would be interesting to test other alkyl chain lengths, to change the substituents on
the imidazole or change the nitrogen base itself, e.g. pyridine to obtain configuration changes at

different temperature ranges.

3.4.2 Complexation of PdCIl; and EuCl3-6H,0 in INN materials and the
resulting photoluminescence properties of the hybrid materials

Synthesis of the tetrachloropalladate(ll) and tetrachloroeuropate(lll) containing INN materials

Due to the ability to form tetrachloropalladate(ll) complexes,'”*? PdCl, was also used for
complexation within the INN materials. Therefore, palladium(ll) chloride was added to a methanolic
suspension of the reference material (Mat 1). The amount of palladium (ll) chloride added to the
methanolic suspension of Mat 1, was chosen to get a molar ratio of palladium : imidazolium of 1 : 2.
Therefore, the half molar amount of palladium(ll) chloride compared to the molar amount of N-(3-
trimethoxysilanepropyl)imidazole, which was introduced for the preparation of Mat 1, was used.
After adding the brown palladium(ll) chloride the suspension was stirred overnight at room
temperature. After washing and drying an olive green gel was obtained (Mat 33). The color change
of the palladium(ll) species from brown to olive green during the reaction indicates that the

complexation reaction proceeded.
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Figure 47 Synthesis of the tetrachloropalladate(ll) material (Mat 33).
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Europium(lll) ions are well known for their intensive fluorescence, even when they are imbedded in

2401 or other materials.”* Due to this fact EuCl;6H,0 was also used for the

metal oxides
complexation in INN materials. According to literature only small amounts of the quite expensive
europium(lll) salts are necessary to dope the materials with europium(lll) for photoluminescence
studies on materials.?*? Therefore, the amount of europium(lll) chloride added to the methanolic
suspension of Mat 1 was about 10 w% compared to the molar amount of N-(3-
trimethoxysilanepropyl)imidazole, which was introduced for the preparation of Mat 1. The

suspension was stirred overnight at room temperature. After washing and drying a colorless

transparent gel was obtained (Mat 34).
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Figure 48 Synthesis of the tetrachloroeuropate(lll) material (Mat 34).

Structural and thermal analysis of the palladium(ll) and the europium(lll) containing INN material

Preliminary investigations on a heating plate of possible thermochromic properties of Mat 33 and
Mat 34 showed no color change in both cases. Especially for Mat 33 this behavior was expected
because of the high stability of the square-planar complex coordination for Pd(ll) d® electron
configuration. The thermogravimetric analysis of the two materials showed degradation in two
steps (Figure 49), which is typical for these INN materials. For these two materials a second step
occurs at temperatures higher than 600 °C. This suggests a conversion of the chloro metalate
complex into the respective metal oxide, which may causes the loss of some chlorine in any form of
chemical compound. Unfortunately, no TGA/MS measurements were executed on these materials
at this stage. Hence there is no information of the chemical process causing the mass loss at 600 °C

or the nature of the inorganic residues of Mat 33.

Additionally, SAXS measurements were carried out on the materials. For Mat 34 a clear short range
order peak was observed at g = 5 nm™. For Mat 33 a very broad peak in a g-range between 5 and
10 nm™ could be observed. Due to the broadness of this peak it overlaps with the area, which is
typical for amorphous silica in the SAXS spectrum. Hence no conclusions can be drawn about the

short range order of this INN material.
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Figure 49 (left) TGA of Mat 33, Mat 34 and for comparison Mat 1, (right) SAXS measurement of

Mat 33 and Mat 34.

Photoluminescence properties of the palladium(ll) and the europium(lll) containing INN material

As observed for the tetrachlorocuprate(ll) containing INN material (Mat 32) before, the
tetrachloropalladate(ll) containing INN material (Mat 33) showed no photoluminescence activity at
all. The explanation of this phenomenon could be the same as for Mat 32. The imidazolium rings
participate in the coordination of the palladium(ll) ion. This interaction could explain why the
electrons of the aromatic rings could not interact with each other anymore. As a consequence no

photoluminescence activity was observed for Mat 33.

A completely different behavior was observed for the europium(lll) ion doped INN material (Mat
34). The excitation spectrum (Figure 50, on the left) shows a broad band with an excitation
maximum at around 320 nm. By exciting the material at this wavelength a broad emission band
with a maximum at 390 nm as well as two sharp emission bands in the region between 590 nm and
620 nm were observed. The broad band at 390 nm is typical for the INN materials (see 3.3.1). The
sharp bands in the red area of the light spectrum are typical for Eu®* ions.”*®! The mixture of these
two emission maxima leads to an intensive purple emission, which could be seen in the picture in
Figure 50. The excitation spectrum for an emission at 620 nm showed sharp bands with maxima in
the range between 350 and 410 nm and a global maximum at 390 nm (Figure 50, on the right).
By exciting the material with this wavelength only the characteristic bands for Eu®*" related to the
Do = F, transitions were observed,” while the characteristic bands for the INN material
disappeared. This leads to an intensive red emission of the material. For comparison André Vioux et
al. reported the same europium(lll) induced photoluminescence feature in the range of 590 nm to

620 nm for europium(ll) doped ionogels.*!
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Figure 50 (left) Excitation spectrum for Mat 34 (black solid line), the emission spectrum for an

excitation of 320 nm (red solid line) and a digital photo of the emission at an excitation
of 320 nm, (right) excitation spectrum of Mat 34 (black solid line), the emission spectrum
for an excitation of 390 nm (red solid line) and a digital photo of the emission at an
excitation of 390 nm.

There are two possibilities for the coordination of the europium(lll) ion: First, it is surrounded by
four chlorine atoms in a tetrahedral coordination and second, by six chlorine atoms in an octahedral
coordination.”” The presence of the typical bands of the INN material in the excitation as well as in
the emission spectrum suggests that the tetrahedral [EuCl,]  and not the octahedral [EuClg]* exist in
the material. If the trivalent [EuCl¢]* exists in the INN material, no photoluminescence phenomena,
caused by the INN material, can be observed, because the trivalent anion [EuClg]* needs three
imidazolium cations to saturate its own charge in that way that no interaction between the

aromatic rings is possible.

In conclusion, it was shown that the presence of bivalent metal complex anions inhibits the
photoluminescence activity of the INN materials. Additionally, it was shown that the complexation
of EuCl36H,0 leads to photoluminescent active INN material. The color of the emission can be set
by the excitation wavelength. For an excitation at 320 nm two emission maxima exist and cause an
intensive purple emission. Otherwise for an excitation at 390 nm the typical bands for the INN
materials disappear and only the photoluminescence feature of Eu*" was observed. In that way, an
INN material with controllable photoluminescence properties was synthesized. Furthermore, a
palladium(ll) complex containing material was synthesized. Due to the fact that it showed no
photoluminescence activity at all, it helped to understand the influence of bivalent metal complexes
in the photoluminescence activity of INN materials in general. In fact at this stage all investigated
bivalent metal complexes interfered with the photoluminescence activity of the INN hybrid
material. However, the palladium(ll) complex containing INN material will be highly attractive for

some catalytic investigations, e.g. in Heck reactions.2*¢2%7!
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For the future, it will be interesting to complex especially cobalt (Il) chloride and nickel (1) chloride

within the INN hybrid materials, because [N(Me),],[CoCl,] shows seven phase transitions* and

[249]

[NH,(Et),]5[NiCl;] was proven to be thermochromic. Furthermore, tetrachloronickelate(ll)

[250]

complexes were used as catalysts, e.g. for the selective oligomerization of ethylene and the

selective dehydration of fructose.*"
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3.5 INN materials as solid state catalysts

In recent years it was reported that ionic liquids offer a high affinity to carbon dioxide.* >

Therefore, ionic liquid containing hybrid materials can be used for CO, capture and storage >>>*%

and gas separation.”®® Another approach is the direct conversion of CO,, which can also be seen as
a sustainable carbon source in terms of renewability, abundance and non-toxicity.?*” In this context
cyclic carbonates, due to their high oxidation state, appear to be an interesting synthetic target
from CO, from a thermodynamic point of view. These compounds are industrially important

chemicals and form the basis for polycarbonate or polyurethane production (i.e. as a phosgene

[261] [262]

substitute), or can be used as fuel additives, as co-solvents or solubilizer in cosmetics®® and

electrolytes in lithium batteries.?*”

lonic liquids are known to catalyze the cycloaddition of CO, and epoxides to form cyclic carbonates

efficiently (Scheme 21). Since the first study of the catalytic activity of ionic liquids in these

[265] [266] [267]

reactions, numerous organic cations and anions have been investigated. Different

heterogeneous ionic liquid based systems were also reported to efficiently catalyze the formation

[268] [269,270]

of organic cyclic carbonates from CO,, including supports such as silica, various other

[271] [272]

metal oxides,”””" polymers®®? and metal organic frameworks.'”>?’" Thereby, various mechanisms

[275,276]

were suggested to explain the catalytic activity of imidazolium based ionic liquids, e.g. a

mechanism were the anion is the catalytic active part.’”!

O

catalyst
O +  CO, »> Qq 0

R R

Scheme 21 Cyclic carbonate formation by cycloaddition of CO, to epoxides.

One main benefit of the immobilization of the catalytic species is that a heterogeneous system is
obtained, which could be easily removed from the reaction mixture and also improves the recycling
process of the catalyst. Additionally, in some cases it has been shown that the immobilization
enhanced the catalytic activity compared to a free-standing catalytic active species. Imidazolium
based ionic liquids cross-linked within a polymer matrix, for instance, showed notably higher
catalytic activity than the free standing monomer analogues.[m] The immobilization of the catalytic
active species is believed to be the main reason for this gain in activity brought on by circumventing

the poor solubility of the epoxide and the free-standing catalyst in the solvent-free synthesis. Beside
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the active catalytic site itself, it has been demonstrated that the choice of an appropriate support is
of capital importance. For this reason silica based supports were often chosen, not only due to their
relatively easy preparation, but also due to their high chemical and thermal stability, their structural
versatility (different types of porosity) and the potential synergetic effects caused by uncondensed
hydroxy groups on the silica surface. Another key parameter is the loading and the accessibility of
the catalytically active moieties. A high loading of active moieties was reported to be convenient in

the case of polymer matrices and copolymers.?’*?”*!

Recently, the grafting of bis-vinylimidazolium salts within porous silica supports was reported by
Aprile et al. and the resulting materials showed significant activity in the synthesis of cyclic

carbonates from epoxides and co,.[%

For these reasons the INN materials were tested as heterogeneous catalysts for the synthesis of
cyclic carbonates from epoxides and CO, (Scheme 21). Furthermore, the influence of the C2 position
of the imidazolium unit on the catalytic activity of the material was investigated by modifying this
position with a methyl group. In addition, the so-called mixed INN materials were investigated to

study the influence of the support on the course of the catalytic reaction.*"

The catalytic tests were executed by Jérdme Roeser and Prof. Arne Thomas at the Technische
Universitat Berlin. Therefore, 100 mg of the catalyst and 18 mmol of the starting epoxide were put
in a stainless steel autoclave in solvent free conditions. The CO, pressure was adjusted to 6.9 bar
after several degassing cycles and the mixture was typically heated at 130 °C for four hours. The
crude reaction mixture was centrifuged, filtered and analyzed by GC-MS with toluene as internal

standard, as well as "H NMR spectroscopy.

In a first step, reference reactions were performed with epichlorohydrin (Scheme 21, R = CH,Cl)
without catalyst as well as with bare silica nanoparticles, chloropropyl and 1-propylimidazole

modified silica nanoparticles.

Table 6 Reference catalytic runs with epichlorohydrin (R = CH,Cl in Scheme 21).
Catalyst Time [h] Conversion [%] Selectivity [%]
blank 4 2.3 100
Sio, 4 7.7 21.8
Sio, Cl 4 7.7 0
Si0, Im 4 83.4 86.7
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While the bare silica and the chloropropyl modified silica nanoparticles presented almost no
catalytic activity on the conversion of the epoxides, the 1-propylimidazole modified silica
nanoparticles allowed a conversion of slightly more than 80 % (Table 6). This observation is good
agreement with the literature, where basic amine groups are described to be catalytically active in

this reaction.?’®

The quaternization of the imidazolium moiety during the formation the INN material significantly
increases the activity of the catalyst. Indeed the reference material Mat 1 (powder) (Table 7) was
able to fully convert the starting epoxide under similar conditions as SiO, Im after four hours. For
this reaction a selectivity of 88.7 % towards the cyclic carbonate formation was observed. The side
products were diols and dimers of epichlorohydrin. These were also observed for other immobilized
imidazolium species under similar reaction conditions.”® For comparison the reaction was also
executed with a free-standing gel monolith of the reference material (Mat 1 gel, Table 1). The
conversion proved to be quantitative in four hours. This fact confirms the accessibility of the
functional units in the three-dimensional network owing to the interparticle porous structure of the

material, 283284

The selectivities towards the formation of the cyclic carbonate were 88.7 % and
93.0 % for the powder and the gel monolith, respectively. In both cases the catalyst was easily

removed after the reaction by filtration of the reaction mixture.

The second category of INN materials, on which catalytic tests were performed, were the bis-
imidazolium INN materials (Mat 4 and Mat 7, Table 7). The catalytic activities of Mat 4 and Mat 7
are comparable with the results of Mat 1, reaching 100 % of conversion and selectivities between

84 % and 89 %.

Furthermore, the catalytic activity of the so-called mixed INN material (Mat 35) was investigated to
explore the influence of the nanoparticles species on the catalytic reaction. The zeta potential on
ZnO surfaces is more basic compared to silica surfaces (10.2 and 2.1, respectively). %%
Nevertheless, the catalytic activity of Mat 35 is comparable to the activity of Mat 1. This suggests
that in this case the nanoparticle species has no significant influence on the catalytic activity of the

INN material.
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Table 7 Conversion and selectivity of the cycloaddition reactions of CO, to epichlorohydrin (R =
CH,Cl in Scheme 21) in presence of mono- and bis-imidazolium based INN materials (Mat

1, Mat 4 and Mat 7) as well as so-called mixed INN material (Mat 35) as the catalyst.

Catalyst Time Conversion Selectivity
[h] [%] (%]
Mat 1 (powder) 4 100 88.7
.MN 5 /\/\.
Mat 1 (gel) 4 100 93.0
.MN - /\/\.
Mat 4 4 100 89.1
cl
Casycey e
&0 AD
Mat 7 4 100 84.1
cr
) e U o e
./\/\N\%/NN@N\/\/
Mat 35 4 98.3 86.2

N
N\@/N/\/\@

The catalytic activity of the INN materials in the conversion of propylene oxide and styrene oxide
was also investigated. These two epoxides are known to be comparably less reactive than
epichlorohydrin.?®*?%¢! As expected, a lower catalytic activity was observed when propylene oxide
was used as the starting epoxide. In fact none of the materials used as catalyst gave full conversion
after four hours reaction time. A drop in conversion and selectivity was observed when propylene
oxide was converted in the presence of Mat 1 as the catalyst (Table 8) compared with the
quantitative conversion obtained by using epichlorohydrin (Table 7). A conversion of 95 % can be
reached after eight hours reaction time, while maintaining a selectivity of around 90 %.
Furthermore, Mat 4 is significantly more active than Mat 1 in converting propylene oxide in the
cycloaddition reaction, as 93 % conversion can be reached under similar reaction conditions after
only four hours (Table 8). These values are comparable with those from a work of Pescarmona et al.
who reported the activity of bis-imidazolium xylene grafted on porous SBA-15 for the same
reaction, presenting relatively low conversion of propylene oxide (up to 55 %) under even harsher
conditions (150 °C, 100 bar)."”®” Additionally, the introduction of the biphenyl linker (Mat 7) slightly

lowers the catalytic activity in comparison to Mat 4.
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Table 8 Conversion and selectivity of the cycloaddition reactions of CO, to propylene oxide (R =
CH; in Scheme 21) in presence of mono- and bis-imidazolium based INN materials (Mat

1, Mat 4 and Mat 7) as well as so-called mixed INN material (Mat 35) as the catalyst.

Catalyst Time Conversion Selectivity

[h] [%] (%]
Mat 1 (powder) 4 81.0 95.4

.MN A /\/\@
Mat 1 (powder) 8 95.0 89.1

./\/\N @ Nf\/\@
Mat 4 4 93.0 95.6

Cl
N/\ @\
Qe CLe D
Mat 7 4 88.4 89.4
cr
./\AN\CQ/”N@N\/\/

Mat 35 4 82.3 95.4

AN
@ o

Considering the cycloaddition of CO, of styrene in oxide in the presence of Mat 1, a quantitative
conversion of the styrene oxide was obtained after twelve hours. For this reaction a selectivity of
88.8 % was determined. The catalytic activity of Mat 1 for this reaction is in the same range as those

for supported imidazolium based ionic liquids reported by Zheng and coworkers.?*”

Table 9 Conversion and selectivity of the cycloaddition reaction of CO, to styrene oxide (R =

CgHs in Scheme 21) in presence of the reference INN material (Mat 1) as the catalyst.

Catalyst Time Conversion Selectivity
[h] [%] (%]
Mat 1 (powder) 8 63.7 934
.M D
Mat 1 (powder) 12 100 88.8
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On dealing with the catalytic activity of imidazolium species in general, the influence of the C2
position of the imidazolium ring, was often pointed out. Moreover, the mechanisms proposed to
explain the CO, cycloaddition, describe the predominant role of a carbene on this C2 position which
directly interacts with the CO, molecules.”** % To evaluate this influence in the present catalytic
reactions, INN materials modified with a methyl group on the C2 position of the imidazolium moiety
(Mat 2, Mat 5 and Mat 36), were used for the catalytic investigations (Table 10). For Mat 2 and Mat
5 the methylation of the C2 position lowers the catalytic activity, as seen by a significant drop in
conversion under identical conditions compared to Mat 1 and Mat 4. This is most notable for Mat 2,
where a drop of up to 24 % in conversion was observed. From this observation it can be concluded
that the C2 position of the imidazolium plays a role in the catalytic cycloaddition reaction. It cannot

[288-291] Which

be excluded that carbene species played an important role in the catalytic mechanism,
will be discussed later on. However, the high conversions observed (between 76 % and 89 %), even
when the C2 position is not accessible, suggest that further activation mechanisms are possible for
imidazolium based catalysts. Interestingly, Mat 2 showed 100 % selectivity towards the building of

the carbonate.

Table 10 Conversion and selectivity of the cycloaddition reactions of CO, to epichlorohydrin (R =
CH,Cl in Scheme 21) in presence of methylated mono- and bis-imidazolium based INN

materials (Mat 2 and Mat 5) as well as so-called mixed INN material (Mat 36) as the

catalyst.
Catalyst Time Conversion Selectivity
[h] (%] (%]
Mat 2 4 76.0 100
@ oD
Cl

Mat 5 4 80.7 94.6

/L cr

\_//\QV@

cr Y

Mat 36 4 88.5 76.6

Finally, the recyclability of the reference material (Mat 1) was investigated. Between each run the

catalyst was filtered off, washed with toluene and was dried at 150 °C under vacuum conditions.
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Recycling tests with epichlorohydrin showed that the catalyst could be reused for at least four
consecutive runs without a loss of conversions. However, the formation of side-products was

promoted, as was observed by a significant drop in selectivity.

Table 11 Conversion and selectivity for run 1 and run 4 of the cycloaddition reactions of CO, to
epichlorohydrin (R = CH,Cl in Scheme 21) in presence of Mat 1 for the investigation of
the recyclability of the catalyst.

Catalyst Run  Time Conversion Selectivity
[h] [%] [%]
Mat 1 (powder) 1 4 100 88.7
@
Qe ,.
Ccr
Mat 1 (powder) 4 4 98 71

At this stage it is possible to conclude that the INN material catalyst remains active for four runs,
which is in agreement to some results reported in literature for harsher conditions. (higher

temperature, higher pressure and longer reaction times).*"!

In conclusion, it could be shown that the INN materials are efficient heterogeneous catalysts for the
conversion of CO, and different epoxides into organic cyclic carbonates. Reactions with
epichlorohydrin showed that a quantitative conversion could be reached for all the tested catalysts
under relatively mild conditions. The catalysts could be easily recycled for at least four runs without
a loss in conversion, but a decrease in selectivity was observed. Furthermore, it was proven by
testing the so-called mixed INN materials that the catalytic activity of the INN materials does not
depend on the used nanoparticle species. According to literature and from our point of view an
intermediate coordination of the CO, on the C2 position of the imidazolium ring, where the option
of the presence and the interaction of an N-heterocyclic carbene could not be excluded, is quite

probable.?872%

Additionally, Thibault Cantat and Enguerrand Blondiaux at CEA Saclay (France) performed
investigations on the metal-free reduction of CO, with hydroboranes to form methanol with the
INN materials as catalysts (Scheme 22). For this reaction the catalysts have to exhibit a frustrated

. . . 292
Lewis pair, which also can be a carbene.®%
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catalyst o H,O

CO, + 3RBH ———3»  H,C” “BR, ———3w CHOH + BR,OH
- R,BOBR,

Scheme 22 Formation of methanol from CO, and hydroboranes.

In comparison to the usually used catalyst the INN materials showed a reactivity of only 5 % for the
tested reaction. However, this clearly suggests that some carbene moieties are present in the INN
materials and indicate an N-heterolytic carbene mechanism for the INN material catalyzed

cycloaddition of CO, and epoxides (Scheme 21).
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3.6 Attempts on silica nanoparticle based self-healing materials

In most cases self-healing materials are polymers synthesized from bifunctional monomers. If the
macroscopic structure of these polymers is destructed mechanically, these monomers are able to
“repair” the material. This is in the most cases done by thermal activation.?*?%! Major classes of
thermally reversible polymers are made by using Diels-Alder reactions.'**® Examples of this category
of self-healing materials include cross-linking of furan group containing monomers and maleimide
based monomers at low temperature. The retro-Diels-Alder reaction occurs at higher temperatures
to break the chemical bonds of formed networks and to reverse the cross-linking process.””!
Another example for self-healing materials are vitrimers, which are permanently cross-linked
polymer networks, which are able to flow nonetheless.”® Leibler et al. reported the catalytic
control of vitrimer glass transition, which corresponds to the self-healing abilities of this class of
polymers.?***% The essential compounds required for this reaction are bifunctional monomers

offering epoxy groups, carboxylic acid groups as well as zinc acetate as the catalyst.*"

The INN hybrid materials showed a high functionality content, as mentioned in the previous
chapters. Additionally, it is quite easy to modify their structure, which makes them good candidates
to extend the family of self-healing materials. Therefore, it was tried to transfer the principles of
Diels-Alder reaction based self-healing materials and vitrimer based self-healing materials to silica

nanoparticle networks.

3.6.1 Dicyclopentadiene based silica nanoparticle networks

Adapting the principle of the Diels-Alder reactions based self-healing materials to the silica
nanoparticle networks, the diene and the dienophile were covalently bonded on a
propyltrimethoxysilane moiety. Originally maleimide was chosen as the dienophile, but the
synthesis of the N-(3-propyltrimethoxysilane)maleimide was unfeasible. Instead 3-
cyclopentadienylpropyltrimethoxysilane was synthesized, which can act as both: as diene and
dienophile. The synthesis of the 3-cyclopentadienylpropyltrimethoxysilane is a nucleophilic
substitution, comparable with the synthesis of the N-(3-propyltrimethoxysilane)imidazole (Scheme
23).B%l For the synthesis itself freshly monomerized cyclopentadiene was added to a suspension of
sodium hydride in THF under cooling and stirring. After complete addition the cyclopentadiene to
the clear colorless solution, the color changed to slightly pink, which indicates the presence of the
cyclopentadienyl anion. Then, an equimolar amount of 3-iodopropyltrimethoxysilane was added

and the mixture was maintained under reflux overnight. After purification by distillation in vacuum
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the product was cooled to approximately 0 °C to decelerate the dimerization of the

cyclopentadienyl moiety (Scheme 23).

NaH
THE Meoysi” TN
@ —_— @ —— = (MeO),Si
.H2
Na® {8
Dimerization:
2 (Meo)zSi/\/\Q e (Me0),Si Si{OMe);
[}
Scheme 23 Synthesis and dimerization of 3-cyclopentadienylpropyltrimethoxysilane.

However, 'H- and *C NMR spectra were measured immediately. The dimerization of the product
was so fast, that it could be observed during the NMR measurement, as can be seen in the 3¢ NMR
spectrum in Figure 51. Especially the doubling of the signals of the alkyl chains in the range between
a chemical shift of 10 ppm and 50 ppm can be observed. In the range between a chemical shift of
120 ppm and 140 ppm both, the signals of the monocyclopentadiene and dicyclopentadiene
moieties, can be observed. Due to this fact the silica nanoparticles were modified with the 3-

cyclopentadienylpropyltrimethoxysilane as fast as possible.

| . ) . ‘ | . . . L . : U
150 100 50 0
[ppm]

Figure 51 BCNMR spectrum of cyclopentadienylpropyltrimethoxysilane.
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The modification of the silica nanoparticles (as a silica nanoparticle suspension in methanol) with
the 3-cyclopentadienylpropyltrimethoxysilane was at the same time the synthesis of the hybrid
material, because of the rapid dimerization of the cyclopentadienyl rings (Scheme 24). The reaction
mixture was stirred for 24 hours at room temperature. After removing the solvent a colorless

transparent gel was obtained.

Mat 39
: (s o T e N7 &
1
Scheme 24 Material synthesis of the dicyclopentadiene based self-healing material (Mat 39).

SAXS measurements of the material (Figure 52) showed a complicated peak in the g-range between
g =10 nm™ and g = 20 nm™, which could be assembled by several effects in the material. At this
stage no statement about the effects and their contributions can be made, because of the strong
contribution of the amorphous character of the silica nanoparticles. Nevertheless, it can be stated
that in the SAXS spectrum no short range order was observed for Mat 39. Unfortunately, it was
impossible to fit the SAXS curve of Mat 39. In consequence no information about radii and hard
sphere volume fraction was obtained for this material. In the thermogravimetric analysis a mass
loss of 22 w% in the temperature range between 170 °C and 200 °C was observed. This may
contributes to the degradation, monomerization and vaporization of the dicyclopentadiene

moieties in Mat 39, because the boiling point of pure dicyclopentadiene is located at 170°C.*!
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Figure 52 (left) TG analysis of Mat 39, (right) SAXS spectrum of Mat 39.
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In conclusion the material offered no self-healing ability at this temperature, but rather it
decomposes at higher temperatures. Furthermore, the self-healing ability of the material was
tested. Therefore the material was powdered followed by heating up to 180 °C. Unfortunately, no

self-healing activity of the material (Mat 39) was observed.

3.6.2 Vitrimer-type cross-linked silica nanoparticle networks

For the transfer of the principle of the vitrimer based self-healing materials on silica nanoparticle
networks one functional group of the monomer was replaced by a trimethoxysilyl group. In
consequence, for the epoxy part (3-glycidyloxypropyl)trimethoxysilane (GLYMO), which is
commercially available, was used for the modification of the silica nanoparticles. For the adaption
of the carboxylic acid part butanoic acid-4-(trimethoxysilyl)-isopropylester was synthesized in a
three-step synthesis from crotonic acid, containing a hydrosilylation in the last step of the synthesis

(Scheme 25).7%2%) A yield of 18 % for the whole three-step synthesis was obtained.

O O

S0OCI,
OH Cl

0 E-PFOH, Et3N, O
/\)k Pentane
-—-—),

0 Ka;st'edt-cai. e}

aluene
MeO),SiH + /\)k /k Y (ME0)5Si /]\
(MeO)5S! = o ’ 0

Scheme 25 Three-step synthesis of butanoic acid-4-(trimethoxysilyl)-isopropylester.

The butanoic acid-4-(trimethoxysilyl)-isopropylester was chosen for the modification of the silica
nanoparticles, because the 4-trimethoxysilyl butanoic acid is not stable as the acid group will take
part in an intramolecular condensation reaction with the trimethoxysilyl group. For the synthesis of
the hybrid material silica nanoparticles were modified on the one hand with butanoic acid-4-
(trimethoxysilyl)-isopropylester and on the other hand with 3-glycidyloxypropyltrimethoxysilane.
After the addition of 10 w% zinc acetate and a slightly molar excess of a 38 % hydrogen chloride
solution in methanol, these two nanoparticle species were allowed to react with each other for 48
hours under stirring at room temperature. During this time the color of the clear colorless reaction

mixture turned to yellow. After removing the solvent very carefully, a yellow transparent gel
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monolith (Mat 40) was obtained (Figure 53). The strategy of the synthesis of this hybrid material
was the following: during the reaction the epoxy ring opens by a nucleophilic attack of the
carboxylate group of the zinc(ll) acetate. In consequence, the alcoholate and the formed
carboxylate ester coordinate to the zinc(ll) ion. In addition, the carboxylate ester function on the
surface of the nanoparticles react in-situ with the methanolic hydrogen chloride and form
carboxylate groups, which are also able to coordinate to the zinc(ll) ion (Figure 53). The advantage

of this reaction is that the system is very flexible and there is a dynamic equilibrium of molecules,

which are involved in the coordination to the zinc(ll) ion.

48 h

Figure 53 Synthesis of the vitrimer-type silica nanoparticle network and digital photos of the

obtained material (Mat 40).

The SAXS spectrum showed two less distinct peaks at about g = 5 nm™ and at about q = 15 nm™
(Figure 54). The first peak suggests a short range order in the material, whereas the second peak is
evidence for the amorphous character of Mat 40. Unfortunately, fitting of the SAXS curve was again

not possible.
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Figure 54 (left) TG analysis of Mat 40, (right) SAXS spectrum of Mat 40.

The self-healing ability of the material was investigated by heating the fresh-powdered material up
to 200 °C. For Mat 40 no self-healing ability was observed. Only the color of the material turned
from yellow to dark brown during heating, which indicates a decomposition of the material. The
thermogravimetric analysis supports these first observations, while showing a mass loss of about
20 w% in a temperature range between 200 °C and 300 °C (Figure 54). Then a plateau in the
temperature range between 300 °C and 700 °C with a mass loss of about 8 % can be observed,
which can maybe be assigned to a transformation and removing of the inorganic zinc(ll) species.

However, at this stage it was not possible to get proof for this assumption.

In conclusion, two novel hybrid materials were synthesized by the transfer of principles from self-
healing polymers to silica nanoparticle networks. Unfortunately, at this stage the materials showed
no self-healing ability. It has to be highlighted that these results are preliminary results.
Nevertheless, interesting precursor molecules as well as hybrid materials were synthesized.
Especially on Mat 40 further investigations will be necessary in the future, because of the great
potential of this material in self-healing applications and because of the convenient synthesis

pathway for this material.
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4  Summary and Outlook

In the course of this work metal organic synthesis and material synthesis were combined to obtain
novel ionic nanoparticle networks and to investigate the versatile properties of these hybrid
materials. Especially the influences of different organic linking units between the metal oxide
nanoparticles on the properties of the hybrid materials were investigated. The metal oxide
nanoparticles, used in this work, were prepared by sol-gel processing. Afterwards, the surface of
these silica nanoparticles was modified on the one hand with w-propyltrimethoxysilane, where w
was a cyclic nitrogen base such as imidazole, pyrazole or pyridine, and on the other hand with
3-choropropyltrimethoxysilane. Zinc oxide nanoparticles could be only modified by 3-
choropropyltrimethoxysilane, as they agglomerated by the modification with the nitrogen base
terminated trimethoxysilanes. The synthesis of these w-propyltrimethoxysilanes was usually a
nucleophilic substitution between the nitrogen base and 3-iodopropyltrimethoxysilane.
Additionally, a new approach for this synthesis was found by the metal catalyst free hydrosilylation
followed by a methanolysis reaction to obtain the pyridinepropyltrimethoxysilanes. The final
synthesis of the hybrid materials was a nucleophilic substitution between cyclic nitrogen base
modified nanoparticles and chloroalkyl modified nanoparticles or chloromethylene (-CH,Cl)
disubstituted aromatic linkers resulting in a three-dimensional cross-linked nanoparticle network.
The obtained hybrid materials showed a very versatile processing as they could be processed into
self-standing films, monolithic gels or thin films by dip-coating them on a substrate, but they could
also be processed into colorless powders. For future works, it will be very interesting to synthesize
modified INN materials with improved physicochemical properties. One possibility to achieve this
could be the elongation of the alkyl chain between the particles, which may cause an improved self-
assembly of the organic moieties between the nanoparticles. In general, it will be interesting to
place other aromatic ring systems, which are able to build ions, between the nanoparticles, like
pyrrole or different substituted pyridines etc. An useful approach for the precursors of such new
INN materials would be the hydrosilylation of vinyl group containing nitrogen bases with

trimethoxysilane ((MeO);SiH).

To proof that indeed these INN materials were synthesized, numerous analytical methods, such as
powder XRD after anion exchange, SEM, TEM and elemental analysis etc., were executed.
Furthermore, the high thermal stability, which had been reported before in works by Marco

(168 \vas reinforced and further investigated by TGA/MS measurements. Short Angle

Litschauer,
X-ray Scattering (SAXS) measurements were executed on the INN materials revealing a short range

order in the material, which most likely is caused by -t stacking interactions between the aromatic
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rings in the material. In summary, it was difficult to analyze the INN materials, because of the
amorphous character of the metal oxide nanoparticles, which disturbed the majority of the
standard analysis techniques. Therefore, it will be interesting to find some more convenient analysis
techniques in the future to get an even better understanding of the composition of this kind of

hybrid materials.

The kinetics of the building reaction of the INN materials was also investigated by Quartz Crystal
Microbalance (QCM) measurements at Linkoping University (Sweden) under the supervision of Prof.
Nathaniel D. Robinson. These measurements clearly suggest that the formation of the INN
materials, with a reaction time of only 30 to 90 minutes, took less time than assumed before. Due
to some complications these measurements took very long and could not be finished. In
consequence the results of these measurements should be regarded as preliminary results. For a
more precisely determination of the kinetics of the INN materials formation there will be a lot more

QCM measurements necessary in the future.

For a deeper understanding of the interactions in the material as well as of the composition of the
INN materials, solid state NMR measurements and ab-initio calculations by Christel Gervais and DFT
calculations by Frederik Tielens at Sorbonne Université Paris were conducted. It turned out that the
calculated and measured chemical shift for the respective NMR experiments were in good
agreement. These measurements also confirmed the hypothesis of m-mt stacking interactions
between the aromatic rings in the INN materials. Additionally, a band gap of 3.17 eV was

determined by DFT calculations.

On account of the calculated band gap, the electrical properties of the INN materials were also
investigated at Link6ping University (Sweden) under the supervision of Prof. Nathaniel D. Robinson.
In the course of these investigations Field Effect Transistors (FETs), consisting of the INN material,
were built. Unfortunately, only one sample was working once and many technical problems with
the preparation of the transistors and the setup occurred during these measurements, suggesting
that silica based INN materials are minor applicable for building FETs. Nevertheless, zinc oxide in
general shows semiconducting properties and therefore the so-called mixed INN materials will be

highly attractive for investigations of their electrical properties in the future.

The core of this work was the investigation on photoluminescence properties of the INN materials.
For a systematic investigation the substituents on the C2 position of the imidazolium moiety as well
as the aromatic linkers were varied. The photoluminescence properties as well as the SAXS profiles
of mono- and bis-imidazolium based INN materials, with or without substituents on the C2 position,
as well as the pyrazolium and pyridinium based INN were examined and compared. In summary,
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these investigations showed exciting tunable photoluminescence features for the INN materials.
The photoluminescence activity was caused by the self-organization of the aromatic rings in the
material by m-m stacking interactions, as suggested by the SAXS measurements. Furthermore, the
SAXS experiments revealed the impact of different substituted imidazoles in combination with
various aromatic chloromethylene (-CH,Cl) disubstituted linker molecules on the structure and thus
on the optical properties of the INN materials. It has to be highlighted that for these INN materials
intensive photoluminescence features were observed without using a chromophore for the
synthesis of the hybrid materials. Taking this fact under consideration, it will be very interesting for
the future to use different linker molecules to expand the range of emission wavelengths of the
materials. Furthermore, the use of an anion, which is able to take part in the m-mt stacking
interactions of the aromatic rings between the silica nanoparticles, such as the cyclopentadienyl

anion, will have an positive influence on the photoluminescence performance of the INN materials.

In the course of this work, the formation of transition metal chloro complexes by the reaction of
metal chlorides, such as CuCl,2H,0, EuCl;6H,0 and PdCl,, with the chloride ions of the INN
materials was also investigated. In the case of CuCl,2H,0 a green INN material, containing the
tetrachlorocuprate(ll) [CuCl,]> complex, was formed. The green material showed an irreversible
thermochromic behavior, which was observed by a color change from green to yellow at 180 °C,
which corresponds to a configurational change of the tetrachlorocuprate(ll) complex from a square
planar to a tetrahedral configuration. This configurational change was proven by using in situ SAXS
and DSC measurements. The europium and palladium containing materials did not show
thermochromic behavior at all. Photoluminescence measurements were also executed on these
materials. Thereby, it turned out that the presence of bivalent metal complex anions disturbs the
photoluminescence activity of the INN materials. In the case of the europium containing material
adjustable photoluminescence properties were observed. The complexation of metal chlorides
within the three-dimensional network of the INN material in general opens the door for various
applications of the resulting INN materials as catalysts, sensors or surface active materials. In
consequence, other metal chlorides, which are able to form chloro complexes, should be tested for
this reaction to investigate the properties of the resulting INN materials in the future. Due to the
known thermochromic and catalytic properties of their chloro complexes, NiCl, and CoCl, will be

extremely high promising for such investigations.
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Depending on the fact that ionic liquids offer a high affinity to carbon dioxide and that they are
known to catalyze the cycloaddition of CO, and epoxides to form cyclic carbonates efficiently, the
INN materials were also tested as catalysts for this reaction by Jérbme Roeser and Prof. Arne
Thomas at Technische Universitdt Berlin. It turned out that the INN materials are efficient
heterogeneous catalysts for the conversion of CO, and different epoxides into organic cyclic
carbonates. Reactions with epichlorohydrin showed that a quantitative conversion could be
reached for all of the tested catalysts under relatively mild conditions. The catalysts could be easily
recycled for at least four runs without a loss in conversion, but a decrease in selectivity was
observed. Furthermore, it was observed that the catalytic activity of the INN materials does not
depend on the used nanoparticle species. Additionally, Thibault Cantat and Enguerrand Blondiaux
at CEA Saclay (France) performed catalytically tests with the INN materials on the metal-free
reduction of CO, with hydroboranes to form methanol. Here, a significant catalytic activity of the
INN materials was also observed. Depending on their high reaction surface, their relatively high load
of catalytically active moieties, their easy recyclability and the possibility to complex metal chlorides
within the three-dimensional network, the INN materials are extremely high promising for various
catalytic applications as shown impressively by the reactions mentioned above. In consequence, the
catalytic investigations on the INN materials, with or without complexed metals, should be

continued.

Finally, first attempts on silica nanoparticle based self-healing materials were made. Therefore, two
principles from self-healing polymers were transferred to silica nanoparticle networks. On the one
hand, a dicyclopentadiene connected silica nanoparticle network and, on the other hand, a vitrimer
type hybrid material was synthesized. Unfortunately, at this stage the materials did not show any
self-healing ability. Nevertheless, very interesting precursor molecules as well as novel hybrid
materials were synthesized. In the future, further investigations should be conducted especially on
the vitrimer type material, because of the great potential of this material in self-healing applications

and because of the convenient synthesis pathway of this material.
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5  Experimental

5.1 Materials

All chemicals used for syntheses were obtained by commercial suppliers and were used as received.

Solvents were purified by conventional methods and stored under argon over molecular sieve (3 or

4 A) Methanol, THF and Toluene were dried by a commercial apparatus (PureSolv) comprising

dynamic drying using molecular sieve. Reactions under an inert atmosphere were carried out by

standard Schlenk technique or were executed in the glove box.

ABCR 3-Chloropropyltrimethoxysilane; 2-Chloroethyltrichlorosilane;
Triethoxysilane, ((Chloromethyl)phenylethyl)trimethoxysilane;
Karstedt-cat.; EuCl;*6H,0; 9,10-Bis(chloromethyl)anthracene; 3,6-
bis(chloromethyl)durene; 3-Glycidyloxypropyltrimethoxysilane

Acros Nal; Dicyclopentadiene; SOCI,

Alfa Aesar Imidazole

Fluka Trimethoxysilane; Maleinimide; Ag(CH;COO)

J.T. Baker Zn(CH5;C0OO0),*2H,0

Merck Decaline

Precious Metals online PdCl,

Riedel de Haén

CuCl,*2H,0; Sodium

Sigma Aldrich

a,a’-Dibromo-p-xylene; a,a’-Dichloro-p-xylene; HSiCl;;  4-
Vinylpyridine; 2-Vinylpyridine; 1-Methylimidazole; 2-
Methylimidazole; 2-lsopropylimidazole; 1-Vinylimidazole;
Benzimidazole; Pyrazole; 3,5-Dimethylpyrazole; NaBF,;; KPFg;
Acetonitrile; Allyloromide; 1,2,4-Triazole; 4,4’-Bis(chloromethyl)-
1,1’-biphenyl; 4,4’-Bipyridine; 1-Bromo-4-chlorobutane; Lithium;
AgNOs; 1,6-Dibromohexane

Sikemia

6-Chlorohexyltrimethoxysilane
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5.2 Analysis Techniques

Nuclear magnetic resonance (NMR) spectroscopy

'H and *3C solution NMR spectra were recorded on a Bruker AVANCE 250 (250.13 MHz ['H], 62.86
MHz [13C]) equipped with a 5-mm inverse-broadband probe head and a z-gradient unit. The NMR
spectra for 2- and 4-(2-trimethoxysilylethyl)pyridine were recorded on a Bruker Avance Il
Ultrashield Plus at TU Bergakademie Freiberg (500.13 MHz [*H], 125.76 MHz [13C] and 99.36
MHz[*°Si]).

Solid state NMR

The spectra were recorded on a Bruker AVANCE 300 (*C at 75.40 MHz, N at 30.38 MHz) equipped
with a 4 mm broadband MAS probe head. The spectra were recorded with ramped CP MAS
experiments. (Cross Polarization and Magic Angle Spinning). The sample holders were spun at 6
KHz for the N and *3C experiments. For Mat 30 and Mat 31 solid state NMR measurements were
executed at Sorbonne Universite Paris: **C and N CP MAS NMR spectra of BF, imidazolium salt
were recorded at 75.51 MHz and 30.44 MHz, respectively, on a Bruker AVANCE 300 spectrometer
(7.0 T) using 7 mm Bruker probes and spinning frequencies of 5 kHz. Single-pulse F MAS NMR
experiments were performed on a 850 (20.0 T) Bruker spectrometer. 2D *H-X (X = ''B, *'P) HETCOR
CP MAS NMR were performed on a Bruker AVANCE Ill 700 spectrometer at B, = 16.4 T, with vo(*'B) =
224.66 MHz and vo(*'P) = 283.46 MHz with respectively a 1.3mm double resonance and a 3.2 mm

triple resonance Bruker MAS probe.

Raman spectroscopy

The samples were placed on a glass slide on the microscope (Olympus BX 51) to adjust the laser on
the sample surface. The used instrument was a Horiba LabRam HR with a He-Ne laser (632.8 nm)
with a source power of 25 mW. The spectral resolution was about 2-4 cm™ using a 300 gr/mm

grating.

Small and Wide Angle X-ray Scattering (SAXS/WAXS)

Small and wide angle X-ray scattering experiments were performed at a laboratory X-ray source
(Nanostar, Bruker AXS) using a rotating anode generator. Cu K, radiation was monochromatized
and collimated by crossed Gobel mirrors and a pinhole system. The X-ray patterns were recorded

with a position sensitive area detector (VANTEC 2000) and radially averaged to obtain the scattering
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intensity in dependence on the scattering vector q = (4rnt/)A) sinB, with 20 being the scattering angle
and A=0.1542 nm the X-ray wavelength. SAXS and WAXS measurements were carried out at a
sample to detector distance of 108 cm and 13 cm respectively. The integrated scattering data were
merged together leading to a scattering curve ranging from 0.1 to 20 nm™. For the temperature
dependent investigations the samples were measured from room temperature up to 200°C in 5°C

steps. Each measurement lasted 900 seconds and the heating rate was < 2°C/min.

X-ray powder diffraction

The samples were measured on a Panalytical X'Pert Pro diffractometer with Bragg-Brentano
geometry and Cu K, 1,2 radiation (1.54060 A, 1.54439 A). Reflections were detected either with an
X'Celerator multi-channel detector with 2.546° scan length or a MINI-PROP counting tube. Data was
usually collected in the 20 range 5 — 67° in 15 minutes with rotation of 4s/U. The data was

evaluated using X'Pert software package (PANanalytical 2009).

Thermogravimetric analysis (TGA)

The analyses were carried out with a NETZSCH TG 209 at heating rates of 10 K min™" under synthetic

air.

Simultaneous Thermoanalysis and mass spectrometry (TGA/DTA/MS)

Thermoanalytical measurements were performed with a Netzsch Jupiter 449C (DTA/TG sensor:
Pt/PtRh-thermocouple) coupled with a Quadrupole Mass Spectrometer Aeolos (Netzsch). The
measurements were carried out in an aluminium oxide crucible under argon with a heating rate of

10 K min™.

Differential Scanning Calorimetry (DSC)

For the analysis, on a Mettler Toledo DSC 823e, few milligrams of sample were sealed in an
aluminium crucible under nitrogen atmosphere. For the thermochromic samples the temperature
program was recorded at a speed of 5K min™ and consisted in a first heating phase from room

temperature to 250°C, followed by a cooling phase from 250 °C to room temperature.

107



5 Experimental

Dynamic Light Scattering (DLS)

For the measurement, the nanoparticles were suspended in ethanol. The DLS experiments were
carried out without previous sonication of the samples. The run time of each single measurement
was 10 seconds. Every size distribution curve is obtained by averaging 5 measurements. The
apparatus was an ALV/CGS-3 compact goniometer system, equipped with an ALV/LSE-5003 light

scattering electronics and multiple t digital correlator, and a 632,8nm JDSU laser 1145P.

Fluorescence and Quantum Yield

These measurements were carried out on an Edinburgh Instruments spectrometer (FSP 920) with a
xenon arc lamp and double grating monochromators. The INN materials were measured in solid
state. The excitation as well as the emission spectra were recorded with a slit width of 1.0 nm. The
dwell time was adjusted to 0.5 s and the recording steps were 0.5 nm. For each spectrum three
scans were executed. The quantum yield measurements were executed by using a photomultiplier
tube equipped with a barium sulfate coated integration sphere (150 mm internal diameter). All
Spectra were recorded at room temperature with excitation and emission slit widths of 3.0 nm. The
dwell time was of 0.5 s and the recording steps were 0.2 nm. For each spectrum three scans were
executed. The quantum yield was calculated by dividing the number of emitted photons by the
number of absorbed photons. The number of absorbed photons was determined from the decrease
of the scattered excitation light intensity compared to the measured intensity with an empty
SUPRASIL glass cuvette. The spectra were corrected for system specific effects such as the detector
sensitivity, monochromator efficiency and the BaSO, coating. The spectral distribution of the lamp

intensity was corrected by using a Si photodiode reference detector.

Elemental Analysis

Elemental analysis was carried out on a 2400 CHN Elemental Analyzer by Perkin Elmer at the

Microanalytical Laboratory at the University of Vienna.

Scanning Electron Microscopy (SEM)

SEM images were recorded on a JEOL-6400 Scanning Electron Microscope with a tungsten filament.
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Transmission Electron Microscopy (TEM)

TEM images were recorded on a FEI TECNAI F20 high resolution transmission electron microscope
(USTEM, Vienna University of Technology). The samples were prepared by suspending the hybrid

material in ethanol and place one drop on a commercial available carbon coated copper TEM grid.

Quartz Crystal Microbalance (QCM)

The QCM used, was an E4-system (Q-Sense AB, Sweden) with a flow module with an internal
volume of 140ul (flow channel = 100ul, above sensor crystal = 40ul). The sensors were quartz
crystals (QSX 303, 5 MHz). After the washing procedure the quartz crystals were dried with N,,
placed in the flow cell and the resonant frequencies for the odd overtones between the 1% and 11"
harmonic of the crystal were obtained (the sensor was removed and replaced a couple of times to
get the error variation). Then the crystals were measured while pumping dry methanol through the
flow cell. This was followed by an ex situ silanization of the crystals with the respective N-(3-
propyltrimethoxysilane)imidazole. Afterwards the crystals were measured dry again to get the mass
of bonded silane. Then two different types of reactions were carried out: on the one hand a
methanolic chloropropyl modified silica nanoparticle solution was added (pumping in circle with a
peristaltic pump) on the other hand a methanolic solution of a linker molecule was added. After
completing the reaction, methanol was applied on the crystals again to remove some non-bonded

reactants. Then the crystals were dried and measured again to get the mass of deposited material.

Figure 55 (left) principle composition of the QCM measurement, (right) enlarged QCM crystal
(pictures from www.q-sense.com)
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Preparation of the patterned ITO substrates for transistor measurements (dip coating)

The patterned ITO substrates are commercially available from Ossilia. Before dip coating the
substrates were cleaned with acetone and fiber-free tissues. The coatings were applied via dip
coating of a methanolic solution of the respective material on the substrate at a constant
withdrawal speed of 24 cm/min and dried at the air at room temperature. The dielectric layer was
placed on the previously prepared patterned ITO substrates by spray coating. For this procedure
polyvinylphenol  (PVPh) was solved in ethylacetate or methanol (alternatively:
polymethylmethacrylate (PMMA) in ethylacetate) was spray coated by an airbrush gun on the INN
materials surface by using a T-shaped mask on the material (in each case a 10 w% solution of the
polymer was used). Then this polymer layer was dried at 70°C for 2 hours. After drying the
dielectric layer, the gate electrode material (PEDOT = Poly-3,4-ethylendioxythiophen) was painted

on the dielectric layer by using the T shaped mask again.

Transistor measurements

The measurements were carried out with an “old” and a “new” setup (see figure ). The drain and

gate current/voltage were measured with a Keithley digital multimeter.
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Figure 56 (left) “old” transistor setup, (right) “new” transistor setup

DFT Calculations
Computational details:

The DFT and ab-initio calculations were executed by Christel Gervais and Frederick Tielens at
Sorbonne Université Paris. All geometry optimizations are performed using ab initio plane-wave

pseudopotential approach as implemented in VASP.B%3%  The perdew-Burke-Ernzerhof (PBE)
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functional®*%! has been chosen to perform the periodic DFT calculations with an accuracy on the
overall convergence tested elsewhere.?®** The valence electrons are treated explicitly and their
interactions with the ionic cores are described by the Projector Augmented-Wave method (PAW),
B11312)\which allows to use a low energy cut off equal to 500 eV for the plane-wave basis. The
Gamma point is used in the Brillouin-zone integration. The positions of all the atoms in the super

cell are relaxed until the total energy differences decrease below 10 eV. The atom positions as well

as the unit cell have been relaxed.

To explore and find the minima on the potential energy surface of the system we performed,
initially, ab initio MD study within the micro-canonical ensemble in the microcanonical (NVE)
approach, at T = 400 K, to scan the possible conformations of the system. We considered several
starting conformations (but no statistics was performed on them) and the run was stopped after t >
2 ps. The local minima found from MD results were systematically re-optimized at 0 K, in order to

achieve the absolute electronic minimum energy for each configuration.

The first principles NMR calculations were performed within Kohn-Sham DFT using the
QUANTUM-ESPRESSO software. ®** The PBE generalized gradient approximation was used and the

B4 in the Kleinman-

valence electrons were described by norm conserving pseudopotentials
Bylander form. B The core definition for B, C, N, O and F is 1s* and 1522522p6 for Si and P. The wave
functions are expanded on a plane wave basis set with a kinetic energy cut-off of 1088eV. The
integral over the first Brillouin zone are performed using a Monkhorst-Pack 1 x 1 x 1 k-point grid (2
x 2 x 2 in the case of BF, and PF4 crystalline imidazolium salts) for the charge density and chemical

[316]

shift tensor calculation. The shielding tensor is computed using the GIPAW approach, which

permits the reproduction of the results of a fully converged all-electron calculation. The isotropic

ref

chemical shift &, is defined as 0, = -[c— 6" ], where & is the isotropic shielding and ™" is the

isotropic shielding of the same nucleus in a reference system as previously described for 'H, "'B_C,

BN.232 For *'pand *°F, BF, and PFg crystalline imidazolium salts were used as references.

Model description

Imidazolium salts containing BF, and PFs as the counter ion were investigated in crystalline bulk
state. The crystal structure information, obtained after geometry optimization, was used as
reference data in geometrical analysis and NMR shift calculations. The unit cell parameters
optimized at the same level of calculation as for the silica model (using PBE) are: a = 5.091 A, b =
12.998 A, c=15.469 A, a =y =90°, p = 92.818°, and a = 6.166 A, b = 13.437 A, c = 15.361 A, a=y=
90°, B =91,344°, for BF, and PF¢, respectively.
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For the silica model a hydroxylated structure was described and characterized in a previous

B2 chromium oxide,® and

work,®*"”! and has already been used in the study of vanadium oxide,
gold[m] grafted on silica, but also in the study of the adsorption of bio-organic molecules on
silica.??3?Y The model consists of a silica slab (dimensions 12.77 x 17.64 x 25.17 A%) made of 120
atoms (Si»70s413H,0) which enables to model a correct representation of a hydrated silica surface.
This model accounts for the experimentally encountered ring size distribution, Si-O-Si and O-Si-O

angles, silanols density and repartition (isolated, associated, geminals).2?*3%!

The vacuum between the silica slab structures was filled with 1,3-dipropylimidazolium bridging
ligands with a density between 0.7 — 1.3 per nm?. It was assumed that all ligands have reacted. The
z-coordinate was adjusted in order to fit the chains precisely i.e. + 12.5 A. These ligands were
grafted on Si-OH positions on both sides of the slab, forming slab-Si-(Im)-Si-slab linkages. The silane
moieties are tri-coordinately grafted in the model. Different types of counter ions (CI', BF,, and PF¢)
were introduced as well as different amounts of water molecules, the latter in order to investigate
the effect of hydration of the system. In order to model the effect of 1,3-dipropylimidazolium chain
density two types of models were built: one containing 3 chains and another containing 5 on the
hydrated silica slab, which has a surface of 4.51 nm” The chain densities correspond thus to 0.66
and 1.11 ligands per nm?, respectively. In the hydrated model, the same number of water molecules

where introduced as silanol groups left on the surface (i.e. 14 - 10).

Catalytic tests

The catalytic tests were executed by Jéréme Roeser and Prof. Arne Thomas at the Technische
Universitat Berlin. The quantitative analysis was conducted by GC-MS, for which an Agilent
Technologies 7890A GC system running with an HP-5MS capillary column and an Agilent
Technologies 5975C mass selective detector were employed with a known amount of toluene as an
external standard. Solution NMR spectra were recorded on a Bruker Avance 300 (*H at 300.13 MHz
and C at 75.40 MHz) equipped with a 5 mm inverse-broadband probe head with a z gradient unit.

3¢ spectra were recorded with ramped CP/MAS spectra.

For the catalytic test itself the reactor setup consisted of a 100 mL stainless steel Berghof BR-100
high pressure reactor with simple heating and stirrer using a standard laboratory heating plate. The
reactor was fitted with a Teflon insert, a pressure indicator, a temperature probe submersion tube
to measure the internal reactor temperature, a pressure relief valve and a metal rupture disk to
safely limit the maximum pressure. In a typical reaction, 100 mg of catalyst and 18 mmol of
epichlorohydrin were charged in a 100 mL Teflon insert. The reactor was sealed and flushed 5 times
at room temperature with CO, to remove the air from the vessel. The pressure was adjusted to 6.9
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bar and the reactor was heated to 130 °C. After 4 hours reaction time, the reactor was cooled to
room temperature and the pressure was released. The collected sample was centrifuged, filtered
and analyzed by GC-MS. To ensure reliability of the GC-MS analysis, the activities were also

evaluated by "H NMR spectroscopy, for which concordant results were systematically obtained.

Digital photos

Digital photos were made using a Medion Life P44016 MD 86535.

5.3 Syntheses

5.3.1 Nanoparticle Syntheses

SiO, Nanoparticles

In a 250 mL round bottom flask, 60 pl (0.01 mol) ammonia solution (32 %) and 1.98 g (0.11 mol)
water were added to 100 mL of absolute methanol. 10.41 g (0,05mol) Tetraethoxysilane were
added dropwise under stirring. The solution was stirred for three days at room temperature. The
resulting silica nanoparticles had an average hydrodynamic diameter of 16 nm (DLS).

ZnO Nanoparticles 1**%

In @ 250 mL round bottom flask 2.2 g (0.01 mol) Zn(CH;C0O0),2H,0 were dissolved in 150 mL
ethanol by stirring at 80°C for 30 minutes. Afterwards the solution was cooled for 5 minutes in an
ice bath. Then 0.68 g (0.017 mol) sodium hydroxide were dissolved in 40 mL ethanol. This solution
was added dropwise by cooling with an icebath to the zinc acetate solution. The final solution was
stirred for 48 hours at room temperature. The resulting zinc oxide nanoparticles had an average

diameter of 6 nm (DLS).

5.3.2 Syntheses of different functionalized trimethoxysilanes

Synthesis of 3-iodopropyltrimethoxysilane

The synthesis was carried out under argon atmosphere. Sodium iodide (36.9 g, 0.246 mol) was
dissolved in 150 mL absolute acetone. 3-chloropropyltrimethoxysilane (48.9 g, 0.246 mol) was
added dropwise under stirring. The mixture was refluxed under stirring overnight. The precipitated

sodium chloride was filtered off under argon atmosphere. The solvent was removed in vacuum.
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Then the product was distilled at 52 °C under vacuum conditions (1 mbar) with a yield of 96 %. The

resulting 3-iodopropyltrimethoxysilane was a yellowish liquid.

Nai
Acetone

(I\/IeO)g,Si/\/\Ci — (MeO)3Si/\/\i

- NaCl

'H NMR (250 MHz, CDCl5): 6 [ppm] 3.58 (s, 9H, Si(OCHs)s); 3.22 (t, 2H, I-CH,-); 1.93 (q, 2H, I-CH,-CH,-
CHy-); 0.75 (t, 2H, -CH,-Si).

Synthesis of 6-iodohexyltrimethoxysilane

The synthesis was carried out under argon atmosphere. Sodium iodide (36.9 g, 0.246 mol) was
dissolved in 150 mL absolute acetone. 3-chloropropyltrimethoxysilane (48.9 g, 0.246 mol) was
added dropwise under stirring. The mixture was refluxed under stirring overnight. The precipitated
sodium chloride was filtered off under argon atmosphere. The solvent was removed in vacuum. The
crude product was washed with 100 mL THF and a colorless solid precipitated again. The precipitate
was filtered off and the THF was removed under vacuum conditions. Due to the fact that the
product is hard to purify by distillation and that there is no possibility for column chromatography,
no further purification steps were carried out. The synthesis resulted in a brownish liquid with a

yield of 62%.

Nal
Acetone

cl |
(MeO)gsé/\/\/\/ (MeO)gsi/\/\/\/

- NaCi

'H NMR (250 MHz, CDCl,): 6 [ppm] 3.62 (s, 9H, Si(OCHs)s); 3.28 (t, 2H, I-CH,-); 1.88 (q, 2H, I-CH,-CH,-
CH,-); 1.48 (very broad signal, 6H, -CH,-CH,-CH,-CH,-Si); 0.75 (t, 2H, -CH,-Si).

Synthesis of 2-chloroethyltrimethoxysilane

The synthesis was carried out under argon atmosphere. 99 g (50 mmol) 2-
chloroethyltrichlorosilane were dissolved in dry tetrahydrofuran (150 mL). Then the reaction
mixture was cooled to approximately 0 °C with an ice bath and 15.2 g (150 mmol) triethylamine and
30 ml of dry methanol were added dropwise. The obtained colorless precipitate was filtered off
under argon and the solvent was removed under vacuum conditions. For purification the crude
product was distilled at 42 °C in vacuum (1 mbar). 2-chloroethyltrimethoxysilane was obtained with

a yield of 95 % as a colorless and transparent liquid.
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3ELN
THF

(ChaSi — (Me0),Si
\/\Ci + 3 MeOH \ACI
- 3 Et;N*HC!

'H NMR (250 MHz, CDCl3): & [ppm] 3.77 (t, 2H, CI-CH,-); 3.67 (s, 9H, Si(OCH,)s); 1.41 (t, 2H, CI-CH,-
CH,-).

BC NMR (250 MHz, CDCls): & [ppm] 50.4 (-Si(OCHs)3); 40.9 (CH,-Cl), 16.1 (Si-CH,).

Synthesis  of  N-(3-propyltrimethoxysilane)imidazole (1),  N-(3-propyltrimethoxysilane)-2-
methylimidazole (2) and N-(3-propyltrimethoxysilane)-2-isopropylimidazole (3)

The synthesis was carried out under argon atmosphere. Sodium hydride (2.9 g, 0.12 mol) was
dissolved in 150 mL absolute THF, the mixture is cooled to approximately 0 °C with an ice bath. 0.12
mol of the respective imidazole [(1) = 8.3 g, (2) = 9.8 g, (3) = 13.2 g)] was added portionwise under
stirring. After completely adding the respective imidazole, the ice bath was removed and the
mixture was maintained under stirring until no more hydrogen gas is evacuated. Then 23.12 g (0.09
mol) of 3-iodopropyltrimethoxysilane were added and the mixture was maintained at reflux
overnight. The orange suspension was filtered off and the solvent was removed under vacuum
conditions. By addition of 150 mL absolute dichloromethane a colorless precipitate appeared and
was filtered off under argon atmosphere. For purification the crude product was distilled under

vacuum conditions.

Compound (1) was distilled at 105 °C in vacuum (1 mbar). N-(3-propyltrimethoxysilane)imidazole

was obtained with a yield of 89 % as a colorless and transparent liquid.

NaH
PAN THF AN M0y N
NS —— NN — (MeO)gsi/\/\N/'\\N
\ s f -H \ /
? - ) =

'H NMR (250 MHz, CDCl3): & [ppm] 7.54 (s, 1H, -N-CH-N-); 7.01 (s, 1H, -N-CH-CH-N=); 6.88 (s, 1H, -N-
CH-CH-N=); 3.88 (t, 2H, =N-CH,-CH,-); 3.53 (s, 9H, Si(OCHs)s); 1.83 (q, 2H, =N-CH,-CH,-CH,-Si), 0.54
(t, 2H, -CH,-Si).

B3¢ NMR (250 MHz, CDCl3): 6 [ppm] 136.8 (-N-CH-N-); 128.1 (-N-CH-CH-N=), 120.7 (-N-CH-CH-N=),
56.2 (-Si(OCHs)3), 55.7 (=N-CH,-CH,-), 25.1 (=N-CH,-CH,-CH,-Si), 7.4 (-CH,-Si).

Compound (2) was distilled at 107 °C in vacuum (1 mbar). N-(3-propyltrimethoxysilane)-2-

methylimidazole was obtained with a yield of 78 % as a colorless and transparent liquid.
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NaH
* T:F /l\ (MGO)SSi/\/\E NN /<
2 :
N NH —_— N &) N 2 (Me0),Si N7 N
N
==/ ik v @ =/

'H NMR (250 MHz, CDCl): & [ppm] 6.78 (s, 1H, -N-CH-CH-N=); 6.71 (s, 1H, -N-CH-CH-N=); 3.71 (t, 2H,
=N-CH,-CH,-); 3.46 (s, 9H, Si(OCHs)s); 2.26 (s, 3H, -N-C-CHs); 1.72 (q, 2H, =N-CH,-CH,-CH,-Si), 0.49 (t,
2H, -CH,-Si).

3C NMR (250 MHz, CDCl3): & [ppm] 144.2 (-N-C(CHs)-N-); 126.8 (-N-CH-CH-N=), 119.0 (-N-CH-CH-
N=), 50.5 (-Si(OCHs)s), 48.0 (=N-CH,-CHy-), 24.1 (=N-CH,-CH,-CH,-Si), 12.8 (-CH,-Si), 6.0 (-N-C-CHs).

Compound (3) was distilled at 138 °C in vacuum (1 mbar). N-(3-propyltrimethoxysilane)-2-

isopropylimidazole was obtained with a yield of 76 % as a colorless and transparent liquid.

NaH
THF (MeO)ssi/\/\l
NZ “NH —»  Ng) — W We0nsiT T Ny Ny
\._—_/ -Hz \........JN - 3) —
a

'H NMR (250 MHz, CDCl3): & [ppm] 7.04 (d, 1H, -N-CH-CH-N=); 6.88 (d, 1H, -N-CH-CH-N=); 3.95 (t,
2H, =N-CH,-CH,-); 3.67 (s, 9H, Si(OCHs)s); 3.09 (m, 1H, -N-C-CH); 1.95 (q, 2H, =N-CH,-CH,-CH,-Si);
1.44 (d, 6H, CH3-CH-CH); 0.72 (t, 2H, -CH,-Si).

13C NMR (250 MHz, CDC,): & [ppm] 152.7 (-N-C(CH)-N-); 126.9 (-N-CH-CH-N=), 118.4 (-N-CH-CH-N=),
50.5 ('Sl(OCH3)3), 47.4 (:N'CHz'CHz'),257 (CH'(CHg)z), 24.6 (=N‘CH2'CH2'CH2‘S|), 21.8 (CH'(CH3)2), 6.1
(-CH,-Si).

Synthesis of N-(3-propyltrimethoxysilane)pyrazole (4) and N-(3-propyltrimethoxysilane)-3,5-
dimethylpyrazole (5)

The synthesis was carried out under argon atmosphere. Sodium hydride (2.9 g, 0.12 mol) was
dissolved in 150 mL absolute THF, the mixture was cooled to approximately 0 °C with an ice bath.
0.12 mol of the respective pyrazole [(4) = 8.3 g, (5) = 11.5g] was added portionwise under stirring.
After completely adding the respective pyrazole, the ice bath was removed and the mixture was
maintained under stirring until no more hydrogen gas was evacuated. Then 23.12 g (0.09 mol) of 3-
iodopropyltrimethoxysilane were added and the mixture was maintained at reflux overnight. The
slightly yellow suspension was filtered off and the solvent was removed under vacuum conditions.

By addition of 150 mL absolute dichloromethane a colorless precipitate appeared and was filtered
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off under argon atmosphere. For purification the crude product was distilled under vacuum

conditions.

Compound (4) was distilled at 91 °C in vacuum (1 mbar). N-(3-propyltrimethoxysilane)pyrazole was

obtained with a yield of 82 % as a colorless and transparent liquid.

NaH
bk te0ysi” NN
ﬁ T @ — a0y T NN
N—NH . N=—N 4) \§>
Na*

'H NMR (250 MHz, CDCl5): & [ppm] 7.60 (d, 1H, CH,-N-CH-CH-CH-); 7.48 (d, 1H, CH,-N-CH-CH-CH-);
6.33 (t, 1H, CH,-N-CH-CH-CH-); 4.22 (t, 2H, =N-CH,-CH,-); 3.65 (s, 9H, Si(OCHs)s); 2.08 (q, 2H, =N-CH,-
CH,-CH,-Si), 0.72 (t, 2H, -CH,-Si).

3C NMR (250 MHz, CDCls): 8 [ppm] 140.0 (CH,-N-CH-CH-CH-); 129.0 (CH,-N-CH-CH-CH-), 105.0 (CH,-
N-CH-CH-CH-), 54.1 (=N-CH,-CH,-), 50.4 (-Si(OCHs)3), 23.8 (=N-CH,-CH,-), 6.0 (-CH,-Si).

Compound (5) was distilled at 119 °C in vacuum (1 mbar). N-(3-propyltrimethoxysilane)-3,5-

dimethylpyrazole was obtained with a yield of 63 % as a colorless and transparent liquid.

NaH
T Meoysi” >N
N—NH 2 N==N (5) p—
Na"'

'H NMR (250 MHz, CDCl5): & [ppm] 5.85 (s, 1H, CH,-N-C-CH-); 4.02 (t, 2H, =N-CH,-CH,-); 3.64 (s, 9H,
Si(OCHs)s); 2.30 (d, 6H, -N-C-CHs), 1.99 (q, 2H, =N-CH,-CH,-CH,-Si), 0.70 (t, 2H, -CH,-Si).

B3C NMR (250 MHz, CDCl5): 6 [ppm] 146.9 (CH,-N-C-CH-C-); 138.4 (CH,-N-C-CH-C-), 104.6 (CH,-N-C-
CH-C-), 50.7 (=N-CH,-CH,-), 50.4 (-Si(OCHs)3), 23.7 (=N-CH,-CH,-), 13.3 (CH,-N-C-CH;), 10.8 (CH,-N-N-
C-CHs), 6.0 (-CH,-Si).

Synthesis of 4-(2-trimethoxysilylethyl)pyridine (6) and 2-(2-trimethoxysilylethyl)pyridine (7)

The synthesis was carried out under argon atmosphere. 10.84 g (80 mmol) trichlorosilane were
dissolved in dry acetonitrile (250 mL) and 8.41 g (80 mmol) 4-vinylpyridine or 2-vinylpyridine were
added dropwise under stirring at room temperature. After completely adding the vinylpyridine the
reaction mixture was refluxed for two hours. After cooling to ambient temperature a yellowish
solution was obtained. Then the mixture was cooled to approximately 0 °C and 24.3 g (0.24 mol) dry
triethylamine and 25 mL dry methanol were added. The obtained colorless precipitate was filtered

off under argon and the solvent was removed under vacuum conditions. The crude product was
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washed with 150 mL THF and a colorless solid precipitated again. The precipitate was filtered off
and the solvent was removed under vacuum conditions. For purification the crude product was

distilled under vacuum conditions.

Compound (6) was distilled at 111 °C in vacuum (1 mbar). 4-(2-trimethoxysilylethyl)pyridine was

obtained with a yield of 75 % as a colorless and transparent liquid.

SiCly Si{OMe)
= + 3 MeOH
MeCN, AT + 3 Et;N
HSICl, + RN —_— = E—— ~ 1
| o | -3 Et;N*HCI N ©
N N

'H NMR (500 MHz, CDCls): & [ppm] 7.97 (d, 2H, N-CH-CH-), 6.62 (d, 2H, N-CH-CH-), 3.04 (s, 9H, Si-
(OCHs)s), 2.20 (d-t, 2H, Si-CH,-CHy-), 0.45 (d-t, 2H, Si-CH,-CH,-).

3C NMR (500 MHz, CDCls): & [ppm] 152.2 (N-CH-CH-C-), 148.6 (N-CH-CH-), 122.3 (N-CH-CH-), 49.3
(Si-(OCH)s), 27.2 (Si-CH,-CH,-), 9.2 (Si-CH,-CH,-).

%Si NMR (IGATED, 500 MHz, CDCl5): 6 [ppm] -44.4 (Si-(OCH;)s).

This hydrosilylation reaction was also tried with the Karstedt catalyst, but this resulted in a yield of

only 5 %.

Compound (7) was distilled at 106 °C in vacuum (1 mbar). 2-(2-trimethoxysilylethyl)pyridine was

obtained with a yield of 33 % as a colorless and transparent liquid.

+ 3 MeOH
MeCN AT +3 Et3N
HSICl, +
3 I _
N l -3 Et3N*I-§CE
C1,Si (Me0),Si

'H NMR (500 MHz, CDCl): & [ppm] 8.06 (d, 1H, N-CH-CH-), 7.11 (t, 1H, N-CH-CH-CH-), 6.70 (d, 1H, N-
C-CH-), 6.62 (t, 1H, N-CH-CH-), 3.10 (s, 9H, Si-(OCHs)3), 2.44 (d-t, 2H, Si-CH,-CH,-), 0.68 (d-t, 2H, Si-
CH,-CH,-).

3C NMR (500 MHz, CDCl3): & [ppm] 162.5 (N-C-CH-), 148.2 (N-CH-CH-CH), 135.3 (N-CH-CH-CH-),
121.2 (N-C-CH-), 119.8 (N-CH-CH-), 49.3 (Si-(OCHs)3), 30.2 (Si-CH,-CH,-), 8.41 (Si-CH,-CH,-).

*°Si NMR (IGATED, 500 MHz, CDCl5): & [ppm] -43.2 (Si-(OCH3)3).
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Synthesis of N-(3-propyltrimethoxysilane)-1,2,4 —triazole

The synthesis was carried out under argon atmosphere. Sodium hydride (2.9 g, 0.12 mol) was
dissolved in 150 mL absolute THF, the mixture was cooled to approximately 0 °C with an ice bath.
0.12 mol of 1,2,4-triazole (8.29 g) were added portionwise under stirring. After completely adding
the 1,2,4-triazole the ice bath is removed and the mixture was maintained under stirring until no
more hydrogen gas was evacuated. Then 23.12 g (0.09 mol) of 3-iodopropyltrimethoxysilane were
added and the mixture was maintained at reflux overnight. The colorless suspension was filtered off
and the solvent was removed under vacuum conditions. By addition of 150 mL absolute
dichloromethane a colorless precipitate appeared and was filtered off under argon atmosphere. For
further purification the crude product was distilled under vacuum conditions. After purification the
product was investigated by 'H NMR, but only the reactant (3-chloro- or 3-
iodopropyltrimethoxysilane) was observed. The presence of the white precipitate suggests that the
reaction itself (shown in the equation shown below) was working. Most likely the product was
thermally destroyed by the distillation step. Depending on this fact no further experiments with
1,2,4-triazole were carried out, because there is no alternative for purification than distillation for

these trimethoxysilanes.

NaH (MeO)gsi/\/\E

NP ai —_— N/@\ — > meopsi” T A

N
\—/ \S/ L

Na®
Synthesis of N-(6-hexyltrimethoxysilane)imidazole

The synthesis was carried out under argon atmosphere. Sodium hydride (0.39 g, 0.016 mol) was
dissolved in 40 mL absolute THF, the mixture is cooled to approximately O °C with an ice bath. 0.016
mol imidazole (1.09 g) were added portionwise under stirring. After completely adding the
imidazole, the ice bath was removed and the mixture was maintained under stirring until no more
hydrogen gas is evacuated. Then 4.13 g (0.012 mol) of 6-iodohexyltrimethoxysilane were added and
the mixture was maintained at reflux overnight. The brown suspension was filtered off and the
solvent was removed under vacuum conditions. By addition of 150 mL absolute dichloromethane a
colorless precipitate appeared and was filtered off under argon atmosphere. The crude product was
a high viscous liquid and could not be purified by common purification techniques. The NMR
showed signals of the expected product as well from the reactants and other pollutions. In

consequence this compound was not used for materials synthesis.

119



5 Experimental

NaH (Me0);Si
THF l MeO).Si
NZ . NN . (MeQ); E\/\/\/\N/§N
\—/ M, \\—/
= l/

5.3.3 Syntheses of precursor molecules for silica nanoparticle based self-
healing materials

Synthesis of 3-Cyclopentadienylpropyltrimethoxysilane (8)

The synthesis was carried out under argon atmosphere. Dicyclopentadien was cracked in decaline at
190 °C. Sodium hydride (2.9 g, 0.12 mol) was dissolved in 150 mL absolute THF, the mixture was
cooled to approximately 0°C with an ice bath. 0.12 mol of the monomerized cyclopentadiene (7.93
g) was added under stirring. After completely adding the cyclopentadiene the color of the solution
changed to slightly pink. Now the ice bath was removed and the mixture was maintained under
stirring untii no more hydrogen gas evacuated. Then 23.12 g (0.09 mol) of 3-
iodopropyltrimethoxysilane were added and the mixture was maintained under reflux overnight.
The deep red suspension was filtered off and the solvent was removed under vacuum conditions.
By addition of 150 mL absolute dichloromethane a colorless precipitate appeared and was filtered
off under argon atmosphere. For purification the crude product was distilled at 83°C under vacuum
conditions (1 mbar) with a yield of 19 % as a yellowish and transparent liquid. Furthermore there
was a significant amount of black residue after distillation, which probably refers to polymerized

cyclopentadiene.

NaH
@ —_— @ —— (MeO),Si
'HZ

o @)

'H NMR (300 MHz, CDCly): & [ppm] 6.44 (t, 1H, -CH-CH-CH-CH,-); 6.26 (t, 1H, -CH-CH-CH-CH,-); 6.17
(t, 1H, -CH-CH-CH-CH,-); 6.03 (t, 1H, -CH-CH-CH-CH,-); 3.58 (s, 9H, Si(OCHs)s); 2.95 (s, 1H, CH-CH,-
CH,-CH,-Si); 2.88 (s, 1H, CH-CH,-CH,-CH,-Si); 2.43 (g, 2H, cp-CH,-CH,-); 1.69 (q, 2H, cp-CH,-CH,-CH,-
Si), 0.70 (t, 2H, -CH»-Si). All signals in the *H NMR spectrum of the cyclopentadiene ring are doubled,

which suggests a fast dimerization of compound (8).

3C NMR (300 MHz, CDCly): & [ppm] 134.7, 133.5, 132.4, 130.4, 126.6, 126.2 (cp ring), 50.4 (-
Si(OCHs)s), 43.1 and 41.2 (CH-CH,-CH,-CH,-Si ), 33.9 and 33.0 (cp-CH,-CH,-), 22.8 and 22.0 (cp-CH,-

CH,-), 9.0 and 8.9 (-CH,-Si). The signals of the cyclopentadiene ring are contributed to the monomer
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and dimer form of cyclopentadiene, all other signals (except the methoxy carbon atom) are

doubled, which also suggests a fast dimerization (8).

Synthesis of N-(3-propyltrimethoxysilane)maleimide

The synthesis was carried out under argon atmosphere. Sodium hydride (2.9 g, 0.12 mol) was
dissolved in 150 mL absolute THF, the mixture was cooled to approximately 0 °C with an ice bath.
0.12 mol of maleinimide (11.65 g) were added portionwise under stirring. After completely adding
the ice bath is removed and the mixture was maintained under stirring until no more hydrogen gas
was evacuated. Then 23.12 g (0.09 mol) of 3-iodopropyltrimethoxysilane were added and the
mixture was maintained at reflux overnight. The strawberry red suspension was filtered off and the
solvent was removed under vacuum conditions. By addition of 150 mL absolute dichloromethane a
colorless precipitate appeared (but not that much compared to the imidazole coupling reactions)
and was filtered off under argon atmosphere. For further purification the crude product was
distilled under vacuum conditions. After purification the product was investigated by ‘H NMR, but
only the reactant (3-chloro- or 3-iodopropyltrimethoxysilane) could be observed. The presence of
less white precipitate suggests that the reaction itself was not working very well. Most likely the

reactant (maleimide) was destroyed by refluxing overnight.

2 NaH 2 0
THF Me0)si” >
| v T | W —— eop,si” T
-H, /
0 e} O

Synthesis of Butanoic acid-4-(trimethoxysilyl)-isopropylester (3 step synthesis)
Synthesis of crotonic chloride

The synthesis was carried out under argon atmosphere. A 500 mL three necked flask equipped with
dimroth chiller and a 100 mL dripping funnel was charged with 1.16 mol crotonic acid (100 g) and
150 ml hexane. Then 1.16 mol thionyl chloride (84.3 mL) were added dropwise through the dripping
funnel. After the addition was complete the reaction mixture was heated to 50°C until no further
gas evolution took place (5 hours). After this procedure the color of the reaction mixture turned to
orange-brown. The solvent was removed under vacuum conditions. The crude product was purified
by distillation a 115-120 °C at 1bar. Crotonic chloride was obtained with a yield of 76 % as a

colorless and transparent liquid.
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/‘\)‘k ———*’SO% /\)k
X OH x cl

'H NMR (250 MHz, CDCl3): & [ppm] 7.16 (g, 1H, CHs-CH-CH-); 6.07 (g, 1H, CHs-CH-CH-); 1,91 (q, 3H,
CHs-CH-CH-).

Synthesis of Isopropyl but-3-enoate

A 500 mL three necked flask equipped with dimroth chiller and a 50 mL dripping funnel was charged
with 0.1 mol crotonic chloride (10.45 g) and 200 ml pentane. Then 0.1 mol triethylamine (10.11 g)
were added by a syringe. This mixture was cooled to approximately 0 °C with an ice bath, followed
by a dropwise addition of 0.15 mol isopropanol (9.1 g) through the dripping funnel. A colorless
precipitate was formed immediately. The slightly yellow suspension was filtered off and the solvent
was removed under vacuum conditions. The crude product was washed with 100 mL THF and a
colorless solid precipitated again. The precipitate was filtered off and the solvent was removed
under vacuum conditions. For purification the crude product was distilled at 68 °C under vacuum

conditions (100 mbar) with a yield of 52 % as a colorless and transparent liquid.

8] i-PrOH, EGLN,

Pentaﬂe /\/U\ )\
¥

Ci

'H NMR (250 MHz, CDCls): & [ppm] 5.85 (q, 1H, CH,-CH-CH,-); 5.11 (m, 1H, CH,-CH-CH,-); 5.05 (m,
1H, CH,-CH-CH,-); 4.95 (m, 1H, CH-(CH),); 2.98 (d, 2H, CH,-CH-CH,-); 1.15 (d, 6H, CH-(CHs),).

Synthesis of Butanoic acid-4-(trimethoxysilyl)-isopropylester (hydrosilylation)

The synthesis was carried out under argon atmosphere. A 250 mL three necked flask equipped with
dimroth chiller was charged with 0.047 mol trimethoxysilane (5.75 g), 0.047 mol isopropyl but-3-
enoate (6 g), 70 ml toluene and 5 drops of Karstedt catalyst solution. This mixture was heated to 50
°C for 48 hours. Afterwards the toluene was removed under vacuum conditions. For purification the
crude product was distilled at 86 °C under vacuum conditions (1 mbar) with a yield of 45 % as a

colorless and transparent liquid.

Karstedt-cat. O
Toluene
(MeO),SiH + /\)J\ J\ (MeO)gsi\/\)LO)\

'H NMR (250 MHz, CDCl5): & [ppm] 5.01 (m, 1H, CH-(CHs),); 3.56 (s, 9H, Si(OCHs)s); 2.30 (t, 2H, Si-
CH,-CH,-CH,-); 1.74 (q, 2H, Si-CH,-CH,-CH,-); 1.21 (d, 6H, CH-(CHs),), 0.67 (t, 2H, Si-CH,-CH,-CH,-).
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3C NMR (250 MHz, CDCl3): & [ppm] 172.8 (C=0); 67.3 (CH-(CHs),); 50.4 (Si(OCH)3); 37.4 (0=C-CH,);
21.7 (CH-(CHs),); 18.4 (Si-CH,-CH,); 8.7 (Si-CH,-CH,).

5.3.4 Linker syntheses

Synthesis of 1,4-bis(1H-imidazol-1-yl)benzene **

The synthesis was carried out under argon atmosphere. A 500 mL three necked flask equipped with
dimroth chiller was charged with 31.8 mmol 1,4-dibromobenzene (7.5 g), 133.6 mmol imidazole
(9.1 g), 101.8 mmol K,CO; (14.1 g), a catalytic amount of CuSO, (0.1 g) and 120 ml
dimethylformamide (DMF). This mixture was maintained at reflux for 24 hours. After this procedure
the color of the reaction mixture turned to red —brown. The solvent was removed under vacuum
conditions. Afterwards the solid residue was washed 3 times with water. The obtained brown solid
was recrystallized 3 times from toluene. The product was obtained as a colorless solid with a yield

of 65 %.

K2C03§CUSO4(CEL)

'H NMR (250 MHz, CDCl3): & [ppm] 7.82 (s, H, N-CH-N); 7.46 (d, 4H, C-CH-CH-); 7.24 (d, 2H, C-N-CH-
CH-N); 7.19 (d, 2H, C-N-CH-CH-N).

3C NMR (250 MHz, CDCls): 8 [ppm] 135.5 (N-CH-N); 130.9 ( N-C-CH-); 122.9 (N-C-CH-); 118.3 (C-N-
CH-CH-N), 118.2 (C-N-CH-CH-N).

5.3.5 Nanoparticle modification reactions

Synthesis of chloropropyl modified silica nanoparticles (SiO, Cl)

32 mL of the previously prepared silica nanoparticle solution were degassed in vacuum for several
minutes to remove excessive ammonia. Then 14.29 mmol of 2-chloropropyltrimethoxysilane (2.84

g) were added dropwise. The solution was stirred at room temperature for 24 hours.

Synthesis of chloroethyl modified silica nanoparticles (SiO, EtCl)

32 mL of the previously prepared silica nanoparticle solution were degassed in vacuum for several
minutes to remove excessive ammonia. Then 14.29 mmol of 2-chloroalkyltrimethoxysilane (2.64 g)

were added dropwise. The solution was stirred at room temperature for 24 hours.
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Synthesis of (Chloromethyl)phenylethyl modified silica nanoparticles (SiO, PhCI)

32 mL of the previously prepared silica nanoparticle solution were degassed in vacuum for several
minutes to remove excessive ammonia. Then 14.29 mmol of
((Chloromethyl)phenylethyl)trimethoxysilane (3.93 g) were added dropwise. The solution was

stirred at room temperature for 24 hours.

Synthesis of chloropropyl modified ZnO nanoparticles (ZnO Cl)

100 mL of the previously prepared zinc oxide nanoparticle solution were transferred to a round
bottom flask. Then 1,0 g (5 mmol) 3-chloropropyltrimethoxysilane were added dropwise. The

solution was stirred at room temperature for 24 hours.

Synthesis of N-propylimidazole modified silica nanoparticles (SiO, ImR with R = H, Me, i-Pr)

32 mL of the previously prepared silica nanoparticle solution were degassed in vacuum for several
minutes to remove excessive ammonia. Then 14.29 mmol of the respective N-(3-
propyltrimethoxysilane)imidazole (1, 2 and 3) were added dropwise. The solution was stirred at

room temperature for 24 hours.

Synthesis of N-propylpyrazole modified silica nanoparticles (SiO, PyrazoleR, with R = H, Me)

32 mL of the previously prepared silica nanoparticle solution were degassed in vacuum for several
minutes to remove excessive ammonia. Then 3.3 g (1429 mmol) N-(3-
propyltrimethoxysilane)pyrazole (4) or 3.7 g (14.29 mmol) N-(3-propyltrimethoxysilane)-3,5-
dimethylpyrazole (5) were added dropwise. The solution was stirred at room temperature for 24

hours.

Synthesis of 4-ethylpyridine and 2-ethylpyridine modified silica nanoparticles (SiO, 4-Py and SiO, 2-
Py)

32 mL of the previously prepared silica nanoparticle solution were degassed in vacuum for several
minutes to remove excessive ammonia. Then 3.2 g (14.29 mmol) 4-(2-trimethoxysilylethyl)pyridine

or 3.2 g (14.29 mmol) 2-(2-trimethoxysilylethyl)pyridine were added dropwise. The solution was

stirred at room temperature for 24 hours.
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5.3.6 INN Materials syntheses

Synthesis of the mono-imidazolium chloride based INN (Mat 1 — Mat 3)

16 mL solution of silica nanoparticles modified with the respective N-(3-
propyltrimethoxysilane)imidazole, SiO, ImR with R = H, Me, i-Pr, and 16 mL solution of silica
nanoparticles modified with 3-chloropropyltrimethoxysilane were transferred to a 100 mL round
bottom flask. Then 10 mL of dry methanol were added. The solution was stirred for 2 days at room
temperature. Afterwards, the bigger part of the solvent was removed under vacuum conditions and
the material was transferred to a petri dish and was finally dried in the oven at 45 °C. A transparent

gel was obtained.

Synthesis of the bis-imidazolium xylene based INN (Mat 4 — Mat 6)

32 mL solution of silica nanoparticles modified with the respective N-(3-
propyltrimethoxysilane)imidazole, SiO, ImR with R = H, Me, i-Pr, and 20 mL of dry methanol were
transferred to a 100 mL round bottom flask. Then 1.25 g (7.14 mmol) of a,a’-dichloro-p-xylene were
added. The solution was stirred for 2 days at room temperature. Afterwards, the bigger part of the
solvent was removed under vacuum conditions and the material was transferred to a petri dish and

was finally dried in the oven at 45 °C. A transparent gel was obtained.

Synthesis of the bis-imidazolium biphenyl based INN (Mat 7 — Mat 9)

32 mL solution of silica nanoparticles modified with the respective N-(3-
propyltrimethoxysilane)imidazole, SiO, ImR with R = H, Me, i-Pr, and 20 mL of dry methanol were
transferred to a 100 mL round bottom flask. Then 1.8 g (7.14 mmol) of 4,4’-bis(chloromethyl)-1,1’-
biphenyl were added. The solution was stirred for 2 days at room temperature. Afterwards, the
bigger part of the solvent was removed under vacuum conditions and the material was transferred
to a petri dish and was finally dried in the oven at 45 °C. A slightly yellow transparent gel was

obtained.

Synthesis of the bis-imidazolium anthracene based INN (Mat 10 — Mat 12)

32 mL solution of silica nanoparticles modified with the respective N-(3-
propyltrimethoxysilane)imidazole, SiO, ImR with R = H, Me, i-Pr, and 20 mL of dry methanol were
transferred to a 100 mL round bottom flask. Then 098 g (3.57 mmol) of 9,10-

bis(chloromethyl)anthracene are added. The solution is stirred for 2 days at room temperature
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Some excessive linker was removed by centrifugation. Afterwards, the bigger part of the solvent
was removed under vacuum conditions and the material was transferred to a petri dish and was

finally dried in the oven at 45 °C. An orange transparent gel is obtained.

Synthesis of the bis-imidazolium durene based INN (Mat 13 — Mat 14)

40 mL solution of silica nanoparticles modified with the respective N-(3-
propyltrimethoxysilane)imidazole, SiO, ImR with R = H, Me, i-Pr, and 20 mL of dry methanol were
transferred to a 100 mL round bottom flask. Then 2.28 g (7.14 mmol) of 3,6-
bis(chloromethyl)durene were added. The solution was stirred for 2 days at room temperature.
Afterwards, the bigger part of the solvent was removed under vacuum conditions and the material
was transferred to a petri dish and was finally dried in the oven at 45 °C. Some excessive linker was

removed by centrifugation. A colorless transparent gel was obtained.

Synthesis of the mono-imidazolium xylene based INN (Mat 15 — Mat 16)

16 mL solution of silica nanoparticles modified with the respective N-(3-
propyltrimethoxysilane)imidazole, SiO, ImR with R = Me, i-Pr, and 16 mL solution of silica
nanoparticles modified with ((Chloromethyl)phenylethyl)trimethoxysilane were transferred to a 100
mL round bottom flask. Then 10 mL of dry methanol were added. The solution was stirred for 2
days at room temperature. Afterwards, the bigger part of the solvent was removed under vacuum
conditions and the material was transferred to a petri dish and was finally dried in the oven at 45 °C.

A colorless transparent gel was obtained.

Synthesis of the bis-imidazolium diacetylene based INN (Mat 17)

16 mL solution of silica nanoparticles modified with N-(3-propyltrimethoxysilane)imidazole, SiO,
ImH and 10 mL of dry methanol were transferred to a 100 mL round bottom flask. Then 0.84 g (3.57
mmol) of 1,4-dibromo-1,3-butadiine were added. The solution was stirred for 2 days at room
temperature. Afterwards, the bigger part of the solvent was removed under vacuum conditions and
the material was transferred to a petri dish and was finally dried in the oven at 45 °C. A brown

transparent gel was obtained.
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Synthesis of the mono-pyrazolium based INN (Mat 18 and Mat 19)

16 mL solution of silica nanoparticles modified with the respective  N-(3-
propyltrimethoxysilane)pyrazole (SiO, PyrazoleR, with R = H, Me ) and 16 mL solution of silica
nanoparticles modified with 3-chloropropyltrimethoxysilane are transferred to a 100 mL round
bottom flask. Then 10 mL of dry methanol are added. The solution is stirred for 2 days at room
temperature. Afterwards, the bigger part of the solvent was removed under vacuum conditions and
the material was transferred to a petri dish and was finally dried in the oven at 45 °C. A colorless

transparent gel was obtained.

Synthesis of the bis-pyrazolium xylene based INN (Mat 20 and Mat 21)

32 mL solution of silica nanoparticles modified with the respective N-(3-
propyltrimethoxysilane)pyrazole, SiO, PyrazoleR, with R = H, Me and 20 mL of dry methanol were
transferred to a 100 mL round bottom flask. Then 1.25 g (7.14 mmol) of a,a’-dichloro-p-xylene were
added. The solution was stirred for 2 days at room temperature. Afterwards, the bigger part of the
solvent was removed under vacuum conditions and the material was transferred to a petri dish and

was finally dried in the oven at 45 °C. A transparent gel was obtained.

Synthesis of the bis-pyrazolium biphenyl based INN (Mat 22)

32 mL solution of silica nanoparticles modified with the respective N-(3-
propyltrimethoxysilane)pyrazole, SiO, PyR, with R = H and 20 mL of dry methanol were transferred
to a 100 mL round bottom flask. Then 1.8 g (7.14 mmol) of 4,4’-bis(chloromethyl)-1,1’-biphenyl
were added. The solution was stirred for 2 days at room temperature. Afterwards, the bigger part
of the solvent was removed under vacuum conditions and the material was transferred to a petri

dish and was finally dried in the oven at 45 °C. A colorless transparent gel was obtained.

Synthesis of the pyridinium based INN (Mat 23 and Mat 24)

16 mL solution of silica nanoparticles modified with the respective 2-trimethoxysilylethylpyridine,
Si0, 4-Py or SiO, 2-Py, and 16 mL solution of silica nanoparticles modified with 2-
chloroethyltrimethoxysilane are transferred to a 100 mL round bottom flask. Then 10 mL of dry
methanol are added. The solution is stirred for 2 days at room temperature and is finally dried

under vacuum conditions (3 mbar). A colorless transparent gel is obtained.
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Synthesis of the bis-pyridinium xylene based INN (Mat 25 and Mat 26)

32 mL solution of silica nanoparticles modified with the respective 2-trimethoxysilylethylpyridine,
SiO, 4-Py or SiO, 2-Py, and 20 mL of dry methanol were transferred to a 100 mL round bottom flask.
Then 1.25 g (7.14 mmol) of a,a’-dichloro-p-xylene were added. The solution was stirred for 2 days
at room temperature. Afterwards, the bigger part of the solvent was removed under vacuum
conditions and the material was transferred to a petri dish and was finally dried in the oven at 45 °C.

A transparent gel was obtained.

Synthesis of the bis-pyridinium biphenyl based INN (Mat 27 and Mat 28)

32 mL solution of silica nanoparticles modified with the respective 2-trimethoxysilylethylpyridine,
SiO, 4-Py or SiO, 2-Py, and 20 mL of dry methanol were transferred to a 100 mL round bottom flask.
Then 1.8 g (7.14 mmol) of 4,4’-bis(chloromethyl)-1,1’-biphenyl were added. The solution was stirred
for 2 days at room temperature. Afterwards the bigger part of the solvent was removed under
vacuum conditions and the material was transferred to a petri dish and was finally dried in the oven

at 45 °C. A colorless transparent gel was obtained.

Synthesis of the bis-imidazolium anthracene based INN (Mat 29)

32 mL solution of silica nanoparticles modified with 4-(2-trimethoxysilylethyl)pyridine, SiO, 4-Py
and 20 mL of dry methanol were transferred to a 100 mL round bottom flask. Then 0.98 g (3.57
mmol) of 9,10-bis(chloromethyl)anthracene are added. The solution was stirred for 2 days at room
temperature. Some excessive linker was removed by centrifugation. Afterwards, the bigger part of
the solvent was removed under vacuum conditions and the material was transferred to a petri dish

and was finally dried in the oven at 45 °C. An orange transparent gel was obtained.

Synthesis of the mono-imidazolium chloride based mixed INN (Mat 36 and Mat 37)

12 mL solution of silica nanoparticles modified with the respective  N-(3-
propyltrimethoxysilane)imidazole, Si0O, ImR with R = H, Me and 100 mL solution of zinc oxide
nanoparticles modified with 3-chloropropyltrimethoxysilane were transferred to a 250 mL round
bottom flask. The solution was stirred for 2 days at room temperature and was finally dried under

vacuum conditions (3 mbar). A white powder was obtained.
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Synthesis of the bis-imidazolium benzene based INN (Mat 38)

32 mL solution of silica nanoparticles modified with 3-chloropropyltrimethoxysilane and 20 mL dry
methanol were transferred to a 100 mL round bottom flask. Afterwards, 7.14 mmol of 1,4-bis(1H-
imidazol-1-yl)benzene (1.5 g) were added. The reaction mixture was stirred for 2 days at room
temperature. The biggest part of the solvent was removed under vacuum conditions. The product
was finally dried carefully at 50 °C in the oven. A yellowish gel covered with a colorless powder

(pure linker molecule) was obtained.

5.3.7 Anion Metathesis and Metal Complexation reactions

Anion metathesis reactions with NaBF, and KPF; (Mat 30 and Mat 31)

In a 100 mL round bottomed flask 0.3 g of the previously obtained INN hybrid material (Mat 1) were
dispersed in 20 mL of acetone. Then 0.3 g of NaBF, or KPFswere added. The dispersions were stirred
for 24 hours at room temperature. Then the products were washed and centrifuged with water,
ethanol and acetone, 20 mL respectively. The reaction solvent and the washing phases were
combined and dried under vacuum conditions. The obtained salts, NaCl and KCl, were isolated to

proof the exchange reaction by powder XRD investigations.

Complexation of CuCl,*2H,0 in INN hybrid materials (Mat 32)

0.15 g (0.85 mmol) of CuCl,*2H,0 were added to 17 mL of the methanolic solution of Mat 1 in a 100
mL round bottom flask. The solution was stirred overnight at room temperature and was finally

dried in vacuum. A green transparent gel was obtained.

Complexation of CuCl,*2H,0 in 1-butyl-3-methylimidazoliumchloride ((BuMelm),[CuCl,])

3.11 g (18.25 mmol) of CuCl,*2H,0 were added to 6.37 g (36.5 mmol) 1-butyl-3-
methylimidazoliumchloride in 5 mL ethylacetate. By adding the copper salt the temperature rose
highly and the color of the reaction mixture changed to dark blue. After a few minutes the solution
cooled down and the color began to turn green. The reaction mixture was stirred at room
temperature overnight and the resulting water was visible as a second, transparent phase. The

product was washed with water and was dried under vacuum conditions (3 mbar).
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Complexation of PdCl, in INN hybrid materials (Mat 33)

0.63 g (3.57 mmol) of PdCl, and 20 ml of methanol were added to 32 mL of the methanolic INN
material solution (Mat 1) in a 100 mL round bottom flask. By adding the PdCI, the color of the
reaction mixture turned to deep red. The solution was stirred for 24 h at room temperature and the
color of the solution turned to olive green within this time. The solvent was removed under vacuum

conditions. After drying an olive green gel was obtained.

Complexation of EuCl;*6H,0 in INN hybrid materials (Mat 34)

0.29 g (0.80 mmol) of EuCl;*6H,0 and 20 ml of methanol were added to 32 mL of the methanolic
INN material solution (Mat 1) in a 100 mL round bottom flask. The solution was stirred overnight at

room temperature and was finally dried in vacuum. A colorless transparent gel was obtained.

5.3.8 Silica nanoparticle based self-healing materials

Synthesis of the dicyclopentadiene based self-healing material (Mat 39)

48 mL of the previously prepared silica nanoparticle solution were degassed in vacuum for several
minutes to  remove  excessive ammonia. Then 15.5 mmol of the  3-
cyclopentadienylpropyltrimethoxysilane (3.5 g of 8) were added dropwise. The solution was stirred
at room temperature for 24 hours. Afterwards the bigger part of the solvent was removed under
vacuum conditions. Then the material was transferred to a petri dish and was dried in the oven at

55 °C. After drying a colorless transparent gel was obtained.

Synthesis of the silylester based self-healing material (Mat 40)

64 mL of the previously prepared silica nanoparticle solution were degassed in vacuum for several
minutes to remove excessive ammonia. Then 32 mL of the nanoparticle suspension were modified
with 14.28 mmol (3.37 g) 3-Glycidyloxypropyltrimethoxysilane (GLYMO) and 32 ml of the
nanoparticle suspension were modified with 14.28 mmol (3.96 g) Butanoic acid-4-(trimethoxysilyl)-
isopropylester by stirring the reactants for 24 hours at room temperature. After this procedure the
two different nanoparticle solutions were mixed in a 250 mL round bottomed flask followed by
adding 15 mL of dry methanol, 20 ml of a 38 w% solution of HCl in MeOH and 1.4 mmol (0.3 g) of
Zn(CH3;COO0)*2H,0. By adding these components the reaction mixture stayed clear and colorless.

Afterwards, the reaction mixture was stirred for 2 days at room temperature. After this time the
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color of the solution turned to yellow. The bigger part of the solvent was removed under vacuum

conditions and the product was dried carefully at 45 °C for 24 hours. A yellow transparent gel

monolith was obtained.

5.3.9 Materials overview

T@ OgevoRy
Mat 9 N @ N J/cg\i \/\/
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6.1 Abbreviations

a.u.

CcpP

DFT
DLS
EDX
FET
GIPAW
HETCOR
HR
INN
ITO
MAS
MS
NMR
PEDOT
PMMA

ppm

PVPh

Qacm
SAXS
SEM

TEM

TGA

w%

XRD

Arbitrary units

Cross polarization

Density functional theory

Dynamic light scattering

Energy dispersive X-ray spectroscopy
Field effect transistor

Gauge including projector augmented waves
Heteronuclear correlation spectroscopy
High resolution

lonic Nanoparticle Network

Indium tin oxide

Magic angle spinning

Mass spectroscopy

Nuclear magnetic resonance
Poly-3,4-ethylendioxythiophene
Poly(methyl methacrylate)

Parts per million

Poly-4-vinylphenol

Scattering vector

Quartz crystal microbalance

Small angle X-ray scattering
Scanning electron microscopy
Transmission electron microscopy
Thermogravimetric analysis

Weight percent

X-ray diffraction
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