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Abstract (English)

Self-healing systems have attracted lots of interest in recent times because of their ability to
autonomously repair damages, caused when a material is exposed to some physical and
chemical phenomena, including any mechanical rupture. The damage on the material creates
vent for the (encapsulated) healing agent to flow into contact with catalysts, thus forming a
network that seals the cracked plane. Different self-healing systems have been reported but
this thesis targets the surface modification of nanomaterials such as nanoclays and polyhedral
oligomeric silsesquioxanes (POSS) with special organic modifiers, and subsequent
attachment of specific metal particles/catalysts (Ru and Cu) onto their surfaces, which can be
used subsequently for the activation of self-healing chemistry at room temperature. The
synthesis of the organic modifiers (vinylbenzyldodecyl ammonium chloride (VDAC), 5,6-
di(11-(n,n,n-trimethylammonium)undecoxycarbonyl) norbornene (TAUN), I1-mesityl-1-
dodecylimidazoliumiodide (TMPIDD), 1-tertiary-butyl-1-dodecylimidazolium bromide
(TBIDBr), and tertiary amino ligand (TAL)), having cationic sites necessary for cationic
exchange reactions with nanoclays is achieved through series of reaction steps followed by
the attachment of Ru (for VDAC- and TAUN-modified clay) and Cu (for TMPIDD-, TAL-
and TBIDBr-modified clay) catalysts. X-ray Photoelectron Spectroscopy (XPS) Flame
Atomic Absorption Spectroscopy (FAAS), and Energy-dispersive X-ray Spectroscopy (EDX)
have been used to quantify the amount and type ofRu and Cu-carbenes formed on the surface
of the organoclay and the POSS. The quantitative amount and the thermal stability of the
modifiers on the surface of the nanomaterials have been calculated via TGA, resulting in
surface loading of the produced organoclay in the range 0.32 x10 -3 — 0.72 x 10 -3
(mmol/mg).

The purity of the organic modifiers is investigated using Nuclear Magnetic Resonance
(NMR)

and the molecular weight of the different POSS molecules is proven using Mass-assisted laser
desorption/ionization-time of flight (MALDI-TOF) and the results found were consistent with
theoretical calculations. Differential Scanning Calorimetry (DSC) measurement is conducted
to investigate the catalytic activity of the metal particle-modified nanomaterials (with respect
to the enthalpy of the cross linking reaction, the peak temperature and the temperature at
which crosslinking starts). The obtained results demonstrate a high activity of immobilized
Cu and Ru particles and the resulting particle-catalysts could be used to prepare “click”- and

ROMP-based self-healing composites.
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Abstract (German)

Selbstheilungssysteme haben in letzter Zeit viel Interesse auf sich gezogen, da sie in der Lage sind, Schéden, die
verursacht werden, wenn ein Material physikalischen und chemischen Phinomenen ausgesetzt ist, einschlielich
mechanischer Briiche, autonom zu reparieren. Die Beschiddigung des Materials erzeugt eine Entliiftung fiir das
(eingekapselte) Heilmittel, das mit Katalysatoren in Kontakt kommt und so ein Netzwerk bildet, das die
gerissene Ebene abdichtet. Es wurden verschiedene Selbstheilungssysteme beschrieben, aber diese Dissertation
zielt auf die Oberflachenmodifizierung von Nanomaterialien wie Nanoclays und polyedrischen oligomeren
Silsesquioxanen (POSS) mit speziellen organischen Modifizierungsmitteln und die anschlieBende Befestigung
spezifischer Metallpartikel / Katalysatoren (Ru und Cu) auf ihren Oberfldchen ab, die anschlieBend zur

Aktivierung der Selbstheilungschemie bei Raumtemperatur verwendet werden kann. Die Synthese der
organischen Modifizierungsmittel (vinylbenzyldodecyl ammonium chloride (VDAC), 5,6-di(11-
(n,n,n-trimethylammonium)undecoxycarbonyl) norbornene (TAUN), 1-mesityl-1-
dodecylimidazoliumiodide (TMPIDD), ), 1-tertiary-butyl-1-dodecylimidazolium bromide
(TBIDBr), and tertiary amino ligand (TAL)), mit kationischen Zentren, die fiir
Kationenaustauschreaktionen mit Nanotonen erforderlich sind, wird durch eine Reihe von
Reaktionsschritten erreicht, gefolgt von der Anlagerung von Ru (fiir VDAC- und TAUN-
modifizierten Ton) und Cu (fiir TMPIDD-, TAL- und TBIDBr -modifizierte Ton)
Katalysatoren. Rontgen-Photoelektronenspektroskopie (XPS) -
Flammenatomabsorptionsspektroskopie (FAAS) und energiedispersive Rontgenspektroskopie
(EDX) wurden zur Quantifizierung der Menge und des Typs von auf der Oberflidche des
Organotons und des Organos gebildetem Ru und Cu-Carbenen und POSS verwendet. Die
quantitative Menge und die thermische Stabilitdt der Modifikatoren auf der Oberfldche der
Nanomaterialien wurden iiber TGA berechnet, was zu einer Oberflichenbelastung des
erzeugten Organotons im Bereich von 0,32 x 10 -3 bis 0,72 x 10 -3 (mmol / mg) fiihrte. Die
Reinheit der organischen Modifizierungsmittel wird mit Kernspinresonanz (NMR)
untersucht.

Das Molekulargewicht der verschiedenen POSS-Molekiile wird mit einem massengestiitzten
Laser nachgewiesen Desorptions- / Ionisations-time of flight (MALDI-TOF) und die
gefundenen Ergebnisse stimmten mit {iberein theoretische Berechnungen. Das Differential
Scanning Calorimetry (DSC) -Messung wird durchgefiihrt, um die katalytische Aktivitéit der
Metallpartikel-modifizierten Nanomaterialien zu untersuchen (in Bezug auf die Enthalpie der
Vernetzungsreaktion, die Peaktemperatur und die Temperatur, bei der die Vernetzung

beginnt). Die erzielten Ergebnisse zeigen eine hohe Aktivitdt von immobilisierten Cu- und
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Ru-Partikeln, und die resultierenden Partikelkatalysatoren konnten zur Herstellung von

"click" - und ROMP-basierten selbstheilenden Composites verwendet werden.
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Chapter 1
Introduction
1.1.Composites

The overall demand for the improvement of materials performance to meet specific technical
needs with negligible disadvantages is the underlying motivation for modern engineering
undertakings'”. Laudable improvements in performance in engineering structures such as
materials development, testing, analysis, design, maintenance and production, are direct results
of the advancements in materials technologies which by itself is a major factor that determines
the reliability, cost effectiveness, and performance of such systems3 4,

Composite materials are basically unique materials made from the combination of two or more
constituents possessing significantly distinct physical and chemical properties such that the
formed material possesses, on the one hand, the combined properties of the constituent materials,
and on the other hand, additional properties that are independent of the starting materials’. This
is the advantage composite material has over other multi-component systems such as blends and
alloys. These composite materials find application in diverse areas such as construction,
consumer products, and transportation due to their unusual combinations of unique component
properties including permeability, electrical conductivity, weight, strength, stiffness, and optical

6,7,8,9,10

properties which is difficult to attain separately by individual components . The material

properties of composites can be tailored to meet specific need or special requirements.

Composite materials are made up of two phases: the continuous phase, otherwise called the
matrix and the dispersed phase called the filler. The classification of any composites is based on

13,14 -
314 and metallic’.

the matrix phase, and can be classified as polymeric'"'?, ceramic
Polymers have great advantage over metals and ceramics because there are light weight and
ductile in addition to their ease of production. Nevertheless, they have lower mechanical,
modulus and strength properties when compared with metals and ceramics, however the
properties varies with respect to used filler (carbon black, CNT, graphene, clay, POSS, etc)".
Nanocomposites (howbeit, composite materials having constitutents at the nanometer range),
have been developed to meet more technical needs with improved properties that composite

materials'® do not possess. The level of dispersion of these nanofillers (even at small

nanoparticle loading) in the epoxy or polymer matrix enhances special properties such as the

1



mechanical, thermal, flame resistance, and optical properties etc'’, making nanocomposites more
advantageous. However, further advances in materials applications was made, duplicating the
self-healing properties of biological systems pioneered and reported by White et. al'®. They
working group was the first to prove the autonomic self healing of a structural polymeric
material which incorporates a microencapsulated healing agent that is released upon crack
intrusion. The encapsulated healing agent is released during crack formation, and when in
contact with the embedded Grubbs catalyst, polymerization occurs thus healing the crack plan.
This advances lead to the concept of self-healing nanocomposites where materials are developed
with special functionalities that promote self-healing behavior, particularly relevant in aerospace

engineering where material recovery is of utmost important with the guarantee of safety.

1.2. Concept of self-healing materials

Self-healing materials are synthetically-created or artificial substances that have inert ability to
automatically repair damage to themselves without any external intervention'®. These materials
can be classified based on their self-healing mechanisms and chemistries. Notable among them
are intrinsic self-healing materials, which are based on supramolecular bonding interactions and

20,21,22,23,24

reversible reactions , extrinsic self-healing materials which require the embedding of

25,26,27,28
and a

microcapsules filled with healing agents in a matrix system or vascular networks
metal catalyst® that can activate the self-healing process when the healing agent is released from
the capsules. Self-healing can also be achieved by a self-assembly process using a dialkyl
cationic surfactant as reported by Shimojima et. al’® as well as by II-IT stacking as reported by
Burattini et. al’' and Hart et. al*”. Another examples of self-healing by pi-pi stacking have been
shown™ which exploit non-covalent cross linking of polymer chains generated through pi-pi
stacking interactions involving the intercalation of pyrenyl end groups into polyimide chain-
folds.

Of particular interest in this work is the capsule-based self-healing systems. The capsule-based
self-healing system (an approach that releases the confined healing agent through the rupture of
the microcapsule), and microvascular networks, are the two pathways frequently used in the

343536 Different polymerization techniques37 and

preparation of extrinsic self-healing materials
polymers, including poly (melamine-formaldehyde) (PMF); poly (urea-formaldehyde) (PUF);

and poly (melamine-urea-formaldehyde), have been used to prepare the capsules and to form the



shell walls of the capsules®™*****!42 Capsule-based self-healing technique has found vast

43,44 . . 45 S .46
, adhesive industries ™, paint industries, amongst

applications including coating industries
others. The potential for polyurethane (PU) microcapsules containing hexamethylene
diisocianate (HDI) as a core material in polymeric composites to achieve self-healing properties

thus improving the corrosion resistance of coatings, was demonstrated by Huang et. al*’*.

.49 .50 . . P | .
Amine™, epoxy resins”, and inorganic particles” have been used independently as core healant

of capsules in self—healing polymeric composites.
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Scheme 1: Synthesis of PU microcapsules using a prepolymer (BD-TDI prepolymer) and a chain extender (BD)*
Kim et al. synthesized a diol-diisocyanate prepolymer based on 1,4-butanediol that was reacted
with toluene-1,4-diisocyanate or 4,4-diphenylmethane diisocyanate (MDI) to prepare PU
microcapsule shell as seen in Scheme 1*°. The characterization of the capsules and its core
healing loadings was done. They discovered that the protection coating evaluation from scratch
test of PU capsules on paint coatings displayed excellent protection performance with a repairing

efficiency in the range of 47-100%.

However, the microencapsulation method particularly suffers from two major drawbacks
amongst others, such as (i) the cost of the catalyst, particularly the Grubbs catalyst, and (ii) the
self-healing process is irreversible, implying that the healing of the materials can only occur once
and when crack occur at the same point as previously healed region, healing would not occur
because the amount of the healing agent is depleted in the previously healed region. Nonetheless,

. . . 2,53,54
several reviews have been reported with suggested solutions to overcome these drawbacks >>>~*.



1.3.Self-healing nanocomposites and their applications

The concept of self-healing nanocomposites for industrial applications was inspired by biological
systems. They form a new class of materials with inherent ability to heal themselves
spontaneously or autonomously, thus mimicking the self-healing behavior exhibited by living
organisms.

Self-healing polymers/polymer composites have been categorized based on their chemistries,
into two major groups: (i) autonomic and (ii) nonautonomic self-healing materials®. The
autonomic self-healing materials releases the chemical potential trapped in the material to
facilitate the healing upon damage, while the nonautonomic self-healing material relies on

external aid to promote self repair upon damage (Figure 1.2).

Self-Healing Materials

| : l

Autonomic Systems Nonautonomic Systems

l l
[ 1 [ 1T 1

Encapsulation Highly Dynamic Supramolecular Systems CinnamoylCycloaddition Coordinative Hydrolysis/
Thiol Chain-Transfer Dissociation Condensation of
CoumarinDimerization Boronic Esters
Fornic Acid
Ligand Exchange
ROMP, Epoxy Pyridine-Metal Bonds
Hydrogen Bonds
Covalent Bonds Hydrogen Tonomers Coordination Bonds
l Bonds l l
Diels-Alder Chemistry l Polyethylene-co- Nitrogen-Metal
Polyacylhdrazones Quadruple Methacrylic acid Carbene-Metal
Sextuple Phosphine-Metal

Figure 1.1: Classification and organization of materials based on their self-healing chemistry

Polymer composites, amongst other materials, are arguably leading in materials applications in

terms of sustainability and efficiency, having better properties including strength, cost, stiffness,

56,57,58,59,60

lightweight, and thermal stability . Unfortunately, many of these materials exhibit low

mechanical properties such as lower modulus and strength, when compared with metals and

ceramics>>?!

in addition to a few drawbacks such as micro-cracks and cavitation, degradation,
and surface stitches™. Gordon et al.”?, amongst others®* have demonstrated that the

incorporation of nanomaterials has great effect on the physical and mechanical properties of



different polymers. Therefore, embedding of nanomaterials into host matrix yields material
properties, typically caused by the materials interaction with the matrix that cannot be achieved
by either phase independently65 ¢ The combination of polymer and nanomaterials at the
nanometer regime in nanocomposites, give rise to a new breed of highly homogeneous materials
with excellent properties, having a major disadvantage, being crack formation, which is
comparable to that seen in polymer and polymer composite systemsSS. An attempt to resolve this
problem gave rise to self-healing polymer nanocomposites. The development of these healable
polymer nanocomposites which has the ability to heal itself at the instance of a crack makes it

possible for such materials to find widespread industrial applications®”®.

Several nanofillers or nanomaterials have been incorporated into different surfaces to achieve
specific applications. Notable amongst others are multiwalled carbon nanotubes, graphene, silica,

nanoclays, and polyhedral oligomeric silsesquioxanes.

1.3.1. Carbon-based self-healing nanocomposites

Carbon nanomaterials (CNMs; CNT, graphene) have attracted an enormous interest to prepare
self-healing nanocomposites due to their fascinating properties, including good mechanical and
electrical conductivity, high aspect ratio, and unique thermal propertiesSS. Another excellent
property of these nanomaterials is that they can be used as nanoreserviors for the healing agents,
trapped within the confinements of the SWCNTs thus, creating the possibility for making self-
healing materials with improved mechanical properties without use of nanocapsules®. Carbon-
based nanomaterials have the slightest affinity to interact with the polymer matrix material either
covalently or non-covalently. Graphene-based composites having shape memory and self-healing
properties were prepared by Xiao et al®, where the authors observed an enhancement of the
scratch resistance of epoxy-based graphene. Based upon thorough experimental investigations,
the enhanced scratch resistance was due to the in-plane fracture toughness of the individual
sheets of graphene. Hence, it was concluded that the overall properties of the graphene-based
shape memory polymer composites were greatly improved upon when compared with their
pristine counterpart. Shape memory polymers were also used to prepare self-healing foams,
reported by Li et al’’, where different materials such as shape memory polystyrene, multi-walled
carbon nanotubes (MWCNTs), VARIM (Vacuum assisted resin infusion molding) technology,

and glass micro-balloons were introduced to produce composites sandwich plates with foam



core. The study not only indicated the possibility to heal the impact damage created in foams but

also confirmed the enhanced strength, stiffness and shape memory behavior.

Tongfei Wu and Bigiong Chen’' explored extensively the effect of incorporating multiwalled
carbon nanotube (MWCNTs) in self-healing fatty acid rubber matrix. They observed that the
electrical conductivity of self-healing fatty acid rubber was improved with increased

concentration of MWCNTSs (19.7 vol%).

The piezoresistive effect was also observed particularly for the nanocomposite with 19.7 vol%
MWCNT which makes it potentially applicable in pressure sensing devices. Chen et al.”’ further
observed that the elongation at break was dramatically reduced due to the effect of the rigid
nanofillers on the flexibility of polymer chains.In their work, Guadagno et. al”? studied the effect
of carbon nanofillers (carbon nanotubes, carbon nanofibres, and graphene based nanoparticles)
on the cure kinetics of epoxy-amine resin by DSC.They proved that the reactive diluents causes a
decrease in the activation energy for o > 0.7 for which it is considered that the reaction of the

secondary amine is active.

It was also shown that for TGMDA_DDS diluents system, the inclusion of the 1D filler in the
resin does not lead to a big difference in the cure kinetics when compared with the unfilled
epoxy mixture (TGMDA_DDS_DILUENT). Studies by Bon et. al” showed the possibility to
achieve self-healing by the incorporation of graphene nanoparticles into fermented yeast. It was
observed that the incorporation of graphenes into fermented yeast resulted in improved
mechanical and electrical properties of the formed nanocompositein addition to its ability to
convert the light stimulus in the electrical signal. It was also observed that the surface of the
stressed cell was repaired, partially restoring the pristine electrical and mechanical properties.
They claim that this method is potentially relevant in the development of self-healable

bioelectronic devices and microorganism-based strain and chemical biosensors.
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Figure 1.2: (a) schematic PBS network cross-linked by boron/oxygen dative bonds’*.

Chen et. al’* made efforts to investigate the intrinsic self-healing behavior of polyborosiloxane
(PBS) reinforced with multiwalled carbon nanotube, exemplified in Figure 1.4. It was observed
that MWCNT-reinforced PBS showed excellent electrical and mechanical self-healing
properties, moldability and adhersion to PDMS elastomer substrate. These properties makes it
possible for the fabrication of self-healing MWCNTs-PBS electronic circuits on PDMS

elastomer substrate.

Table 1: Self-healing performance of PBS and MWCNT/PBS nanocomposites*

Sample Self-healing efficiency, %
Mechanical Conductive
10 min 30 min 2h 4h 10s
PBS 99.6 +04
MWCNT/PBS 3.0% 39.5+33 86.3+£2.8 98.1£0.8
MWCNT/PBS 6.2% 26.2+£2.7 66.0 +£3.1 98.7+0.7

MWCNT/PBS 13.3%  13.9+15,96.7+2.1 525+29 84422 96.7+13 97.9+0.8
(w)°, 98.4 +0.9 (m)"

“Unless otherwise noted, the values presented in this table represent the results of the samples healed under ambient conditions.

Pw = healed with water vapor; m = healed with methanol vapor.

Furthermore, it was noticed that MWCNTs at higher concentrations acted as continuous
electrical channel in PBS offering electrical conductivity which was up to 1.21 S/cm for the
nanocomposite containing 13.3wt% MWCNTs, with the conducting healing efficiency

calculated as high as 98% for all MWCNT/PBS nanocomposites (tablel).
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Scheme 2: Schematic procedure for the preparation of functionalized graphene nanosheets (FGNS)”

In their work, Wong et. al”> described a composite material made up of a polyurethane based on
Diels-Alder reaction linked with functionalized graphene nanocheets covalently, which shows
robust mechanical properties and infrared (IR) laser self-healing properties at ambient conditions
making it suitable for flexible substrate applications (Scheme 3). The results show the breaking
strength as high as 36 MPa with only 0.5 wt% FGNS loading. It was also shown that the initial
mechanical properties were restored upon rupture with more than 96 % healing efficiency after 1

min irradiation time by 980 nm IR laser.

1.3.2. POSS-based self-healing nanocomposites

Similar in characteristics to nanoclays, polyhedral oligomeric silsesquioxanes (POSS) are useful
building blocks in the formulation of organic-inorganic polymer hybrid materials due to its high
heat resistivity,high mechanical properties, and easy introduction of desired functional groups in
the side chain. Cubic polyhedral oligmeric silsesquioxanes, are usually preferred amongst other
types of oligosilsesquioxanes because of their novel contributions when used as filler in
nanocomposites and finds a lot of interesting applications in material sciences and in the field of
catalysis. The structural integrity of cubic POSS caused by its rigid and bulky core and the non-
conjugated nature of the siloxane bond makes cubic POSS competitively advantageous’®. The
substituent on the cage silicon atom can be a reactive or non-reactive group. The reactive organic
group has unique properties that make POSS materials potential candidates for the formulation
of nanocomposites with the inorganic POSS core molecularly dispersed in the matrix’’. POSS

nanocomposites have been proven to have superior properties such as high use temperature,
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oxidation resistance, improved mechanical properties, lower dielectric constant, flammability
and heat evolution, when compared with their polymeric counterpart’>’**%!, Zhiguang et al.®?
explored the thermal properties of mendable POSS nanocomposites by directly cross-linking a
POSS that brings eight furan-end functional groups with bismaleimide molecules via Diels-Alder
raction. The authors observed that the POSS nanocomposites was stiff at room temperature but

could excellently heal thermally repeatedly.

Propagyl alcohol
DCC,DMAP
DMF, 60°C, 48 h

W -CH,COOH reo-POSS
v -Propagyl!

Scheme 3: Synthesis of rGO-POSS*

In their work, Stadler et. al synthesized graphene oxide-based silsesquioxane-crosslinked
networks (Scheme 4)*. They observed that the rGO-POSS composites show a greater tendency
to percolate rheologically, suggesting that the functionalization of rGO with POSS has a positive
effect on the filler efficiency, thus making rGO-POSS more efficient than rGO rheologically.
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Figure 1.4: Schematic representation of a hyperbranched silsesquioxan polymer grafted graphene oxide (HPP-GO)™

In the same vein, Liu et. al** successfully fabricated a hyperbranched silsesquioxan polymer
grafted graphene oxide (Figure 1.4). The authors went further to investigate systematically the
effect of HPP-GO on the mechanical, dynamic mechanical, dielectric and thermal properties of
dicyclopentadiene bisphenol cyanate ester resin (DCPDCE). They observed that the appropriate
content of HPP-GO enhanced the mechanical properties as well as the flexural and impact
strengths of the DCPDCE resin even with 0.6 wt% of HPP-GO.Also, Deng et. al proposed an
approach in studying the effect of aminopropylisobutyl polyhedral oligomeric silsesquioxanes
(ApPOSS) functionalized graphene on the thermal conductivity and electrical insulation
properties of epoxy composites®. The authors observed that, as compared to pristine
GOl/enhanced epoxy (EP), the interfacial interaction between ApPOSS-graphene and the epoxy
matrix through covalent and non-covalent bonding promotes very good dispersibility,
compatibility and interfacial quality in composites which improves the thermal conductivity

through the formation of networks that conduct heat and decrease thermal interfacial resistance.

Deng et. al concluded that ApPOSS-graphene is a preffered filler for the enhancement of the
thermal conductivity and electrical insulation with potential application in electronics and
microelectronic industries. An effective method for the preparation of functionalized
poly(cyclotriphosphazene-co-4,4’-sulfonyldiphenol) (PZS) nanotube reinforced UV-curable
materials was developed by Hu et. al®. They observed that the storage modulus of POPZS/EA -
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3.0 nanocomposite was increased by 16 °C compared to those of pure epoxy acrylate (EA). The
reason for this, according to the authors is due to the high stiffnes of POPZS and the formation of
strong interfacial interractions®®. In their work, Messori et. al modified typical acrylic melamine
clearcoat with hyperbranched polymer and polyhedral oligomeric silsesquioxane nanostructures
to simultaneously enhance its scratch resistance and healing ability®’. They observed that while
the enhanced scratch resistance was due to the increased elastic recovery of the clearcoats in the
presence of nanostructured modifiers, the healing ability was a result of the partial replacement

of covalent cross-links with H-bonding (table 2)87.

Table 2: Healing results obtained from the scratch profiles before and after healing process®’.

Sample Mean y Max. depth Mean y (aft.) Max depth Healing Healing
(bef.) (um) (bef.) (um) (um) (aft.) (um) according to according to
mean y (%) max. depth (%)
HOPO -4.36 10.06 -2.06 6.75 52.7 32.9
H5P5 -2.06 6.65 -1.06 17.13 48.5 Not definable
HS5P15 -5.19 10.33 -1.23 3.39 76.3 67.1
H5P25 -4.06 8.04 -0.24 0.95 94.0 88.1
H10P5 -2.58 8.01 2.1 11.8 Not definable Not definable
HI10P15 -6.11 11.45 1.31 4.73 Not definable 58.6
H10P25 -3.63 8.07 -0.7 1.19 80.7 85.2

The superior healing ability of modified clearcoats was assigned to the reduced functional
reactivity, increased polarity and more globularity of hyperbranched polymers and POSS
nanostructures® .

POSS materials used as fillers have equally found applications in the development of special
hybrid sytems for biological applications. In the light of this, Lei et. al*® developed a
biocompatible elastomer using funtionalized POSS having great mechanical stability, very high
tunable behavior and osteogenic differential activity, thus extending the applications of such
materials in bone tissue regeneration (Scheme 6b). This development overcame the traditional
limitations of other bioelastomers due their low mechanical stability at hydrated state and poor
osteogenic differential activity. The authors show that the POC-POSS possessed significantly
improved stiffness and ductility in either dry or hydrated conditions, as well as good
antibiodegradable ability (20-50% weight loss in 3 months) thus making POC-POSS a promising
hybrid elastomer in the development of scaffolds and nanoscale vehicles for bone tissue

regeneration and drug deliverygg.
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The effect of silica nanoparticles in supramolecular polymers have been reported. This studies

was reported by Priestley et. al®

in an attempt to overcome the inferior creep mechanical
properties supramolecular polymers usually have when compared to traditional polymers due to
the absence of aggregation or crystalline domains. Although progress was made in the
improvement of the mechanical properties of supramolecular polymers via strong interchain
interactions limited to few examples of ureidopyrimidinone (UPy) stacking to form

supramolecular thermoplastic elastomers™, Priesley et. al discovered a more effective and

alternative route which requires the inclusion of silica particles65 (Figure 1.5).

Figure 1.5: Modification of silica nanoparticles and its effect in nanocomposite preparation®

The result of this investigation show a huge impact of nanofiller loading and surface
functionality on the mechanical properties and suggest that the network formation of the
nanofiller may play a key role, the understanding of which will be vital in the development of

advanced stimuli-responsive nanocomposite material.

1.3.3. Clay-based self-healing nanocomposites

Multifunctional resins designed from thermosetting structural materials possess outstanding
potentials that impact the structural performance of these materials by reducing cost, weight,
size, and power consumption while ultimately improving versatility, safety and efficiency. In the
field of aeronautic engineering, successful strategies intended to reduce the flame retardance of

the resin material while simultaneously increasing the electrical conductivity is very crucial.

The flame retardance of nanofilled resin materials can be improved upon by the inclusion of
nanofillers such as nanoclays, polyhedral oligomeric silsesquioxanes or new phosphorous

hardeners. Layered silicates such as montmorillonite, etc have been used as reinforcing agents

12



due to their high aspect ratio’"’' Nanoclays are very important fillers in the preparation of self-
healing composites not only because of their exfoliated arrangements in the polymer but also the
flame-retardant property introduced into the self-healing nanocomposite as a result of their
inclusion into the polymer matrix*******> Mechanical and fracture properties such as stiffness
are improved upon even though a few drawbacks still exist when manufacturing those exfoliated

97,98
structures

. However, Lau et.al” provides an innovative pathway to overcoming such
drawbacks. It has been documented that the interfacial shear strength of epoxy is remarkably
improved upon by the inclusion of nanoclays in the epoxy resin'®. The properties of the resin
material are greatly improved upon by the large surface to volume ratio of nanoclays. In epoxy
resin, the large exposed surface area is interacted with a large number of tiny nanoparticles much

. . . . 101
more than larger particles having the same net microscopic volume''.

The macroscopic
properties of the material is generally enhanced by increasing the interfacial area of the small
nanoparticles at lower concentrations, even though a well dispersed interfacial area between the
nanoclay and the resin leads to further improvement in barrier properties, electrical properties

and thermal stability'**.

For better dispersion of the nanoclays in the epoxy matrix, nanoclays are modified with organic
molecules. This modification not only causes an increase in the interlayer spacing of the clay
platelets, but also provides an opportunity for functional groups to interact with the epoxy
matrix. Also, the modification of nanoclays causes an increase in the interfacial gab and reduces
the surface energy making it more compatible with the epoxy matrix. Clay layers can either be
intercalated when dispersed in a polymer matrix with the insertion of the polymer chains in the
clay layers that retains their lateral order, or exfoliated when the clay platelets are completely
delaminated and dispersed individually in the polymer matrix. The intercalation or exfoliation of
clay platelets causes the platelets to interact more effectively with the epoxy matrix, thus
increasing the properties of the nanocomposites. But nevertheless, complete exfoliation is readily
achieved in an epoxy matrix because clay exfoliation is enhanced by a series of factors, ranging
from curing agents and conditions, the cationic exchange capacity of the clay and the property of

s 103,104,105,1
the clay modifier'9*!0410%10¢,

Tensile properties, enhanced barrier properties, increase in thermal stability, increase in flame
retardance, and enhanced barrier properties are all improved upon by the exfoliation of

1,1
nanoclays’'"”.
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Several studies which have been carried out to integrate nanoclays into the polymer matrix show
that the orientation of the clay platelets occurring usually along the loading direction, causes an
increase in the Young’s modulus'%1% Also, it has been noted that addition of nanoclays to
epoxy matrix improves wettability in fibre-epoxy composite, hence the need for a well dispersed
nano reinforcement in the matrix''.This addition of the inorganic clay also (depending on the
area of application of final material) prolongs, by tortuosity the pathways of diffusing molecules
(water or gas molecules), thereby reducing the material permeability and improving the life span
of the polymer-based material''""'*'"* In addition to the barrier properties that is usually
improved when inorganic clay is incorporated into the polymer matrix, the overall mechanical
and thermal properties of the final resin material is also significantly improved upon even at low

. . 114,11
nanoparticle loading''*'",

It is important to note that the tortuosity effect created by the
inclusion of nanoparticles into polymer matrix is directly related to the effective dispersion of
these clay particles in the polymer matrix and by extension, the amount of matrix/nanoclay
interfacial region. This is very crucial because the degree of nanoclay delamination into the
polymer matrix is a function of the chemical modification on the clay surface, which is in
practice, intended to facilitate great affinity with the polymer matrix and also improve the

processing conditions of nanocompositeslm.ln the work of Safi et. al'”’

the addition of nanoclay
to the epoxy matrix led to a nano-reinforced matrix with the expectation that such reinforcement
will further strengthen the interfacial adhersion by different mechanisms such as being a razor to
direct crack path through different constituents alternatively. It was also found that the nanoclay

o117
was capable of crack deviation .

1.4. Modification of nanofillers(nanoclays and POSS) and their self-healing nanocomposites
1.4.1.Nanoclays

Clays minerals, generally called layered silicates, such as montmorillonite (MMT), mica, or
pyrophyllite are very important category of materials because there are abundantly available in
soil and other sediments''®. There have vast range of applications such as additives, mud drilling,
catalysis and construction material''*'?°, in addition to their usefulness as rheology control
agentsm, reinforcements in nanocompositesm, and substrates for nanopattening123’124. The
application of clay minerals in biogeochemical processes to retain and release metal nutrients in
soil'® has also been explored likewise. Clay minerals, made up of a layer-like shape with a

125
h

comparatively high mechanical strength “~, are considered as nano materials (or nanoplatelets)
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because the diameter of the clay platelets are in the nano meter range (<100 nm)'*.When the
particles are tubular in shape and within the nano meter range, there are called nano fibers (e.gs
carbon nanotubes and graphenes) and when the particles are circular, there are considered as
nanoparticles.

Montmorillonite clay material, used in this work, for example, is a layered 2:1 dioctahedral
phyllosilicate composed of an octahedral sheet (O) sandwiched between tetrahedral sheets (7),
thus giving a TOT structure'*® as illustrated in Figure 1.5 below. The T sites are made up of SiO4
units and the O sites are made up of AlOg units in the absence of any substitutions. The
coordination sphere also contains structural hydroxyl groups. Meanwhile, one of the three
symmetrically unique octahedral sites is not occupied by a cation in dioctahedral 2:1
phyllosilicates126. Cationic substitutions frequently occurs in dioctahedral 2:1 phyllosilicates,
with isomorphic substitutions of Al** ions by Mg** ions in the O sheets being particularly
perculiar to MMT. This substitutions results in a net negative charge for the clay layer, which is
balanced by existing cations at the interlayer such as Na®, Li* and Ca®*'?®. Na MMT is the most
preferred clay mineral for wide range of applications as mentioned earlier because it possesses

excellent cation exchange capacity (between 70-95 meq/100 g) and a high surface area'”’.

Onelayer thickness ~1 nm

Basal spacing ()

Inter layer
distance

Electrostatic and Van der
Waals interaction

Figure 1.6: Na MMT structure containing 7OT sheets and counterions in addition to the dispersion of these
counterions in the clay gallery.

Perhaps the most characteristic property of clay materials is their ability to adsorb water
molecules between the layers which results in strong repulsive forces with clay expansion as

consequence.
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1.4.1.1. Swelling of clay

The ability of clay materials to swell in the direction perpendicular to the silicate platelets by the
intake of water, polymers, salts, and other materials in the interlayer region is what makes it
useful as a colloidal model'?, Consequently, the clay gel formed represents a one-dimensional
colloidal system that is appropriate for studies in electrostatic interactions as well as interlayer
structure in polyelectrolyte solutions and colloidal suspensionslzg.Swelling strongly depends on
the molecular packing of intercalated water'” and the type of interlayer counter-ion"*’. For
instance, clay materials containing K* as the interlayer counter-ion shows fewer propensities to
swell,compared to clay materials having Na+ as its counter-ion. Li" -containing clays, on the
other hand swell better than their Na'-containing counterparts. For K'-containing clays, the
intermolecular interaction that exist with water molecules is too weak, leading to the formation

of inner sphere complexes which does not depend on the location of the layer charge'*’.

o)

o)

o

Figure 1.7: The three sheet structure of a typical Na MMT clay material showing the penetration of water
moleculesat the interlayer of the clay gallery.

Figure 1.6 illustrates the positioning of the water molecules in a three sheet clay material. The
sodium counter-ion coordinates to the water oxygen while the oxygen atoms on the clay surface
are bonded to the water hydrogen atoms. When the water vapor in the clay gallery increases, the
clay platelets swells but the complexes already formed in the inner sphere are preserved, and
their distance to the clay surfaceremains almost constant. The consequence of this phenomenon

is the formation of a double layer by the water molecules.

1.4.1.2.Surface modification of clay materials

Clay materials basically contains Na* or K* ions and are only compatible with hydrophilic
polymers such as poly (vinyl alcohol). Rendering them compatible with non-polar polymers
requires further reactions to make them organophilic. Achieving this requires ion exchange
reactions between existing counter ions and long chain primary, secondary, tertiary and

quaternary alkylammonium cations which contain various substituents'>.In order for the
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organphilic clay to be compatible with the polymer, at least one of its substituent must be a long
carbon chain of 12 carbon atoms or more"'. The resulting clay with a nonpolar surface,
therefore, possesses the very important property of being able to swell and disperse in certain
organic solvents, which has been a major setback for pristine clay materials. In the light of this,
Zhu et al. reported the structure and adsorption properties of zwitterionic surfactants when used
to modify clay materia'*>. They reported that the loading, chain length and concentration of the
surfactants mainly affected the properties and structure of modified claym. A few other
surfactants have been used as modifiers for cationic exchanged reactions and reported as well, as
contained in table3.With the successful cationic exchange reactions of certain montmorillonite,
the organophilic clays extends its application to cover wide range of industrial applications and
are, for example, an important constitutent of oil-well drilling fluids, paints, plastics, greases,
detergents, thin films, rubber, and plastics133’90’l34’135 ’136’137’138’139’140’141’142.Organophilically
modified clays have been thoroughly studied over the last few dacades, but neither the structure
nor the mechanisms by which swelling and dispersion occur in organic solvents are deeply

understood yet.

Increasedinterlayer
spacing

Figure 1.8: Modification of Na MMT with cationic surfactants and the effect of the cationic exchange of
counterions with organic molecules on the interlayer distance.

However, the structure of the organic layers formed at the interface of organophilic clays
depends on the nature of the modifier and its content'>>'**!'** Of great scientific and industrial
relevance is the knowledge of the behavior of organic molecules embedded into clay galleries. In
as much as the fabrication of polymer-clay nanocomposites is concerned, for instance, the
surface modification of clay allows the penetration of polymers into the clay galleries, which is

why knowing the structure of the organophilic layer in the modified clay is of great importance.

Table 3: Names and structures of surfactants used for nanoclay modification
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Name of Structure Name of surfactant Structure
surfactant
N,N,N,N’.N’.N’- Dodecyltrimethylammoniu \,&/\/\/\/\/\/\

hexamethylhexamethylene

diammonium dibromide'*’

m chloride'*

N,N,N,N’,N’,N’-
hexabutylhexamethylenedi

ammonium  dihydroxide

solution'®’

N,N-trimethyl-6-(4-
vinylbenzyl)hexane-1-

aminium'*

N.N.N.N°.N"-
pentamethyldiethylenetria

mine'®

N,N-trimethyl-6-(4-
vinylphenyl)dodecan-1-

aminium'*

N,N-dimethyl-N-(4-
vinylbenzyl) hexan-1

aminium'*

N-(4-ethylbenzyl)-N,N-
dimethyldodecan-1-

aminium'*

N,N-dimethyl-N-(4-
vinylbenzyl)  dodecan-1

5,6-di(11-(N,N,N-

trimethylammonium)undec

L 146 N
aminium oxycarbonyl)norbornene O -
M
9] Br
1-methyl-3- \\\/N 1-mesityl-1- ?@
decahexylimidazolium'*’ < /\/\/\/\/\/\/\/\ dodecylimidazolium QN/\Z\‘ 7
iodide'**

Tertiary amino ligand'*’

1-tertiary-butyl-1-

dodecylimidazolium

bromide'*

Alkylmethyl HO\/L\O Tallow-based ammonium | HO
dipolyoxyethylene jl\L CH, cation'’ —N; %HS
: - 150
ammonium cation o)
HO/$/ 4 OH
Alkylmethyl 3-(N,N- \
\/\/\/\/\/\/\/NL/—\S

dipolyoxyethylene dimethylmyristylammonio) \
ammonium cation'> propane sulfonate'*
3-(N,N- 3-(N,N- ‘

( NN AN ( \/\/\/\/\/\/\/\/N*J—\so3

dimethyldodecylammonio)

propane sulfonate'*

dimethylpalmitylammonio)

propane sulfonate'*

The surface modification of Na MMT with quartenary ammonium cations, as shown in Figure

1.7 and table 3, can be achieved under mild conditions and allows broad range of functionality
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in these hybrid systems. Added to the industrial importance of the organophilic clay, mechanical

133,134,135 134,135
h )

properties such as higher moduli , increase heat resistance and increased strengt
decreased ﬂammabilitym, decreased gas permeability142, have been shown to greatly improve as
well as improved biodegradability15 !. Hence, macroscopic properties which depend on the choice

of the clay mineral and the surfactant can be engineered over a wide range.

1.4.2. Polyhedral oligomeric silsesquioxanes

Resins have been intensely applied in wide range of applications attributed to their excellent
physical and chemical properties including high tensile strength, thermal stability, and
compression strength'”>. However, as a prospective material for widely considered applications
together with high performance purposes for instance in automobile parts and turbine blade,'
further enhancement in mechanical properties are extremely required. To achieve this goal, the
addition of nanofillers into resins is highly advantageous, where addition of small amount of
nanofillers (e.g. POSS, clays, CNTs, graphene, etc.)’” 154provide excellent mechanical
properties, thus enhancing the strength of the material significantly.

At the molecular level, polysilsesquioxanes are organic-inorganic hybrid materials with the
molecular formula (RSiOl.s)nlss’156.Silsesqui0xanes, typified in Figure 1.8, have a general
formula (RSi0; 5),(H,0)¢.5, where a and b are integer numbers and R is a hydrogen atom or an
organic groupm. There are basically composed of rigid crystalline silica-like core that has a
perfect definition spatially (0.5-0.7 nm)"’. Silsesquioxanes have several structures such as
ladder'*", random'®*'*"1>° and cage'®*'®, with the cage structure having 8 silicon atoms at
the vertices of the cube. Based on the number of silicon atoms present in the cubic structures of
silsesquioxanes (completely and incompletely condensed silsesquioxanes), different designations

76,164
such as Te, T7, Tg, Ti¢ and T, are used .
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Figure 1.9: Silsesquioxanes: (a) Q8 (Q = SiO,),), R = H, vinyl, epoxy, methacrylate, etc.; (b) RxTx (T = R-Si03/2),
R = alkyl, alkene, acetylene, acrylate; (c) Typical sizes and volumes.

The highly symmetrical and star-shaped structures formed by POSS materials, makes it possible
for POSS materials to have unique characteristics that are distinctly different from planar

165,166

molecules , and as a result, the solid polyhedral oligomeric silsesquioxanes have received

considerable attention as building blocks for the formation of functional molecules as well as

. : : : 167,168,169,170,171
nanomeric materials in nanocomposites 67.168,169,170,17

.Physical properties such as processability,
toughness, thermal and oxidative stability are expected to be enhanced as a result of the
incorporation of an inorganic component into an organic polymer matrix.

Incorporation of polyhedral oligomericsilsesquioxane(POSS) into polymer matrix dramatically
improves their mechanical properties as well as reduces their flammability, heat evolution, and
viscosity during processing'>>" % In addition, generally POSS molecules are soluble in monomer
mixtures; therefore, they can be incorporated as true molecular dispersions in the resulting

. . 172
polymer matrix, an advantage over their carbon counterparts

.POSS have been used to modify
polymers'”?, nanoparticles'’* and carbon nanotubes'”®. The most common reaction till date, for
crosslinking POSS for capillary liquid chromatography application is the thiol-ene reaction'’.
Alves et al. reported to have obtained hydrogels with enhanced and largely varied
physicochemical characteristics from the crosslinking of vinyl-POSS and homotelechelic thiol
polyethylene glycol di-ester macromonomers'’’. POSS molecules have also been gratfed
together with grapheneto produce materials possessing high electrical and sensing properties in

addition to its solubility property caused by the presence of POSS'.
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1.4.2.1. Enhancement of thermal and mechanical properties of polymer nanocomposites
with POSS

The use of fillers to enhance the mechanical and thermal properties of conventional polymers is a
simple and effective pathway that has dissolved the growing concerns of such material properties
in recent past. To this end therefore, silica and siloxanes are considered practical fillers which
improve the material properties of polymers significantlym’lgo’lgl, in addition to POSS which has
also been reported'®>'®*'® The cage-like structures of POSS materials having eight organic
functionalities, makes it suitable as a crosslinking molecule since it is soluble in a wide range of
organic solvents. Researchers have shown that the reinforcement of polyimide aerogels can be
achieved by cross linking with POSS derivatives than with polymerslgz. And as a consequence,
very porous materials with high modulus, large surface area and low thermal conductivity were
obtained. Enhancement of thermal and mechanical properties can also be derived by covalently
incorporating POSS materials into polymer chains and terminals. Even with little amount of

POSS materials, the pyrolysis of the polymer185 or hybrid materials'*

is considerably
suppressed. Additionally, the end-capping by POSS materials can effectively enhance the

rigidity of the polymers'"’.

1.5. Microencapsulation of healing agents for self-healing materials
1.5.1. General concept of microencapsulation
The concept of encapsulation has been utilized in pharmaceutical and other companies for drug

0191 " and food additives'”* before now, but has been

delivery'®®, cell encapsulation'®, catalysis
adopted in recent past for the formulation of self-healing composites where special healing
agents of interest are enclosed in a capsule.

Microencapsulation is profoundly regarded as a preservation technique of sensitive compounds
with special characteristics for the production of materials with desired and valuable properties38.

It protects the solids, liquid droplets or gases from the inert shell which directly protects the

enclosed compound from the external environment.
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Figure 1.10: Release of active agents from microcapsules during mechanical rupture of the embedded microcapsule
in composite material.

The product of the microencapsulation process is either regarded as microspheres, micro
particles, or microcapsules depending on the size and morphology. When the size is below 1um
the particles are considered as nanoparticles, and when the size is between 3-800 um, are called
microcapsules. Macrocapsules with particle size greater than 1000 um. The microcapsule is
made up of two distinct parts: the microcap and the active agent as seen in Figure 1.9. Several
approaches have been developed and reported for microencapsulation ranging from

. 1 194,1 . 1
colloidosomes'”,  self-assembled  polymersomes'**'”>,  vessicles'”®  and  polymer

. 197,198,199,200,201
microcapsules

. The fabrication of these capsules through these approaches often
require an experimentally laborious multiple stepszoz’203 204, Generally, encapsulation is done to
(1) protect sensitive substances from harsh environmental conditions, (ii) protect organoleptic
properties like colour, taste, and odour of the substance, (iii) for safe handling of toxic materials,
(iv) to achieve target release of active component, (v) and to avoid adverse effects that the
encapsulated compound could cause®”.

Broadly, there are three major categories of encapsulation techniques based upon their

applicability. These are: chemical methods, physico-chemical methods, and physico-mechanical

methods. The difference in their processabilities and applicabilities are listed in table 4 below™”.

Table 4: Chemical, physic-chemical, and physico-mechanical microencapsulation processes and applications.

Chemical processes Physico-chemical processes Physico-mechanical processes
Interfacial polymerization Coacervation and phase separation Spray drying and congealing
In situ polymerization Sol-gel encapsulation Fluid bed coating
Polycondensation Supercritical CO2 assisted Pan coating and
microencapsulation Solvent evaporation
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However, emerging industrially relevant techniques for the encapsulation of desired compounds

206
d

have been develope and for the purpose of clarity and conciseness, emphasis would be on

three major aspects of organic encapsulation methods.

1.5.2. Supramolecular encapsulation

Supramolecular chemistry, in an extended form, also encapsulates the inclusion of small
molecules within organic structural cavities which basically consist of macrocyclic oligomeric
materials. Conversely, their inorganic counterpart are based on metal-organic frameworks or

207,208,209,210,211

mesoporous silica . The weak enthalpic intermolecular interactions and a favorable

entropy that results in the evaporation of trapped solvent in the molecular compartments
constitutes the driven force for the mode of encapsulation for this approach212.

1.5.3. Emulsion Encapsulation

Emulsion encapsulation differs from other encapsulation techniques discussed herein in that it
relies on covalent shell-wall formation that provides a robust encapsulation unlike the previously
discussed encapsulation methods that are driven by inter-/intramolecular non-covalent
interactions. Emulsion-based technique has been strategically applied extensively to produce
microcapsules40’ 213 for different applications including food and nutrition, coatings, utilizing
triggerable microcapsules, micro-reactors, synthetic cellular structures, and self-healing

214,215,216,217

materials . With respect to preparation, amphiphiles known as emulsifiers are usually

introduced to stabilize the immiscible multiphase mixtures by lowering the interfacial energy of
the discontinuous phase. Macromolecular amphiphiles which often serve as stabilizers due to

their hydrophobic and hydrophilic states as well as surfactants, have been widely used as

. 218218b,219
emulsifiers .

1.5.4. Miniemulsion/Interfacial encapsulation
Miniemulsion technique has been developed to overcome the challenges of encapsulating special

healing agents for self-healing materials, having good dispersion of the capsules in the polymer

220

matrix“"". While miniemulsion encapsulation process guarantees the efficient encapsulation of

healing agents, it is likewise a method of choice for encapsulating various low molecular weight

d221 202,222,223,224,225 d224,225

materials that can either be solid™, hydrophilic or hydrophobic or liqui

The encapsulation of liquid substances is necessary for self-healing materials since the healing
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materials is expected to be mobile enough to diffuse to the cracked plane for healing to take

effect.

Miniemulsions are generally considered to be relatively stable droplets (with size range between
50-500 nm) prepared by either oil-in-water or water-in-oil emulsion techniques where the

. . . o 226
emulsion generated consist of water, oil, surfactant, and a stabilizer

. The latex particles formed
from the polymerization process have the same size as the initial droplets. The concept of
“nanoreactors” is usually applied in miniemulsion polymerization technique. This allows the
formation of polymer latex particles. It has been successfully shown that the miniemulsion
encapsulation method is suitable in the production of stable latexes as well as in reactions
involving dispersed media where the same principle of miniemulsion polymerization can be

transferred to polyadditions®’***.

The widely known Interfacial polymerization technique of encapsulation, on the other hand, can
be applied to dispersed systems and is used to encapsulate varieties of materials such as live
cells, enzymes, agrochemicals, flavors, fragrance, drugs and dyeszzg. Other compounds that have
been successfully encapsulated are osmium tetroxide™", palladium (II) acetate, and Pd (0) (20-
250 um) in a polyurea matrix™'. The polyurea was synthesized at the interface of the oil droplets

by polycondensation.

1.5.5. In-situ encapsulation

The precipitation of polymeric materials at the oil-in-water interface during the production of
polymer capsules or hollow capsules, causes the droplets to be enclosed in a polymeric shell. In
in-situ polymerization technique, the conditions are predominantly driven by interfacial energy
criteria. Several compounds have been encapsulated by in-situ polymerization method for
specific applications. Sondi et al.>? successfully encapsulated nanosized silica coated with tert-
butyl acrylate polymer by in-situ technique. They showed that the stable dispersions of the
capsules where in the size between 8 and 11 nm with potential relevance in photoresist

23
1.3

applications. Mukkaram et a also reported the in-situ ATRP of a cross-linked terpolymer

designed to migrate to the oil-water interface giving rise to hollow polymer particles.
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Chapter 2
Aim and synthetic concept
2.1.Aim
The overall aim of this dissertation isto systematically develop catalytically active nanofillers
with desirable catalytic activity capable of activating self-healing functions at low temperatures
(Figure 2.0). This thesis is also targeted at synthesizing and encapsulating multifunctional azides
and alkynes which can act as healing agents for the activation of ROMP- and click-based self-

healing systems.
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Figure 2.0:General synthetic concept and pathways for the surface modification of clay and POSS, and subsequent
attachment of metal catalysts on their surfaces.

For the surface modification of the nanoclays by cationic exchange reaction, different modifiers
with potential binding sites for the immobilization of Cu- and Ru-based catalysts have been
synthesized (6a, 6b, 9, 16, and 21). The developed catalytically active nanofillers are expected to
initiate Ring Opening Metathesis Polymerization (ROMP), in the case of Ru-modified clays and
POSS, and “click” reactions in the case of Cu-modified clays and POSS, while improving the

overall mechanical and thermal properties of the final material.
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Kinetic investigations are to be carried out in order to quantify the catalytic activity of the
nanofillers modified with Ru/Cu (I)-based catalyst using differential scanning calorimeter

(DSC), rheology and FTIR.

2.2.Synthetic Concept
The approach is to immobilize Cu-andRu-basedmetal catalysts on the surface of clay and POSS

materials. This can be achieved by first modifying the pristine clay materials with organic

ligands (6a, 6b, 9, 16, and 21).

‘ ‘ ‘ Pt Q/\/\/\/\/\
NOANCAUNL —8

DMF, 100 °C, 48 h | o
7 N Br

CU(CHacNM} PR,

Na MMT (22)J

6b | Cu(CH,CN), PR,

6a JNa MMT (22)

SO
>
Cu* ®\<Cu

Na MMT. (22) d1I Na® Na® NS N® N® R —< i;\f ,13b
a a =
(e @ ¢ 0o & o]

Scheme 2.1.1: Step by step synthetic rout for the successful synthesis of organic modifiers with potential sites for
the immobilization of Cu(I), subsequent modification of nanoclays with modifiers and immobilization of Cu metal
catalyst.

Scheme 2.1.1 illustrates the possibility through which Cu (I) can be attached onto the surface of
pristine clay (Na MMT). It gives the pathways that allow the surface modification of Na MMT
with specific ligand that can form a Cu-carbene through covalent bond formation (13a, 13b), and
also presents a pathway that allows modification of Na MMT with a non-specific ligand that
doesn’t really make a Cu-carbene but forms a Cu complex in certain ways with different

complexing sites (11).
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Scheme 2.1.2:Step by step reaction pathways for the synthesis of organic modifiers with potential sites for the
immobilization of Ru catalyst, subsequent modification of nanoclays and immobilization of Ru catalyst.

It is expected that the interlayer distance d;, for pristine clay would be enhanced when the

modifications and subsequent attachment of copper is completed, giving rise to new interlayer

distances d, and dj

The proposed pathway for the attachment of Ru catalyst onto clay galleries in this thesis can be

seen in scheme 2.1.2.The increase in the interlayer distance of the clay material, which is proof

of complete exfoliation or intercalation of the surfactants, is expected.

However, the approach for the attachment of Cu and Ru catalyst on POSS materials is different

and the proposed reaction pathway is shown in scheme 2.1.3. One approach is to make a Cu-

carbene on the triazole ring formed by click chemistry, however, in a second approach the Cu-

carbene is formed by covalent linkage.

To evaluate the performance of the synthesized Cu-

immobilized nanoparticles (clay/POSS),

trivalent azide and alkynes could be useful where a “click” network develops during a cross-

linking reaction, analyzed via DSC.
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Scheme 2.1.3:Surface modification of different POSS compounds with low molecular weight compounds with
potential bonding sites for metal catalyst.

Consequently, the synthesis and encapsulation of the multivalent low molecular weight alkynes
and azides by in situ polymerization with poly (Urea-Formaldehyde) (PUF) as the shell wall

could be achieved and the synthesized capsules would be used to prepare self-healing composites

in the future.
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Scheme 2.1.4: Synthetic representation of the synthesis of multivalent alkynes and azides with subsequent

modifications.
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Chapter 3

Synthesis and characterization of Cu and Ru immobilized nanoclays

Sodium montmorillonite (Na-MMT) which is a special type of clay minerals, is abundantly
available having great swelling capacities, high cationic exchange capacities and a high surface
area”*. These interesting properties of Na-MMT makes it a preferred option for researchers
seeking to use nanofillers that can be engineered at the nanometer regime for making materials
with fire retardant properties. The hydrophilic nature of nanoclays however, hinders the
homogeneous dispersion of these clay minerals in a hydrophobic polymer matrix>>. Therefore,
modifying the nanoclay surface with organic modifiers creats a hydrophobic environment that
enhances its compatibility with the polymer matrix. Herein, the modification of clay was done
using different types of synthesized alkyammonium and tertiary ammonium modifiers. The
choice of these modifiers lie in their ability to form a stronger dipolar bond with the
hydroxonium ion in the clay gallery in addition to their ability to exhibit catalytic effect in epoxy
systems>*°. This was followed by the immobilization of Ru and Cu metal catalysts onto the clay
surface. The choice of these metal catalysts (Ru and Cu) was because of their ability to activate
ROMP and “click’-based reactions respectively. This organically-modified clay with
catalytically active sites not only play a vital role in the delamination of the organoclay in
polymer matrix, but can also act as catalyst for the activation of self-healing functions at low
temperatures.

3.1.Modification of nanoclay with vinylbenzyldodecyl ammonium chloride (VDAC) and
subsequently with Grubbs first generation catalyst

The modification of nanoclays began with the synthesisof vinylbenzyldodecyl ammonium

chloride (VDAC)16, which was according to the procedure from Qutubuddin®’

. It was just a one
step quaternization reaction with a yield of 79 %. The purity of the quaternization reaction was

proven by 'HNMR.
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Figure 3.1.1:'H NMR spectrum of vinylbenzyldodecyl ammonium chloride (16).

As can be seen in Figure 3.1.1, the protons at position “f” appeared as a singlet at 5.06 ppm and
that at position “d” appeared as a doublet with J-coupling constant of 17.16 Hz. The presence of
these protons and the other protons that have been successfully assigned proved that the
quaternization reaction was successful. All signals where properly assigned, thus proven the

purity of the compound.
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Scheme 3.1.1:Synthesis of vinylbenzyldodecyl ammonium chloride (16) and subsequent modification of nanoclay
with 16 and thereafter with Grubbs catalyst I.

Subsequently, the preparation of organoclay 23 was achieved by cationic exchange reaction
where the sodium ions at the interlayer of the clay galleries were replaced with VDAC (16).
Further details about the synthetic procedure have been explained in the experimental section. As
a prove of successful intercalation or exfoliation, the interlayer distance was increased

significantly (see table 5). However, the interlayer distance (d;) of clay 24 (23.0 d/A) was
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slightly higher than clay 23 (22.8 d/A) as determined by XRD. This result was expected giving

that the Ru catalyst doesn’t have any significant impact on the interlayer distance.
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Figure 3.1.3a): Thermogravimetric analysis of organoclay, and b): X-ray diffraction patterns of modified clay
materials at different modification conditions.

Table 5: Effect of temperature and time on the loading of vinylbenzyldodecyl ammonium chloride on NaMMT.

S/N Organoclay Reaction d/A (dy) Amount of Na* Mass Loading of surfactant®

Condition exchanged (%) Loss(%) mmol/mg mg/mg

1 NaMMT - 12.1 - - - -

2 NaMMT:VDAC 3h, 40°C 14.8 87.8 29.40 0.72 ¥107 0.258

3 NaMMT:VDAC 3h, RT 13.9 82.9 26.21 0.68 *107 0.244

4 NaMMT:VDAC 6h, 40°C 22.0 93.9 33.51 0.77 ¥107 0.276

5 NaMMT:VDAC 6h, RT 22.8 93.4 3291 0.77 107 0.276

6 NaMMT:VDAC 12h, RT 14.6 85.4 28.12 0.70 ¥10°7 0.251

7 NaMMT:VDAC 48h, RT 14.6 87.8 29.34 0.72 *¥107 0.258

a: value calculated from TGA

Thermogravimetric analysis of the organoclays was carried out to investigate their thermal
stabilities. It can be seen in Figure 3.1.3a that the organoclay was more thermally stable up to
200 °C. The analysis also showed the percentage decomposition of organic phase as well as the
inorganic phase. Further modification parameters are outlined in table 5. Entry 4 and 5 shows

the right condition for obtaining the maximum loading on the surface of nanoclays with the value
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of the interlayer distane of the modified clay doubled when compared to the pristine clay and the
amount of the Na* ions exchanged almost at maximum . X-ray diffraction patterns were done to
underscore the effect of the cationic exchange reactions with regards to the interfacial distance
(Figure 3.1.3b). The interlayer distance, d,was almost doubled after the complete modification

for entry 4 and 5, compared to the pristine clay (NaMMT), entry 1.

3.2. Modification of nanoclay with 5,6-di(11-(n,n,n-
trimethylammonium)undecoxycarbonyl) norbornene(21) and subsequently with Grubbs
catalyst
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Scheme 3.2.1:Synthesis of 5,6-di(11-(n,n,n-trimethylammonium)undecoxy carbonyl) norbornene (21)followed by
themodification of nanoclay with 21 and thereafter with Grubbs catalyst II.

A second surfactant with the ability to bond Ru metal catalyst onto itself at the interlayer of clay
galleries was synthesized according to several procedures (scheme 3.2.1). The surfactant, 5,6-
di(11-(n,n,n-trimethylammonium)undecoxycarbonyl) norbornene21, was prepared in three steps.
Firstly,bicyclo (2,2,1)-hept-5-ene-2,3-dicarbonyl acid17, was converted to bicyclo (2,2,1)-hept-
5-ene-2,3-dicarbonyl chloride 18, by esterification reaction by treating it with thionyl chloride
according to the procedure from Binder et at*****°. Then the chloride derivative was reacted with

bromoundecanol in pyridine followed by dropwise addition of diethylether to give 5-norbornene
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diester20, as adopted from Harsha®*” and Behling®*'. Finally, the norbornene diester was mixed

with trimethylamine in ethanol and stirred for 48 h under argon to give 5,6-di(11-(n,n,n-

trimethylammonium)undecoxycarbonyl) norbornene21.
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Figure 3.2.5: 'H NMR spectrum of 5,6-di(11-(n,n,n-trimethylammonium)undecoxycarbonyl) norbornene (21).

Figure 3.2.5 shows the purity of 5,6-di(11-(n,n,n-trimethylammonium)undecoxycarbonyl)

norbornene. All peaks were properly assigned, thus proving the structure of the compound.

The cationic exchange reaction of 21 with Na MMT 22, was according to the procedure from

Harsha®*” by mixing norbornene surfactant 21, with Na MMT clay22in distilled water and stirred

under reflux for 96 hours to achieve maximum grafting density. The modified clay was

recovered by filtration and further dried under vacuum at room temperature for 24 hours.
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Figure 3.2.7 a): Thermogravimetric analysis of Nmod clay25, and b): X-ray diffraction patterns of modified clay
materials at different modification conditions.

The thermogravimetric analysis of the modified clay 20(Figure 3.2.7a), showed two degradation
peaks at 194.0 °C and 561.6 °C where the first degradation temperature corresponds to the
Hoffmann decomposition peak caused by the decomposition of the surfactant molecule while the
second degradation peak corresponds to the decomposition of the hydroxonium ions in the clay
galleries. The X-ray patterns (Figure 3.2.7b) where measure and table 6 below contains
interfacial spacing of the modified clay materials at different reaction conditions. There wasn't

any major difference in the interfacial distance with respect to the reaction conditions.

Table 6: Influence of reaction time on the cationic exchange reaction of 21 with NaMMT22 at 60 °C.

S/N Organoclay Reaction d/A Amount of Na* Mass Loading of surfactant®
Time (hrs) exchanged (%) Loss (%) mmol/mg mg/mg
1 Nmod clay 01 120 18.1 52.3 23.33 0.43*107 0.233
2 Nmod clay 02 96 18.5 70 31.00 0.57 *107 0.309
3 Nmod clay 03 72 18.3 56.6 25.19 0.46 107 0.251
4 Nmod clay 04 48 18.2 51 22.61 0.42 *107 0.228
5 Nmod clay 05 24 18.2 50 21.97 0.40 *107 0.219

a: value calculated from TGA

From table 6, it can be seen that the highest grafting density of the modifier in the clay gallery
was obtained at 96 hours with the amount of Na* ions exchanged being 70 %. This modification
was repeated to prove its reproduceability, and the results proved positive implying that the

amount of Na* ions exchanged are reproduceable. After 96 hours, the grafting is drastically
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reduced suggesting that the strength of the electrostatic bond that exists between the modifier and

the hydronion ions in the clay gallery is weakend, and the already bonded modifiers are cleaved

off.

ROMP active Nmod-MMT substrate26, was prepared by the dispersion of Nmod-MMT2S in
dichloromethane for 4 hours with rigorous stirring at room temperature,and followed by the
addition of Grubbs catalyst (first generation). The mixture was rigorously stirred for 1 hour at
room temperature, thereafter filtered and the Ru-modified clay surface was dried under inert
conditions.The G1-modified clay was thoroughly washed with dry DCM (50 mL, three times) to
remove unreacted catalyst. Flame atomic absorbtion spectrometry was done to quantify the
amount of Ru carbens formed on the surface. From the obtained FAAS results (table 7), it was
found that the G1-modified Nmod clay contained more Ru (0.015 mg/mg) than the G2-modified
Nmod clay (0.007 mg/mg).

Table 7: Flame atomic absorption spectrometric measurements of Grubbs-modified clay nanomaterials.

S/N Grubbs-modified clay Amount of Ru (mmol/mg) Amount of Ru (mg/mg)
1 G1-mClay (24) 0.27 * 10™ 0.022
2 G2-mClay (24) 0.15*10* 0.013
3 G1-Nclay (26) 0.18 *10™ 0.015
4 G2-Nclay (26) 0.82 *10” 0.007

3.3.Synthesis of modifiers for Cu (I) attachment'*®

Three different modifiers were prepared requiring a few steps, for the attachment of
Cu(I)(required for “click” chemistry) unto clay galleries as illustrated in scheme 3.3.1 according

. 1242
to the procedure from Giovanni

with modification. For the synthesis of 1-tertiary-butyl-1-
dodecylimidazolium bromide 6a, two reaction pathways were followed.In the first step, a
solution of glacial acetic acid, ammonium acetate in water and 2-methylpropane-2-amine were
added drop-wise to a flask containing glacial acetic acid, aqueous formaldehyde and aqueous

glyoxal.
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Scheme 3.3.1: Synthesis of the different organic modifiers with potential sites for Cu I attachment.

In the second step, 1-tert-butyl-1H-imidazole 4a was reacted with 1-bromodecane to obtain the
desired product. 1-Mesityl-1-dodecylimidazolium iodide, 6b was synthesized under the same
reaction conditions as 6a. Firstly, a stock solution of mesitylamine 1b, glacial acetic acid,
ammonium acetate in water was added drop-wise to a flask containing glacial acetic acid,
aqueous formaldehyde and aqueous glyoxal. Subsequently, 1-mesityl-1-dodecyllmidazolium
iodide 4b, and 1-iodododecane were reacted in THF to give the desired product. The synthesis of
the third modifier (tertiary amino ligand) 9, was based on nucleophilic substitution of the
bromine atom in 1-bromohexadecane by one amino group. This was accomplished according to
the procedure from Stein, etal™ where N'-(3-(dimethylamino)propyl)-N' N> N>
trimethylpropane-1,3-diamine 7was added to DMF, and with the protection of nitrogen, the
mixture was heated to high temperatures followed by the drop-wise addition of 1-
bromohexadecane8. The large excess of amine (7) (molar ratio of 7 to 8 is 4:1) and drop-wise
addition of 8 ensured that the desired product should be mono-quaternized predominantly. The
excess amine was removed, to a large extent by distillation under high vacuum without further
purification because amine impurities would not affect further cation exchange reactions since
these impurities do not carry charges. Besides, the impurities would be largely removed during

the washing of the modified clay with warm water and ethanol.
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Figure 3.3.2:'H NMR spectrum of1-mesityl-1-dodecylimidazolium iodide6b.

Figure 3.3.1 shows a signal at 4.46 ppm (t, J] = 7.46Hz) belonging to protons at position‘d’
confirming the completion as well as the purity of the reaction. In Figure 3.3.2, the appearance
of the signal at 0.87 ppm (which is a triplet with J-coupling constant of 6.78 Hz) confirms the

successful completion of the reaction as well as its purity.

The proton NMR spectra of the tertiary amine ligand (9), shown in Figure 3.3.3 confirm the
successful quaternization of the desired compound proven by the appearance of NMR peaks
around 3.45 ppm, originating from the H atoms within the vicinity of the quaternized N atom.
Quaternization can occur at terminal or central nitrogen atoms not exempting the possibility at
multiple nitrogen atoms'*®. The peak at 2.19, 2.29, and 2.38 ppm in the spectrum below is
coming from a side product where both the central nitrogen and one/all terminal nitrogen atom(s)

where quaternized at the same time by the long alkyl chain. Such products are usually obtained
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as mixtures, hence the position of quaternization doesn’t really matter for the subsequent clay
modification process. As long as quaternization takes place, cationic sites are created in the
modifier, making cationic exchange reactions of clay materials possible. Other peaks were

properly assigned as can be seen in the NMR spectra below (Figure 3.3.3).

4.00 3.50 3.00 2.50 2.00
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Figure 3.3.3:'H NMR spectra of tertiary ammonium ligand 9.

3.4. Modification of nanoclay with 6a, 6b, 9 and subsequent attachment of Cu(I)
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Scheme 3.4.1: Synthetic representation of nanoclay modification and subsequent attachment of Cu(]).
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The modification of Na-MMT 22, with 1-tertiary-butyl-1-dodecylimidazolium bromide 6a, 1-
mesityl-1-dodecylimidazoliumiodide 6b and tertiary amino ligand 9 was done according to the

procedure from Qutubuddin®*’

with modification. Na MMT was dispersed in a 50:50 mixture of
water and methanol and the solution was allowed to stir for 1 hour to allow the clay to swell. The
respective modifiers 6a, 6b, and 9 were dissolved in minimal amount of methanol and the
resultant mixture was allowed to stir for further 5 hours while slowly cooling down to room

temperatureto givell, 12a and 12b.
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Figure 3.4.1: a) Thermogravimetric analysis, conducted under nitrogen atmosphere of modified clay: Na MT-TAL
(11), Na MMT-TBIDBr (12a), Na MMT-TMPIDD (12b), and b): X-ray diffraction patterns of modified clay
materials.

Thermogravimetric analysis was conducted under nitrogen atmosphere to determine the extent to
which the material can resist heat. It can be seen from the graph (figure 3.4.1A) that the
attachment of 9, 6a, and 6b to the organoclay caused an increase in the thermal strength of the

organoclay with values tabulated in table S.

To the best of our knowledge, this is the first attempt made to attach copper (1) covalently unto
modified clay surfaces both specifically (12a and 12b) and non-specifically (11). To achieve
successful attachment of Cu(I), the modified clay, 13a/13b, was dissolved in dry DMF and
stirred for few hours at room temperature to allow the clay to swell. Thereafter,
tetrakis(acetonitrile)copper(1) was added and the resultant solution was allowed to stir for some

hours. After several failed attempts to remove the soluble excess copper, washing the obtained
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Cu(I)-modified clay with dry DMF for several times with centrifuge gave the desired product,

having no trace of soluble copper still present as proven by XPS.

Although Girard et al.**’, made attempts to attach copper (1) unto clay galleries, the method
employed seem somewhat questionable because with just physical mixing of clay materials with
copper compound, there is the possibility of having copper (1) trapped in the clay gallery without
the required bonding that is needed. Besides, the electrostatic bond between the hydroniun ion in

the clay gallery and the presupposed copper (1) is too labile, and hence can break easily.

Furthermore, the amount of copper attached on the surface was determined by Flame Atomic
Absorption Spectroscopy as (see table 8). When compared with the amount of the potentially
active sites before the attachment of copper, it can be seen that not all active sites had copper
bonded to them which gives the possibility for further improvement on the reaction conditions

for the formation of more copper carbenes.

X-ray diffraction measurements can be used to determine a number of parameters for any given
sample. Of practical relevance to his work is the determination of the interlayer d-spacing
(extrapolated from Bragg’s equation) before and after modification of NaMMT. In principle, for
complete exfoliation or intercalation of clay platelets, the interlayer d-spacing should increase
significantly owing to the fact that the Na" ions initially present at the interlayer of the pristine
clay are replaced with bulkier organic molecules.

Table 8: Interlayer d-spacing of modified clay materials measured by XRD using Ni filter CuK, radiation in
transmission at a sample-detector distance of 9.85 cm.

Catalyst Td d/A Catalyst Amt of Cu Amt of Cu (I)
cC)? 1)) (mmol of
(mg of Cu/mg of
Cu/mg of clay)?
clay)®
NaMMT (22) - 12.1
NaMMT-TAL 308.6 16.7 NaMMT- 0.138 0.15x 107
(10) TAL-Cu (11)
NaMMT- 240.8 20.9 NaMMT- 0.043 0.52x 10"
TMPIDD (6b) TMPIDD-Cu
(12b)
NaMMT-TBIDBr 174.6 17.1 NaMMT- 0.077 0.1x 107
(6a) TBIDBr-Cu
(12a)

a: Values measured by FAAS.
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The peak position, peak width, and peak intensity are critical parameters to be considered when
calculating the d-spacing, bearing in mind that the most accurate is calculated from the high-
angle peaks. Table 8 above summarizes the interlayer d-spacing and the increase in interlayer
distance as prove that some or most of the cations have been successfully exchanged. The lowest
angle peaks originate from the (001) plane diffraction. After the modification, the same peaks
shifted to lower angles indicating an increase in the interlayer d-spacing. The pristine clay
showed two peaks and this could probably be due to a mixture of minerals. The modified clay
materials also displayed two (001) peaks, strongly suggesting that the two d-spacings could be
due to the heterogeneity of the pristine NaMMT as well as the different charge densities®**.

To further confirm the attachment of copper, EDX (Electronic Dispersive using X-ray) analysis

was done to prove the presence of copper (see Figures 3.4.2, 3.4.3, 3.4.4 in appendix).
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Figure 3.4.5: X-ray photoemission spectroscopic analysis (XPS)measured at 200uSOW X-ray settings of NaMMT-
TAL-Cu (11) showing the oxidation state of Cu (I).

X-ray Photoemission Spectroscopy (XPS) was measured to investigate the state of copper
present.

The analysis of NaMMT-TAL-Cu (11) shows the presence of C, O, N, Si, and Cu in the survey
spectrum (Figure 3.4.5). In order to get the different Cu contributions, the shakeup satellites

characteristic of the Cu oxidation states was taken into account. The result shows that the

245

deconvolution of the Cu2p3/2 peak shows two different Cu contributions™ . The contribution at
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933.3 eV is related to Cu in +1 state and the one at 935.2 eV is related to Cu in +2 states. Based
on the fitting of the peaks, the ratio of Cu (I) to Cu (II) is 50%/50%. The XPS analysis of Cu (I)
in NaMMT-TBIDBr-Cu and NaMMT-TMPIDD-Cu at the time of writing this thesis wasn’t
accomplished due to time constrain; however, the catalytic activity was investigated (as would be
seen in subsequent chapters) without the inclusion of a base. The exact amount of the copper
catalyst present on the surface (estimated using FAAS) was taken into consideration while
calculating the amount of the filler used in the mixture for the cross linking kinetics as seen in

subsequent chapters.
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Chapter 4

Synthesis and characterization of copper-immobilized POSS

To improve the mechanical properties and thermal properties of resin materials, surface
modification of POSS molecules with subsequent attachment of metal catalysts (Cu and Ru) was
done. This surface-modified POSS with catalytically active sites not only play a vital role in the
enhancement of desired properties, but can also act as catalyst for the activation of self-healing

functions at low temperatures.

4.1.Surface modification of glycidylisobutyl POSS for Cu (I) attachment
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Scheme 4.1.1: Synthetic representation of glycidylisobutyl POSS modification with 1-hexyn and 1-propagyl-3-
methylimidazole bromide, and subsequent attachment of Cu(I).

The attachment of Cu (I) onto POSS surface (35a, 35b) was accomplished through two series of
reaction pathways. Sodium azide was added to a mixture of glycidylisobutyl POSS (28) and
cerium (III) chloride heptahydrate in a mixture of DMF and THF. The azidohydrinisobutyl POSS
formed (30) was reacted separately with 1-hexyne (31a)and 1-propagyl-3-methylimidazole
bromide (31b) by click reaction to give 33a, and 33b. Consecutively, treatment of 33a, and 33b

separately with  Ag,O/ammonium chloride and then tetrakis(acetonitrile)copper(l)
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hexafluorophosphate (Cu(MeCN)4PF,) at room temperature®*® successfully afforded the air-

stable 1,2,3-triazole-5-ylidene-copper(I) complexes 35a and 35b characterized by 'H NMR.

The characteristic signals of structure 30 at 3.9 ppm, assigned to the —CH protons attached to the
—OH group, in the '"H NMR, and the signals at 73.6 ppm (position “d”); 71.5 ppm (position “c”);
71.0 ppm (position “b”) and 53.4 ppm (position “a”) in the BC NMR prove the successful

azidation reaction of the desired product (Figures 4.1.1below and 4.1.2in appendix).
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Figure 4.1.1: '"H NMR spectrum of azidohydringlycidylisobutyl POSS 30.

All other signals were properly assigned inclusive of the OH signal at 1.70 ppm (position “1”).
Subsequently, the *Si NMR (Figure 4.1.3,see appendix) showed three characteristic peaks at
67.4 ppm, 67.6 ppm, and 67.8 ppm that can be assigned to silicons at position 1, 2, and 3 in
Scheme 4.1.1.

In Figure 4.1.4 all the characteristic signals of the protons of 33a were properly assigned
including the new peak at 7.41 ppm which is coming from the proton of the triazole ring, and

the OH peak at 2.9 ppm. The *°Si NMR (Figure 4.1.5, see appendix) shows distinctly three
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characteristic peaks at 67.55 ppm, 67.69 ppm, and 67.89 ppm which can be assigned to silicon

atoms at position 1, 2 and 3.

423
£80
SL0

\Q.
\\m
N

a'c
o

e b
|
3

wo
wo
sto

Figure 4.1.4: '"H NMR spectrum of 33a.

Figure 4.1.8 gives the '"H NMR spectrum of 35a confirmingthe successful attachment of Cu(I)

onto 33a with the disappearance of the triazole proton.
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Figure 4.1.8. "H NMR spectrum of 35a.
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The "H NMR spectra of 33b (seeFigure 4.1.9in appendix) displays the characteristic signals of
all the protons present in the molecule. As can be seen, the peak of the triazole proton appeared
at 7.5 ppm. The protons at positions “0” and “p” (coming from the imidazolium molecule)
appeared at 7.21 ppm and 7.1 ppm. Likewise the signal of the proton at position “k” which
appears at 5.6 ppm. In the final structure 35b, (Figure 4.1.10), it can be seen that peak coming
from the triazole proton is not present anymore, which confirms the successful covalent bonding

of Cu (I) onto the POSS surface.
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Figure 4.1.9. "H NMR spectrum of 33b.
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Figure 4.1.10: "H NMR spectrum of Cu (I)-imidazoliumhydringlycidylisobutyl POSS complex(35b).

MALDI-TOF analysis was also conducted, to prove the chemical identity of azidohydrinisobutyl
POSS(30),hexynylhydrinisobutyl POSS(33a), andl-methylimidazoliumhydringlycidylisobutyl
POSS(33b). The molecular weight of compounds30,33a and 33bis990.1 g/mol (Mn = 990.1
g/mol), 1050.2 g/mol (Mn = 1050.2 g/mol) and 1174.5 g/mol (Mn = 1174.5 g/mol). The
ionization was done with dithranol: 30: LiTFA/NaTFA in the ratio 100:10:1. The major peak
could be assigned to the species ionized with Na* (M. Na®, C3,H;5014SigN3Na) (found: 996.3 Da;
calculated 996.3 Da). The spectrum of 33ashows a major and a minor peak as seen in Figure
4.1.11.The major peak of 33a could be assigned to the species ionized with H® (M.H",
C40Hsg5014S13sN3H) (found: 1056.5 Da; calculated: 1056.77 Da). The minor peak was assigned to
species ionized with Na* (M.Na", C4oHgs014SigN3Na) (found: 1078.5 Da; calculated: 1077.7 Da).
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Figure 4.1.11: MALDI-TOF spectrum of hexynylhydrinisobutyl POSS33a.

Figure 4.1.7 (see appendix) shows the IR spectra of the different POSS nanomaterials (30, 33a,
and 33b). The IR spectra of 30 have characteristics peaks at 1088.2 cm™ for Si-O-Si strectching,
1675.5 cm™ for CH, stretching of cyclohexyl, and 1228.8 cm’™ for Si-CH,-stretching. The POSS-
Nspeak appears at 2103.8 cm™, and simultaneously another peak at3419.12 cm™ belonging to
OH stretching. The spectra of 33a, shows peaks at 1477.3 cm™ for CH, stretching, 1092.1 cm™
for Si-O-Si stretching and 3383.7 cm-1 for OH stretching in addition to the disappearance of the
POSS-Nj3 peak. And the peaks for structure 33b show the same peaks as 33a.

4.2.Surface modification of epoxycyclohexylisobutyl POSS for Cu (I) attachment

R
.
TTK, DIPEA NS i Ssi
Toluene, 48 h ,O o-Si _ > f O\? i
TN R-:
oc RSy s\ ACN:DCM / (R
= o Ag,0, KHMDS
N3 3V o/ \R \ / coBl Q \.R o/
o Si oS'*R \ §'\ Si—R R
R o R OH \© \0/-/-6' , s° °H0 s o
ST S O P N R o o
(0] o-Si —Si > R 1o] 32a @ R N !
e} 0 o_ O-Si R N / N N/
RSy s\ ) O N? N N
JEORS b e A R " S
N r
d \r b/ hsoc o/ \ & \O/O Br
si / ! o
\ I _/siR Si___/Si-R o R 5 OH 1O OH
SO 00 \sro ogi/_é Eg\ oS g — oS s
R O/ﬁa - \0/,‘? R R S/_}o\ o \ ‘(EHCF),ANarZ-q1 Crr R S/b// ~d
<N 78 g R st R o
27 2 31b o/ \ r \O o o/ \S_R
R= i-butyl TTK, DIPEA si & Si Si—R
Toluene:Isopropanol \ o> //S' R Si’O o ;f
h, 60°C i ~o—
RO /2' 32b R R 34b

Scheme 4.2.1: Synthetic representation of epoxycyclohexylisobutyl POSS modification and subsequent
immobilization of Cu (I).
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The synthesis of 34a and 34b was achieved through a sequence of reaction steps. In the first step,
a solution of epoxycyclohexylisobutyl POSS (27) in tetrahydofuran was added to a solution of
sodium azide and ammonium chloride in DMF. In the synthesis of 32a,
azidohydrincyclohexylisobutyl ~ POSS  (29), 1I-hexyne, tetrakis(acetonitrile)copper(1)
hexaflourophosphate, and N,N-diisopropylethylamine were added to a round bottom flask and
heated till the reaction reached completion. Similar procedure was followed in the synthesis of
32b also. In the final step, 32a, and 32b were separately reacted with
tetrakis(acetonitrile)copper(l) hexafluorophosphate (Cu(MeCN)4PFs ) to furnish the products 34a
and 34b. To remove unreacted copper at the completion of the reaction for compound 34a, the
solution was filtered to remove solid silver oxide followed by the evaporation of the solvent.
Further purification was done by dissolving the mixture in minimal amount of dry and degassed
toluene (0.1 mL), and precipitating in an equal mixture of dry DMF and acetonitrile (3 mL) to
furnish the product 34a, as a light green solid compound. In the case of compound 34b, the
solvent was removed using rotary evaporator after the completion of the reaction, and the crude
product was thereafter washed several times with dry acetonitrile (3 x5 mL) and dry DMF (3 x 5
mL). The trace of solvent was evaporated to furnish the product34b as a light green solid

compound.

The '"H NMR and C NMR shown in Figures 4.2.1 and 4.2.2(see appendix) confirms the
structure of the POSS-N3 structure. The peaks at 3.12 ppm and 3.50 ppm in 'H NMR, and the
characteristics signals at 69.8 ppm and 52.4 ppm in >C NMR are assigned to the —CH, proton
and carbon of cyclohexane combined with —OH and N3 groups, respectively, thus confirming the
structure of compound 29. The *Si NMR also shows four signals belonging to the the different

silicons and their positions have been properly assigned (see Figure 4.2.3 in appendix).
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Figure 4.2.4: '"HNMR spectrum of hexynylhydrincyclohexylisobutyl POSS32a.

The characteristic peaks for 32a(Figure 4.2.4) showed the shift of the -CH; protons connected to

the —OH and N3 groups, down field to 4.17 ppm and the appearance of the triazole proton at 7.28

ppm. There is also the presence of th peak at 2.67 ppm assigned to the —CH; protons connected

to th triazole ring (position “¢”). The '*C NMR showed the emergence of the carbon peaks

belonging to “0” and “n” at 129 ppm and 126 ppm, coming from the triazole ring. Other peaks

have been

peroperly assigned (see appendix Figure 4.3.5)
Hir‘/d
N Wl
o
B\_ SX/OO G o8
,}0\;“
9/{\%5\\) [
{4 sgTtRe/
V9 s N,
|\O/SI‘
He 8 /Eg d e,y g
- [
j i k J ab c
—" — ( - — e 4
Ay l ﬂ_j l I oy U‘A_;Jk__
L v Yoy e e — Yo e Y L
g R & 8 & x B g 3 : &2 8
T T ; T T T ==t " T T
8.0 7.0 6.0 50 40 30 20 10

Figure 4.2.7: 'H spectrum of Cu (I)-imidazoliumcyclohexylisobutyl POSS complex34b.
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Furthermore, the Si NMR (Figure 4.2.6, see appendix) shows the silicon peaks at 67.4 ppm
,67.5 ppm, 67.6 ppm, and 67.8 ppm properly assigned to the respective silicon atoms, thus
proving the structure of the compound. The peaks from the "H NMR of 32b (Figure 4.2.7) have
been properly assigned to their respective protons with the proton at position “f”” appearing at 4.8
ppm, that of positions “k” and “1” appearing at 6.3 ppm, and 6.1 ppm. Th triazole proton

(position “j”) appeared at 7.6 ppm and the —CH, protons from the ~OH and N3 groups appearing

at 4.8 ppm. All other protons were assigned correctly, thus proving the structure of the desired

compound.
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Figure 4.2.8: XPS analysis measured at 200u50W X-ray settings for a) Ep-1H-Cu (34a) and b) Ep-1MIM-Cu (34b)
showing the observable shakeup satellites corresponding to Cu(I).

The analysis of the Ep-1H-Cu (34a) (Figure 4.2.8a) sample show the presence of C, N, O, Si,
Cu, shown on the survey spectrum. The examination of the Cu 2p3/, signal show that there is no
observable Shake Up satellites present for Cu’, whereas the satellites at 932.37 eV and 952.31

eV, corresponds to Cu'.

The analysis of the Ep-1MIM-Cu (34b)(Figure 4.2.8b) sample show the presence of C, N, O, Si,
Cu, shown on the survey spectrum. The examination of the Cu 2ps3,, signal show that there is no
observable Shake Up satellites present for Cu’, whereas the satellites at 932.37 eV and 952.31

eV, corresponds to Cu'.
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Following the MALDI-TOF analysis that was conducted to prove the chemical identity of 29,
32a and 32b, it can be seen from Figure 4.2.9that the spectrum displays two major peaks and

one minor peak.
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Figure 4.2.9: MALDI-TOFspectrum of azidohydrincyclohexylisobutyl POSS 29.

The ionization was done with dithranol: 29: LiTFA/NaTFA in the ratio 100:10:1. The two major
peaks could be assigned to the species ionized with Li* (M. Li*, C37H7003SigNsLi) (found:
1006.0 Da; calculated 1005.1 Da for n= 1), K" (M. K*, C37H790,3SisN3K) (found: 1041.2 Da;
calculated 1041.3 Da for n= 1), and the minor peak could be assigned to the species ionized with
Na*(M. Na®, C37;H7903SigN3Na) (found: 1020.1 Da; calculated 1022.1 Da). The spectrum of
32b(Figure 4.2.11) shows a major series while that of 32a shows two major peaks and two
minor peaks (Figure 4.2.10). The ionization of both compounds was done with dithranol:
32a/32b: NaTFA in the ration 100:10:1. The major peaks of 32b could be assigned to the species
ionized with H* (M.H", C43Hg70:3SigN3H) (found: 1066.9 Da; calculated: 1065.9 Da), and Na*
(M. Na', C43Hg;013SigN3Na) (found: 1087.9; calculated: 1087.9). The minor peaks were
assigned to species ionized with K" (M.K", C43Hg;0,3SigN3K) (found: 1107.9 Da; calculated:
1106.9 Da), and 2Na" (M.2Na", C43Hg7013SigN32Na) (found: 1129.9 Da; calculated: 1128.9 Da).
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Figure 4.2.10: MALDI-TOF spectrum of hexynylhydrincyclohexylisobutyl POSS32a.
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Figure 4.2.11: MALDI-TOF spectrum of 1-methylimidazoliumhydrincyclohexylisobutyl POSS 32b.

Figure 4.2.12 (see appendix) shows the IR spectra of the different POSS nanomaterials (29, 32a,
and 32b). The IR spectra of 29 have characteristic peaks at 1090.3 cm™ for Si-O-Si stretching,
1464.8 cm™ for CHj stretching of cyclohexyl, and 1228.3 cm™ for Si-CH,-stretching. The POSS-
N3 peak appears at 2099.1 cm™, and simultaneously another peak at 3407.0 cm™ belonging to
OH stretching. The spectrum of 32a and 32b show the absence of the azide peak. All other peaks

appeared at the same wavelength as 29.

Quantification of Cu present in all POSS nanohybrids was done using flame absorption atomic

spectroscopy (FAAS)and TGA (Table 9).
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Table 9: Interlayer d-spacing of modified clay materials measured by XRD using Ni filter CuK, radiation in
transmission at a sample-detector distance of 9.85 cm.

Entry Catalyst Amt of modifier Amt of Cu (mg Amt of Cu (
on POSS of Cu/mg of (mmol of Cu/mg
molecule POSS)" of POSS)"

(mmol/mg)*
1 Ep-1H-Cu 0.074 x 10~ 0.049 0.043 x 10™
(34a)
2 Ep-1MM-Cu 0.073 x 10™ 0.023 0.018 x 10™
(34b)
3 OH-1H-Cu 0.092 x 10™ 0.054 0.048 x 10™
(35a)

a: Values obtained from TGA. b: Values measured by FAAS.

It can be seen that not all potential sites were stoichiometrically substituted in each POSS
molecule. For 1,2,3-triazol-5-ylidenehexynylcyclohexylisobutyl-copper (1) POSS complex, 34a,
only 57.6 % was substituted while 24.7 % of the potential sites were substituted in the case of
Cu(1)-imidazoliumcyclohexylisobutyl POSS complex, Ep-IMIM-Cu (34b). Also, 51.9 % was
substituted for 1,2,3-triazol-5-ylidenehexynylhydrinisobutyl-copper(1) POSS complex, OH-1H-
Cu (35a). These results suggest that with improved reaction conditions full substitution can be
attained, thus enhancing the catalytic effect of these modified catalysts while reducing the

reaction time when such catalysts are used to effect “click” crosslinking.
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Chapter 5
Performance evaluation of clay and POSS immobilized Cu and Ru catalysts

5.1.Kinetic investigation of Cu (I)-modified claysand POSS using DSC

o —_—
LV N AW
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Scheme 5.1.1: Schematic representation for ‘click’ cross linking reaction.

Differential scanning calorimeter (DSC) was used to investigate the effect of the Cu (I)-modified
clay and POSS in the cross linking kinetics of multivalent azides and alkynes in bulk (Synthesis
of the multivalent azides and akynes are shown in subsequent chapters). The important
information obtained from DSC were as follows: onset temperature (Tonset), peak temperature
(Tp), the temperature at which the cross linking reaction ends, the area under the curve (o)) and

247,248 .
. The data from the curing process were

the heat (dH/dt) evolved in the time of curing
obtained by means of a NETZSCH 204 F1 Phoenix type differential scanning calorimeter, heated
from 20 to 250 °C with different heating rates (5, 10, 15 and 20 K/min) under nitrogen
atmosphere. Runs were carried out using an empty pan as the reference with pure indium as

standard for calometric calibration.

The fundamental principle underscoring the application of DSC technique for curing of

multivalent compounds and polymers is that the rate of the kinetic process (do/dt) is proportional

to the measured heat flow (¢)**-*>",

da ¢

dt — AH

Where AH is the enthalpy of the curing reaction.
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Scheme 5.1.2: Chemical structures of modified catalysts used for kinetic investigation.

The amount of the inorganic catalysts used (in mmol and mg) was calculated with respect to the
FAAS values for each of the inorganic catalyst. 0.01 molar equivalent of all catalyst per
functional groups was used. Meanwhile, 1:1 molar ratio of the healing agents (trivalent alkyne
(4.4 mg) and trivalent azide 10 mg)) was used. The column in table....having the amount of
active catalyst present in DSC measurement was calculated with respect to the measured amount
from FAAS. It is important to note that for catalyst 11, only 50% of the bonded catalyst is
actually active as revealed in XPS measurements. Hence, only 50% of 0.65 x 10~ mmol actually

activated the cross linking reactions between the trivalent compounds.

Table..... showing the exact amount of catalyst in mmol and mg used in DSC kinetic studies

S/N Catalyst Amt used for DSC Amt used for DSC ~ Amt of active catalyst
studies (mmol) studies (mg) present in DSC studies
(mmol)
1 Ep-c-1H-Cu (34a) 0.76 x 10~ 1.4 0.061 x 10~
2 Ep-1MM-Cu (34b) 0.36 x 107 3.0 0.054 x 10
3 OH-1H-Cu (35a) 0.84x 107 1.3 0.061 x 107
4 NaMMT-TAL-Cu 1.1x 107 43 0.65x 107
(11)
5  NaMMT-TBIDBr-Cu 1.1x 107 2.1 0.11x 107
(13a)
6  NaMMT-TMPIDD- 1.1x 107 3.4 0.034 x 107
Cu (13b)

Figure 5.1.1a shows the effect of  Cu (I)-modified clay (13b) in the ‘click’ reaction between
the trivalent alkynes and azides (36, 37) at different heating rates. The area under the curve was

integrated to give the heat of reaction(AH), generated during the reaction. The heat of the
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reaction was found to be 122.6 + 10 KJ/mol for each functional group.In Figure 5.1.1b, the
effect of the Cu (I)-modified clay can be clearly seen when compared with the peaks from
thermal click reaction, obtained from pristine and surfactant-modified clays without Cu(I). While
the peak temperature of the thermally induced click reaction for the pure alkyne and azide,
alkyne-azide-nanoclay, and alkyne-azide-organoclay, appears at 133.5, 133.7, and 132.0 °C, the
reaction of the cross linking prompted by the catalytically active nanoclays proceeded to

completion at a more faster rate evidently seen in the peak temperature appearing at 61.4 °C.
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Figure 5.1.1: a) DSC dynamic scan curves for trivalent azide, 36 and alkyne, 37, systems (with 1 mol% Cu (I)-
modified clay catalyst, 13b, 0.322mg Cu(1) in clay nanoparticle) at different heating rates of 5, 10, 15, and 20
°C/minand b) DSC dynamic scan curves for trivalent alkynes and azides systems (with 1 mol% NaMMT 22,
NaMMT-TMPIDD12b, and NaMMT-TMPIDD-Cul3b, with trivalent azide, 36, and alkyne, 37 curve as reference.

This proves the catalytic effect of the Cu(1) bonded nanofiller on the cross linking kinetics of the

multivalent alkynes and azides in bulk systems. As has been noted?*7272:253-234

, Increase in the
heating rate shows a continuous increase in the peak temperature, increase in onset temperature
and a decrease of the cure time (seen in Figure 5.1.1a). This trend could be related to the
structural factors (a more complete curing at higher heating rates due to the high number of azide
and alkyne groups in the reaction), instrumental factors (high initiation temperatures at high

heating rates), and kinetic factors"’.
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Figure 5.1.2: a) DSC dynamic scan curves for trivalent alkyne, 37 and azide, 36, systems (with 1 mol% Cu (I)-
modified clay catalyst, 13a, 0.322mg Cu(l) in clay nanoparticle) at different heating rates of 5, 10, 15, and 20
°C/min, and b) DSC dynamic scan curves for trivalent alkynes and azides systems (with 1 mol% NaMMT 22,
NaMMT-TBIDBr 12a, and NaMMT-TBIDBr-Cu 13a, with trivalent azide, 36, and alkyne, 37 curve as reference.

In Figure 5.1.2a, the effect of Cu (I)-modified clay, NaMMT-TBIDBr-Cu (13a) in the ‘click’
reaction between the trivalent alkynes and azides (TrATrAz) (36, 37) at different heating rates
can be seen to be less effective than that of NaMMT-TMPIDD-Cu (13b). The heat of reaction,
AH, generated during the reaction was found to be 108.2 + 3 KJ/mol for each functional group.
The result is unexpected considering the amount of Cu loading,determined by FAAS on the
surface of the clay material (table §) when compared with the effect of 13b in Figure 5.1.1. The
reason could be due to the fact that the large size of the pendant group in the surfactant restricted
complete diffusion of the monomers to areas at the clay galleries where the Cu-carbenes are
formed. Basically, the ‘click’ reaction is diffusion-controlled, meaning that the monomers diffuse
to regions at the clay galleries where the Cu-carbenes are formed for the ‘click’ reaction to occur.
Consequently, the peak temperature of the thermally induced click reaction for the pure trivalent
alkyne and azide, alkyne-azide-nanoclay, and alkyne-azide-organoclay, appears at 133.5, 133.7,

and 132.9 °C, and the peak temperature of the copper-catalyst reaction appeared at 87.2 °C.
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Figure 5.1.3: a) DSC dynamic scan curves for trivalent alkyne, 37 and azide, 36, systems (with 1 mol% Cu (I)-
modified clay catalyst, 11, 0.59 mg Cu(1) in clay nanoparticle) at different heating rates of 5, 10, 15, and 20 °C/min
and b) DSC dynamic scan curves for trivalent alkynes and azides systems (with 1 mol% NaMMT 22, NaMMT-
TAL10, and NaMMT-TAL-Cu 11, with trivalent azide, 36, and alkyne, 37 curve as reference.

The effect of NaMMT-TAL-Cu, 11 on the cross linking reaction of multivalent alkynes and
azides is much more effective even without the presence of Cu-carbenes (Figure 5.1.3). Though
non-specific with more complexation sites for Cu-carbenes, the TAL-modified clay, 10 seem to
affect the kinetics of the reaction by influencing the temperature at which the cross linking takes
place when compared with previously discussed organoclays (12a, and 12b) before the
attachment of Cu-carbenes. This is obviously due to the presence of amino groups which have
been found to encourage cross linking reactions as a result of the hydrogen bonding that exists in
the molecule, thus overcoming the issues with temperature and curing time in epoxy systems>".

254, 256,257
called accelerators are used to

Generally, tertiary amines and other compounds
accelerate curing of epoxy cross linking at high temperatures even though such accelerators
could reduce crosslink density of the network and ultimately decrease the mechanical properties
of the epoxy resin®®. In their work, Abdolreza et al.”>> found that the curing of epoxy systems
with special amino compounds took place at a low temperature. There was equally a profound
effect on the peak temperature when the copper-modified clay catalyst (11) was used (Figure
5.1.3b) even with 50% of the active Cu (1) on the surface of the clay material. This further

explains the highly effective nature of catalyst 11 in cross linking kinetics which would be

relevant industrially.
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The heat of reaction, AH, generated during the reaction was found to be 136.2 + 4 KJ/mol for

each functional group.
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Figure 5.1.4: a) DSC dynamic scan curves for trivalent alkyne, 37 and azide, 36, systems (with 1 mol% Cu (I)-
modified POSS catalyst, 34a, 0.0686mg Cu(1) in POSS molecule) at different heating rates of 5, 10, 15, and 20
°C/min and b) DSC dynamic scan curves for trivalent alkynes and azides systems (with 1 mol%, Ep-1H 32a, and
Ep-1H-Cu 34a, with trivalent azide, 36, and alkyne, 37 curve as reference.
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Figure 5.1.5: a) DSC dynamic scan curves for trivalent alkyne, 37 and azide, 36, systems (with 1 mol% Cu (I)-
modified POSS catalyst, 34b, 0.0322mg Cu(1) in POSS molecule) at different heating rates of 5, 10, 15, and 20
°C/min and b) DSC dynamic scan curves for trivalent alkynes and azides systems (with 1 mol% Ep-1MIM32b, and
Ep-1MIM-Cu 34b, with trivalent azide, 36, and alkyne, 37 curve as reference.

DSC results, in the case of Cu-modified POSS materials show the influence of attached ligand on

the catalytic activity of immobilized copper catalysts(Figures 5.1.4, 5.1.5, 5.1.6, Table 7).
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Compared to N-heterocyclic carbene-Cu(I)-complex (34b), T, = 78 °C), a higher catalytic
activity was observed for triazole-Cu(I) POSS complex (34a), T, = 73 OC).
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Figure 5.1.6: a) DSC dynamic scan curves for trivalent alkyne, 38 and azide, 36, systems (with 1 mol% Cu (I)-
modified POSS catalyst, 35a, 0.0702mg Cu(1) in POSS molecule) at different heating rates of 5, 10, 15, and 20
°C/min and b) DSC dynamic scan curves for trivalent alkynes and azides systems (with 1 mol% OH-1H 33a, and
OH-1H-Cu 35a, with trivalent azide, 36, and alkyne, 37 curve as reference.

The results are in agreements with the earlier discussion that the carbene-Cu(l) complexes
demonstrate a lower catalytic activity compared to triazole-Cu(I) complex**®. The effect of
substituted chain flexibility on the catalytic activity of immobilized Cu(I) was also discussed,
where flexible chain substituted complex (35a) demonstrates a better catalytic performance
compared to catalyst with a rigid chain backbonePOSS complex(34a), where flexible alkyl chain

. . . 2
might be creating a more favourable environment around a Cu-complex™”.
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Table 10: Summary of the activation energies and other kinetic parameters determined by DSC.

S/N  Catalyst Mol Amt of T onset R’ T, (’C) AH/FG Activati Reaction
% catalyst (oC) (KJ/mo on Conversio
per used/FG (mg 1) Energy n (%)
FG Cat/FG) (KJ/mol

)
1 Ep-1H-Cu 1 0.47 62+4 091 73+4 21343 69+2 50
(34a)
Ep-1H (32a) 1 1.1 11322 092 130+2 236+5 89+2 -
3 Ep-IMIM-Cu 1 1.0 68+3 0.99 78+3 19544 68+1 60
(34b)

4 Ep-1IMIM 1 1.3 104+4 099 1334  208%3 90+1 -
(32b)

5 OH-1H-Cu 1 0.43 43+3 0.99 70+3 24943 57+1 70
(35a)

6 OH-1H(33a) 1 1.1 60+5 099 13245 258+5 89+2 -

FG: Functional Group.

The enthalpy of the reaction for all Cu-modified POSS materials (table 10) seem to be higher
than their clay counterpart. This may be due to the structural integrity of POSS materials which
makes them thermally highly stable. The cage backbone requires lots of energy to break the
bonds.

Figures 5.1.9, and 5.1.10as well as Figures 5.1.11, and 5.1.12 (see appendix) show the
fractional conversion, a, at variance with the temperature for trivalent alkynes and azides
catalyzed with nanoclays (22), organoclays (10, 12a, 12b), Cu(I)-modified clay fillers (11, 13a,
13b), and Cu-modified POSS fillers (34a, 34b, 35a) (1 mol%) at different heating rates. It can be
observed that the curing curves increases with increasing scan rates. Kinetic parameters were
obtained from the curve of the fractional conversion against temperature as well as against

. 247
time™ .
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Chapter 6

Synthesis and encapsulation of multivalent alkynes and azides for click-based self-healing
nanocomposites

6.1. Introduction

Basically, there are two main pathways to material encapsulation depending on the capsule
loading. The first method underscores the loading of liquid content in preformed carriers,
utilizing different kinds of particles%o, mesoporous structureszsl, and natural hollow
materials®*>?*?% After the loading of the healing agents, additional protective layers which
dictate the release and colloidal properties of the capsules are used to cover the carriers. The
synthesis of hollow particles265 with a subsequent loading step is at variance to this method. The
second method explores the “in situ” polymerization loading and is frequently used for the
encapsulation of liquids. Encapsulation by “in situ” polymerization produces microcapsules
where the capsule shell walls are formed because of the polymerization of monomers that are
added to the encapsulation reactor. It does not require the addition of reactive agents to the core
material because polymerization occurs at the continuous phase and under acidic conditions.
Initially, there is the formation of a low molecular weight prepolymer which grows in size with
time and deposits on the surface of the dispersed core material thereby generating solid capsule
shell. The capsules prepared by this method are in the micrometer range and are relatively stable
with good dispersion, overcoming the main challenges for designing useful self-healing systems
which are a good dispersion (without necessarily functionalizing the surface of the
microcapsules) of the capsules in the overall matrix system and an efficient encapsulation of the
healing agent. On the other hand, miniemulsion polymerization and solvent evaporation method,
is a chemical method as well as a physico-chemical process where capsule shell walls do not
require surface functionalization. The encapsulation process is usually efficient with the capsule
size in the nanometer range. The capsules are colloidally stable and do not coagulatez“’267
neither does the preparation of the nanocontainers require any reaction in dispersed media. The
internal phase separation that exists between the healing agents and the polymers in
miniemulsion engineered the formation of the nanocapsules. While the “in situ” polymerization
method can be used to encapsulate both low molecular weight compounds as well as high

molecular weights healing agents268, the miniemulsion polymerization method can only be used

to encapsulate low molecular weight self healing compounds.
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6.2. Synthesis of multivalent alkynes and azides

To obtain compound 40, trimethylolpropane (39) was added to a round bottom flask containing
methanol. Ammonium chloride and sodium azide were both added to the reaction flask,
afterwards and the overall mixture was heated to reflux for 12 hours. Subsequently,
triazidomethylbenzopropane triglycidyl ether (TriAzB, 42a),triazidomethyloctanopropane
triglycidyl ether (TriAzM, 42b), and triazidomethylacetopropane triglycidyl ether (TriAzAc,
42¢) where all prepared via nucleophilic substitution reaction (42a and 42b) and acetylation
reaction (42c¢) independently, through the same procedure. TriAzOH (39), and 4-
dimethylaminopyridine were placed in three different round bottom flask containing freshly
distilled DMF each. The reaction was stirred for a while followed by the addition of acetic
anhydride (to obtain 42c¢)/merysotyl chloride (to obtain 42b)/benzoyl chloride (to obtain 42a) in

drops to the reaction mixture at room temperature.
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Scheme6.2.1: Schematic representation of multivalent akynes and azides synthesized via azidation, nucleophilic,
and acetylation reactions.

The synthesis of trimethylethoxyprop-1-yne (38) followed the procedure according to literature
with slight modification®. Trimethylolpropane was weighed into a dry round bottom flask
equipped with a magnetic stirrer and septum. This was followed by the addition of Sodium
hydroxide, water, and TBAB. After a while, propagyl bromide was added drop wise over the
course of 1 h, and then the temperature was slowly raised, during this time the reaction became

homogeneous.
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The purity of the compounds 38, 42a, 42b, and 42¢ were all confirmed by 'H NMR with all the

peaks properly assigned to corresponding protons.

IR analysis as well as thermogravimetric analysis (see appendix, Figure 6.2.5 and Figure 6.2.6)
was done to prove the stability of the compounds and the appearance/disappearance of OH
vibrational peaks and the vibrational bends coming from the azide. The results are tabulated in

table 11.

Table 11: Thermal stability and vibrational peaks of multivalent alkynes and azides measured by IR.

Entry Compound OH- Azide bend Td (°C)
vibration (em™)
(em™)
1 TriAzOH 3430.8 2103.3 204.0
2 TriAzB - 2096.9 154.5
3 TriAzM - 2101.9 228.1
4 TriAzAc - 21023 197.9

The table clearly shows that TriAzM is the most stable of all multivalent compounds

synthesized.

To further authenticate the purity of the multivalent compounds, ESI-TOF measurement was
done using chloroform as the solvent and Nal as the salt. TriAzB (42a) flew in the positive mode
(Figure 6.2.7, see appendix) with one major series showing a molecular weight of 742.2 g/mol
which corresponds to the molecular structure C3¢Hs;NoOoH". The obtained molecular weight is
consistent with theoretical calculation. TriAzM (42b) flew in the negative mode (Figure 6.2.8,
see appendix) with one major series showing a molecular weight of 936.2 g/mol which
corresponds to the molecular structure C3zgH7;NoOol'. Also, TriAzAc (42¢) flew in the positive
mode (Figure 6.2.9, see appendix) with one major series showing a molecular weight of 580.2
g/mol which corresponds to the molecular structure C,;H3sNgOoNa®. And finally, TriMEP (38)
flew in the positive mode (Figure 6.2.10, see appendix) with one major series having a
molecular weight of 271.1 g/mol which corresponds to the molecular structure C;sH,0O3Na". All
obtained molecular weights of the respective trivalent compound are consistent with theoretical

calculation, thus proving the purity of the desired compound.

6.3 Encapsulation of trivalent compounds
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Microcapsules filled with TriAzAc (42¢), TriAzM (42b), TriAzB (42a), TriMEP (38), and
TriAzAc (42¢) + TriMEP (38) (1:1 molar ratio), with the outer shell composed of poly(urea-
formaldehyde) and the inner shell of ethylene maleic anhydride (EMA) copolymer,
weresuccessfully prepared by in situ polymerization in an oil in water emulsion technique. The
in situ polymerization technique involves the encapsulation of water immiscible liquids by the
reaction of urea with formaldehyde at an acidic pH.

At room temperature distilled water and 2.5 wt% aqueous solution of EMA copolymer were
mixed in a glass beaker. EMA copolymer was completely dissolved in distilled water at 100°C
until obtaining a perfectly clear solution. Thereafter, the beaker containing the emulsion was
suspended in temperature controlled water on a programmable digital stirring hotplate with
external temperature immersion probe. The oil-in-water emulsion was kept under stirring with a
high shear digital mixer/emulsifier driving a three-bladed, 63.5 mm diameter low shear mixing
propeller placed just above the bottom of the beaker.Under agitation, the wall forming materials
urea, ammonium chloride and resorcinol were dissolved in the solution. Then, the pH was
raisedby dropwise addition of NaOH solution. Surface bubbles were eliminated by the addition
of two drops of 1-octanol. Then, a slow stream of 50 of healing agent in chloroform was added to
form a suspension of fine droplets and allowed to stabilize. After stabilization, formaldehyde was
added, keeping pH at a constant value. It is worth notingthat no phase separation was observed.

The stirring speed was kept constant until the end of the microencapsulation process.

The encapsulation of TriAzOH(40) was not successful. This is due to the interaction of the OH
groups with the wall forming compound resulting in a high interfacial energy. To overcome this
problem, further modifications were made on the OH groups. The modified trivalent azido

compounds (42a, 42b, and 42¢) were successfully encapsulated.
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TRI-AzAc-MC

Figure 6.3.3: FE-SEM images of TriMEP (38), measure under gas mode.

Attempt was made to encapsulate both the trivalent azide and the trivalent alkyne in one capsule
using the same procedure. The encapsulation was successful, however, further analysis made to
quantify the amounts of the internal compounds with reference to an internal standard showed
that part of the encapsulated trivalent azide (TriAzAc) was deacetylated in the process.
Nontheless, the amounts of each compound was calculated from NMR using naphthalene as

internal standard (table 12).

Table 12: Amount of encapsulated compounds calculated from 'H NMR using naphthalene as internal standard.

Sample: TriMEP TriAzAc DiAzAc
Amount: 2.85 mmol/g of 0.9 mmol/g of 1.3 mmol/g of
microcapsule microcapsule microcapsule
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Figure 6.3.4: FE-SEM images of TriMEP (38) +TriAzAc (42¢), measured under gas mode.

Thermogravimetric analysis was done to check the thermal stability of the compounds and the
microcapsules (see appendix, Figure 6.3.5). Table 13 shows a summary of their thermal

stabilities.

Tablel3: Thermal stabilities of compounds and microcapsules determined by thermogravimetric analysis under
nitrogen atmosphere.

S/N Samples Td (°C)? Yield (%) Size (um)* Stirring speed
(rpm)
1 TriAlkTriAzAc-MC 202.6 78.8° 442 1500
2 TriAlk-MC 141.3 82.5" 4+1 1500
3 TriAzAc-MC 199.0 56.5° 242 1500
4 TriAzM-MC 224.2 74.3° 442 1500
5 TriAzB-MC 167.2 86.3" 4+4 1500

a: determined by TGA, b: determined by "H NMR, c: determined by FE-SEM.

It is a well established fact that the smaller the capsules, the more transparent the overall material
would be from an industrial point of view. On the basis of this fact, therefore, further attempts
were made to reduce the size of the microcapsules by adjusting some original synthetic
conditions. This is because of the effect smaller sized microcapsules have on the overall
mechanical properties of the composites material. Controlling the size of microcapsules also

depends on the stirring rate”’".

The stability of the capsule was improved significantly (particularly for TriMEP-MC, see
appendix, Figure 6.3.6) when the amount of the copolymer was increased. All microcapsules
seem to reach a maximum stability when the concentration of EMA was 3.0 wt%. Increase

amount of EMA afterwards showed a constant value.

Figure 6.3.7 (see appendix) shows the encapsulation efficiency as a function of the EMA
concentration. The trivalent alkyne microcapsules (TriMEP-MC) showed the most improvement

in capsules stability when the concentration of the surfactant was increased. This is because the
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alkyne groups are slightly soluble in the aqueous phase at lower concentrations of EMA, hence
making encapsulation a huge task. But when the concentration of EMA is increased the

solubility is impaired and encapsulation can be achieved successfully.

Furthermore, Figure 6.3.8 shows an increase in the encapsulation efficiency for all encapsulated
compounds, from 52.2 % to 84.7 % when the concentration of EMA was increased from 0.5,
1.25, 2.5, 3.0, and 4.0 wt%. Urea-formaldehyde that forms the outer shell was driven to the
surface of the oil droplets to reduce the total free interfacial energy of the system when the
concentration of EMA was increased. Hence, higher concentration of EMA favors the formation
of smaller and more stable capsules which is consistent with results from literature for core-to-

wall ratio below 5%>"".
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Chapter 7
Experimental Part

7.1. Material

All chemicals and reagents were purchased from Sigma Aldrich, and were used without further
purification unless otherwise noted. The solvents used in the synthesis of surface modifying
groups and modification of the particles, tetrahydrofurane (THF) and diethyl ether, were used
after distillation over sodium and benzophenone272, and dichloromethane (DCM), N,N-
dimethylformamide (DMF) and pyridine were distilled over CaH,. Toluene and n-hexanewere

dried according to literature®’*

. The POSS starting materials were gotten from hybrid plastics and
the novel synthetic approach for the POSS derivatives were developed. The approach for the

synthesis of the multivalent akynes and azides was developed likewise.

7.2. Measurements.

Characterization of the synthesized surface modifying groups and produced polymers was done
by NMR. 'H-NMR and "*C-NMR measurements were performed by using a Varian Gemini 2000
spectrometer. 'H-NMR analysis of the samples was performed with a 400 MHz instrument while
BC-NMR analysis was performed with a 100 MHz instrument. The measurements were

performed at room temperature using CDClj3 as solvent unless otherwise noted.

The molecular weight and the molecular weight distribution of the produced polymers were
characterized by using gel permeation chromatography (GPC). The measurements were
performed in a Viskotek GPCMax VE 2001 with THF as solvent and a flow rate of 1.00
mL/min, a column temperature of 35°C and a detector temperature of 35°C. Calibration was done
with polystyrene standards equipped with two TSK-gel columns (Hyr-HGuard+GMHygr-N, bead
size: 5 pum, My(polyisobutylene) < 4 x 10°) and one ViscoGel HR High Resolution column
(G2500 HR, bead size: 5 um, My(polyisobutylene) < 20000) with a TDA 302 Triple Detector
Array.

Thermo gravimetric analysis (TGA) was performed to investigate the grafting density of the
produced polymer-inorganic composites, by using a Netzsch TG F3 Tarsus instrument. The

measurements were conducted under an atmosphere of N, with a temperature ranging from
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32°Cto 900°C with a heating rate of 10 K/min. Netzsch Proteus Analysis software was used to

interpret the TGA measurements.

Differential scanning calorimetry (DSC) measurements were performed on a differential
scanning calorimeter 204F1/ASC Phoenix from Netzsch. Crucibles and lids made of aluminum
were used. Measurements were performed in a temperature range from 0 to 250 °C using heating
rates of 5, 10, 15 and 20 K/min. As purge gas a flow of dry nitrogen (20 mL/min) was used for
all experiments. For evaluation of data the Proteus Thermal Analysis Software (Version 5.2.1)
and OriginPro7 was used. For sample preparation a 1:1 (molar ratio) mixture of the triazide
compound (42¢) and the trialkyne compound (38) was placed in a flask (50 mg) and the catalyst
(1-2 mol% per functional group) was added to the mixture which was mixed with a spatula and
immediately put in a crucible and closed with a pinhole pricked lid. The mixture with the catalyst

was put in a freezer at -20 °C and was used in a period of 2 hours for a series of measurements.

Rheological measurements were performed on an oscillatory plate rheometer MCR 101 from
Anton Paar (Physica). For all measurements a PPO8 measuring system (parallel plated, diameter
8 mm) was used. Measurements were performed at 20 °C, and the sample temperature was
regulated by thermoelectric heating and cooling. For evaluation of data the RheoPlus/32 software
(V 3.40) and OriginPro7 was used. For sample preparation a 1:1 (molar ratio) mixture of the
triazide compound (42c¢) and the trialkyne compound (38) was placed in a flask (100 mg) and the
catalyst (I mol% per functional group) was added to the mixture. Subsequently, the reaction
mixture was mixed with a spatula and immediately put on the rheometer plate. Measurements
were performed with a strain y of 1.0 % and with an angular frequency w ranging from 100 to 1
rad/s. A frequency sweep was performed every 5 minutes. The gelation time was determined as
crossover of the storage (G") and the loss modulus (G"). Measurements were stopped, when the
values of the storage and the loss modulus stayed constant (second decimal place) for at least 60

minutes.
X-ray diffraction patterns have been recorded for powder samples in glass capillaries (& 1.0 mm)

using Ni filtered CuK, radiation in transmission and an area detector VANTEC500 (Bruker) at a

sample — detector distance of 9.85 cm.
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Matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS)
measurements were performed on a Bruker Autoflex III Smartbeam equipped with a nitrogen
laser (337 nm) and under use of the linear or reflector modus. DCTB (40mg/mL in THF) was
used as matrix. All samples were dissolved in either chloroform or acetone (20 mg/mL, HPLC
grade, purchased from Sigma Aldrich) and silver trifluoroacetate (1 mg/mL in THF) was added

as a salt. The matrix: sample: salt was adjusted to 100:10:1.

TENSILE tests were performed parallel to the extrusion direction on sample bars with length of
50 mm, a thickness of 1 mm, and a gage length of 26 mm using a Zwick universal testing
machine (Z010, Zwick/Roell) at room temperature and a testing speed of 10 mm/min (for
Young’s modulus 1 mm/min). The strain was directly measured in the parallel range of the bars
with a sensor arm extensometer. For measurements perpendicular to the extrusion direction
specimens of 10 mm length were stamped out and tested using a custom made tensile clamp at a
tensile speed of 10 mm/min. Engineering stress (o) and strain (€) are calculated based on the

force and the displacement as well as based on the initial specimen dimensions.

7.3. Modification of nanoclay with VDAC and TAUN and subsequently with Grubbs
catalyst.

For the successful attachment of Ru onto the clay surface, surface modification with specific
ligands with Ru bonding sites was necessary. Therefore, first the required ligand was
synthesized. Their procedure was adopted from literature™"->¥%%,
\
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Scheme 7.3.1:Step by step reaction pathways for the synthesis of organic modifiers with potential sites for the
immobilization of Ru catalyst.

7.3.1.Synthesis of vinylbenzyldodecyl ammonium chloride 16.
Compound 16(VDAC) was synthesized according to the procedure from Qutubuddin®’. 4-

Vinylbenzylchloride (2 g, 13 mmol), N,N-dimethyldodecylamine (3.3 g, 14.3 mmol) and 2,6-di-
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t-butyl-p-cresol (286 mg, 1.3 mmol) were all placed in a 50 ml flask containing diethylether (3
mL). The mixture was stirred for 17 hours at 30 °C. A colorless precipitate was formed
afterwards. The product was washed several times with diethylether and dried under vacuum at
room temperature. The product was subsequently purified by re-crystallization from
diethylether/acetone (1/10, v/v) with a yield of (92 %, 4.86 g)."H-NMR (400 MHz,CDCls) 6 ppm
7.60 (d, 2H, J = 8.06 Hz, Ar-H), 7.42 (d, 2H, J = 8.04 Hz, Ar-H), 6.69 (dd, 1H, J = 17.59, 10.91
Hz, C=CH,), 5.79 (d, 1H, J = 17.59 Hz, C=CH,), 5.34 (d, 1H,J = 10.91 Hz, C=CH,), 5.06 (s,
2H, CH=CHy), 3.47 (m, 2H, N-CH,), 3.29 (s, 6H, N-CHj3), 1.77 (s, 2H,-CH»-), 1.18-1.22 (m,
18H, -CH>-), 0.86 (t, 3H, J = 6.76, Hz, -CH3-);?C-NMR (100 MHz,CDCls) § ppm 139.8, 135.6,
133.5, 126.7, 116.1, 67.1, 63.5, 49.5, 31.8, 29.5, 29.4, 29.3, 29.3, 29.2, 27.4, 26.3, 22.9, 22.6,
14.1.

7.3.2.Synthesis of 5-norbornene-2,3-dicarbonyl dichloride 18.

The synthesis of 18 was done according to the procedure from Binder et al”**_ A50 mL dry
round-bottom flask equipped with magnetic stirer bar was flushed with argon and charged with
endo, exo-bicyclo (2,2,1)-hept-5-ene-2,3-dicarboxylic acid (2.5 g, 13.73 mmol) and an excess
thionyl chloride (8.23 mL, 0.114 mol). The mixture was refluxed for 4 hours at 90 °C and
subsequently excess of thionyl chloride was removed under reduced pressure to obtain endo,
exo-bicyclo (2,2,1)-hept-5-ene-2,3-dicarboxylic acid chloride (99.9 %, 2.748 g)."H-NMR (400
MHz, CDCls)dppm 6.24 (dd, 1H,J = 5.56, 3.06 Hz, Ar-H), 6.03 (dd, 1H,J = 5.57, 2.80 Hz, Ar-
H), 3.34 (d, 1H, J = 4.06 Hz, Ar-H), 3.22 (s, 1H, Ar-H), 3.08 (s, 1H, Ar-H), 2.65 (dd, 1H, J =
4.59, 1.72 Hz, Ar-H), 1.58 (d, 1H, J = 8.79 Hz, Ar-H), 1.43 (m, 1H, Ar-H);">C-NMR (100
MHz,CDCl3)0 ppm 173.6, 135.1, 52.0, 51.7, 45.5.

7.3.3. Synthesis of S-norbornene diester 20.

The procedure for the synthesis of 20 was adopted from Harsha**

with particular reference to
that published by Behling241. Bromoundecanol (2.25 g, 9.1 mmol) in 1.5 mL of pyridine and 30
ml of diethylether was added dropwise into a flask containing norbornene dicarbonyl chloride
14in 5 mL of diethylether and the reaction mixture was stirred for 6 hours. Subsequently, the
solvent was removed under high vacuum to furnish the product as a dark yellowish liquid (77 %,
2.543 g). "H-NMR (400 MHz,CDCl3) Sppm 6.27 (dd, 1H,J = 5.47, 3.15 Hz, Ar-H), 6.05 (dd, 1H,

J =5.54, 2.80 Hz, Ar-H), 4.09 (t, 2H, J = 6.68 Hz, O-CH»), 4.02 (d, 2H, J = 6.66 Hz, O-CH,),
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3.39 (t, 4H, J = 6.87 Hz, -CH,-), 3.25 (s, 1H, Ar-H), 3.10 (s, 1H, Ar-H), 2.66 (d, 1H, J = 4.47
Hz, Ar-H), 1.84 (q, 4H, J = 6.94 Hz, -CH,-), 1.26 (m, 36H, -CH,-);?C-NMR (100 MHz,CDCl;)5
ppm 137.5, 109.9, 63.1, 52.0, 51.8, 45.6, 34.0, 32.7, 29.5, 29.3, 28.7, 28.1, 25.7.

7.3.4.Synthesis of 5,6-di(11-(n,n,n-trimethylammonium)undecoxycarbonyl)
norbornene(TAUN) 21.

Norbornene diester (2.5 g, 5.9 mmol) was mixed with trimethylamine (10 mL, 31-35 % of
trimethylamine in ethanol) and stirred for 48 hours under Ar. The reaction mixture was
concentrated with rotary evaporator, and the product was dried under dynamic vacuum for 4
days to give a waxy surfactant material21(89 %, 8.23 g).'H-NMR (400 MHz, CDCl3)dppm 6.26
(s, 1H, Ar-H), 6.1 (s, 1H, Ar-H), 3.70 (q, 4H, J = 7.02 Hz, O-CHy), 3.59 (m, 5H, N-CH,), 3.45
(s, 18H, N-CH3), 3.24 (s, 1H, Ar-H), 3.10 (s, 1H, Ar-H), 2.63 (d, 1H,J = 3.04 Hz, Ar-CH,), 1.74
(s, 4H, -CH,-), 1.26 (m, 40H, -CH,-);"’C-NMR (100 MHz,CDCl3)d ppm 173.3, 137.4, 66.7,
64.9, 64.6, 62.7,53.4,45.5, 32.6, 29.3, 29.2, 28.5, 26.1, 25.8, 23.1.

7.3.5. Surface modification of nanoclays with VDAC and subsequent attachment of Ru 23,
and 24.

Sodium montmorillonite (1 g, CEC = 82 meq/100 g) was dispersed in 70 °C distilled water (100
mL) and stirred for 1hour. The solution was allowed to cool slightly (around 40 °C) followed by
the addition of 10 % excess of the modifying surfactant in 50 mL of water and 1 % butylated
hydroxytoluene as indicator (dissolved in minimal amount of ethanol). The resultant mixture was
stirred for further 6 hours. The modified clay was filtered and washed repeatedly with warm
distilled water until no chloride ions were detected using 0.1 M AgNOj3 solution. The modified
clay was preliminary dried at 75 °C for 12 hours, and further dried at 75 °C after the nanoclay
was grounded to particles size of less than 45 pm prior to analysis.Subsequently, the organoclay
(0.1 g, 0.064 mmol VDAC/100 mg of clay) was dispersed in degassed DCM (100 mL) and
stirred under vortex for 48 hours to swell the clay layers in the solvent. First generation Grubbs
catalyst (0.105 g, 0.128 mmol) was added into the mixture and stirred for another 30 minutes,
after which the reaction was stopped and the solvent was removed by centrifugation. The G1-
modified clay was thoroughly washed with dry DCM (50 mL, three times) to remove unreacted
catalyst. The catalyst-modified clay was dried under Ar and thereafter used for kinetic

investigations.
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7.3.6. Surface modification of nanoclays with TAUN and subsequent attachment of
Ru24025, and 26.Norbornene surfactant (0.334 g, 0.615 mmol) was mixed with Na MMT clay
(0.5 g, 0.41 mmol) in 100 mL distilled water and stirred under reflux for 96 hours to achieve
maximum grafting density. The modified clay was recovered by filtration and further dried under
vacuum at room temperature for 24 hours. ROMP active organoclay substrate26, was prepared
by the dispersion of 75 mg of Nmod-MMT in 16 mL of dichloromethane for 4 hours with
rigorous stirring at room temperature, and followed by the addition of 50 mg of Grubbs catalyst
(first generation) and 200 mg of PCy3. The mixture was rigorously stirred for 1 hour, and filtered
thereafter. The G1-modified clay was thoroughly washed with dry DCM (50 mL, three times) to
remove unreacted catalyst. The Ru-modified clay 26 was dried under Ar for 24 hours.

7.4. Synthesis of modifiers for Cu(I) attachment and subsequent attachment of Cu carbenes
6a, 6b, and 9.

In order to successfully attach Cu(I) onto clay surface, the surface of nanoclay had to be
modified with organic molecules that have possibilities to bond Cu(l). For this purpose, several

modifiers with directional and non-directional bonding sites for Cu(l) were synthesized. Their
242,149

with modification.

procedure was adopted from literature

Br ,‘\iﬁ/\/\,\‘l/\/\’l‘/
| ‘ ‘ Pt Q/\/\/\/\/\
NOACNCAANL —8 > N
7 \ B°) \

Scheme 7.4.1:Step by step synthetic rout for the successful synthesis of organic modifiers with potential sites for
the immobilization of Cu(I).
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7.4.1. Synthesis of 1-tert-butyl-1H-imidazole 4a.

The synthesis of 4a was according to the procedure from Giovanni**’. Glacial acetic acid (10
mL), aqueous formaldehyde (3 mL), and aqueous glyoxal (4.6 mL) were all transferred into a
round bottom flask and heated to 70 °C. A solution of glacial acetic acid (10 mL), ammonium
acetate in water (3.08 g in 2 ml of water), and tert-butyl amine (5.6 mL) was added drop wise
over a period of 20 minutes. The solution was allowed to stir continuously for 18 hours.
Purification was done by dissolving the crude mixture in NaHCOs3solution (300 mL). The target
product was extracted with chloroform (100 mL, three times)(79.5 % 3.95 g).lH—NMR (400
MHz,CDCl3) 6 ppm 7.60 (s, 1H, N-CH), 7.02 (d, 2H, J = 9.32 Hz, -CH=CH-), 1.53 (s, 1H, -
CHj3-); C-NMR (100 MHz,CDCls) Sppm 134.3, 128.9, 116.2, 54.7, 30.5.

7.4.2.Synthesis of 1-(2,4,6-trimethylphenyl)-1H-imidazole 4b.

The synthesis of 2b was done utilizing the procedure from Giovanni***. Glacial acetic acid (10
mL), aqueous formaldehyde (3 mL), and aqueous glyoxal (4.6 mL) were all transferred into a
round bottom flask and heated to 70 °C. A solution of glacial acetic acid (10 mL), ammonium
acetate in water (3.08 g in 2 mL of water), and mesitylamine (5.6 mL) was added drop wise over
a period of 20 mins. The solution was allowed to stir continuously for 18 h. The reaction mixture
was cooled down to room temperature and was added drop wise to a stirring solution of NaHCO3
(300 mL). The target product precipitated. The precipitate was isolated, washed with water
several times (100 mL, three times) and dried under air to obtain a brown yellow solid. Re-
crystallization of crude product using ethyl acetate gave the target product (81.42 %, 4.3 g). 'H-
NMR (400 MHz,CDCl3)0 ppm 7.43 (s, 1H, N=CH), 7.23 (s, 1H, -CH=CH-), 6.96 (s, 1H, Ar-H),
6.88 (t, IH,J = 1.19 Hz, -CH=CH-), 2.33 (s, 1H, Ar-CH3), 1.95 (s, 1H, -CHs-); >C-NMR (100
MHz,CDCl3)o ppm 138.7, 137.4, 135.3, 128.9, 120.0, 20.9, 17.2.

7.4.3. Synthesis of tert-butyl-1-dodecylimidazolium bromide 6a.

Tert-butyl-1-dodecylimidazolium bromide6éa was synthesized by dissolving 1-tert-butyl-/1H-
imidazole4a(0.5 g, 0.0042 mol) and 1-bromodecane Sa(1.38 g, 0.0063 mol) in THF and the
reaction was heated to 100 °C for 18 hours. The solvent was first cooled to room temperature and
decanted and the product dried in vacuum (79 % 1.49 g). '"H-NMR (400 MHz,CDCl3) § ppm
10.70 (s, 1H, N=CH-), 7.48 (t, 1H, J = 1.55Hz, -CH=CH-), 7.38 (s, 1H, -CH=CH-), 4.46 (t, 2H, J
= 746 Hz, N-CHy), 1.72 (s, 9H, -CH;-), 1.19-1.27 (m, 18H, -CH,-);”C-NMR (100
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MHz,CDCl;) d ppm 135.8, 122.0, 119.7, 60.3, 49.9, 31.7, 30.4, 30.1, 29.4, 29.3, 29.1, 29.0, 26.2,
22.5, 14.0.

7.4.4.Synthesis of 1-mesityl-1-dodecylimidazolium iodide 6b.

For the synthesis of 1-mesityl-1-dodecyllmidazolium iodide 6b, Mesitylimidazole (1 g, 5.37
mmol) 4b, and 1-iododecane Sb(1.91 g, 1.59 ml, 6.44 mmol) were dissolved in THF and heated
to 100 °C for 18 hours. The solvent was cooled down to room temperature, decanted and the
product dried in vacuum to furnish the product 6b (98 %, 2.8 g).lH—NMR (400 MHz,CDCl3)
oppm 10.06 (s, 1H, N=CH-), 7.72 (s, 1H, Ar-H), 7.20 (s, 1H, Ar-H), 7.00 (s, 2H, -CH=CH-),
2.33 (s, 3H, Ar-CHj3), 2.07 (s, 6H, Ar-CHs), 1.24-1.35 (m, 18H, -CH,-), 0.87 (t, 3H, J = 6.78 Hz,
-CH3);*C-NMR (100 MHz,CDCls) & ppm 141.5, 137.9, 134.1, 129.9, 122.9, 122.4, 109.9, 50.7,
31.8,30.4, 29.5, 29.4, 29.3, 29.3, 28.9, 26.0, 22.6, 17.7.

7.4.5. Synthesis of tertiary amino ligand 9.

The synthesis of the tertiary amino ligand was based on a simple nucleophilic substitution of the
bromine atom in 1-bromohexadecane by one amino group. According to the procedure from
Stein, et.al149,N]—(3—(dimethylamino)propyl)—NI,N3,N3—trimethylpr0pane—1,3—diamine (10 g, 0.049
mol, 12.0 mL) was added to 12.2 mL of DMF, and with the protection of nitrogen, the mixture
was heated to 100 °C. 1-Bromohexadecane (12.3 mmol, 3.75 g, 3.75 mL) was added drop wise
(about 10 s per drop) into the mixture and the resultant mixture was stirred for 48 hours at 100
°C. When the reaction was completed, the excess amine was removed by vacuum distillation (50
mbar, 100 °C). '"H-NMR (400 MHz,CDCls) § ppm 3.48 (d, 6H, J = 16.79 Hz, N-CH,), 3.42 (s,
2H, N-CH»), 3.36 (s, 8H, N-CH,), 3.30 (d, 2H, J = 4.72 Hz, N-CH»), 3.14 (s, 2H, N-CH,), 2.34-
2.07 (m, 30H, N-CH3), 1.56 (m, 23H, -CHy»), 1.18 (s, 48H, -CH,), 0.80 (t, 6H, J = 6.79, -CH3).

7.4.6.Surface modification of Na MMT with compounds 6a and 6b and subsequent
attachment of Cu(I) 13a and 13b.

The modification of Na MMT with 6a and 6b was done according to the procedure from
Qutubuddin240 with modification. Na MMT (0.5 g) was dispersed in a 50:50 mixture of water
and methanol (50:50 mL) and was heated to 80 °C. The solution was allowed to stir for 1 hour to
allow swelling of the clay. 6a(0.211 g, 0.615 mmol),/ 6b(0.263 g, 0.615 mmol), dissolved in
minimal amount of methanol (0.7 mL) was thereafter added at 80 °C and the resultant mixture

was allowed to stir for further 5 hours while slowly cooling down to room temperature. The
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mixture was centrifuged (5000 rpm, 10 mins, 25 °C) and the resultant modified clay was washed
several times with methanol (100 mL, three times) and water (100 mL, three times) to remove
unreacted modifiers. The modified clay was dried in oven at 70 °C for 24 hours. To achieve
successful attachment of Cu(I), the modified clay, 13a (0.3 g, 0.87 mmol)/ 13b (0.400 g, 0.176
mmol), was dissolved in dry DMF (5 mL) and stirred for 3 hours at room temperature to allow
the clay to swell. Thereafter, tetrakis(acetonitrile)copper(1)hexafluorophosphate (0.423 g, 1.13
mmol-for 8a, and 0.352 mmol, 0.131g-for 8b) was added and the resultant solution was allowed
to stir for 18 hours. The obtained copper (1)-modified clay was centrifuged (5000 rpm, 10 mins,

25 °C) and washed several times with dry DMF (100 mL, four times) to remove excess copper

@.

7.4.7.Surface modification of Na MMT with 9and subsequent attachment of Cu(I) 11.

Na MMT (0.9 g, 0.74 mmol/0.9 g of clay) was dispersed in 70 °C distilled water (150 mL) and
allowed to swell for 1 hour at the same temperature. The solution was cooled down to 40 °C. §
(1.11 mmol, 0.926 g) was then added to the mixture and the solution was allowed to further stir
for 6 hours while slowly cooling down to room temperature. The suspension was centrifuged
(5000 rpm, 10 mins, 25 °C) and the organoclay was washed several times with warm water (100
mL, three times) to remove unreacted TAL. The modified clay was dried at 70 °C in a vacuum
oven for 48 hours. TAL-Clay 9 (1 g, 0.32 mmol), was dissolved in dry DMF (150 mL) and
stirred for 3 hours at room temperature, to allow the clay to swell. Thereafter,
tetrakis(acetonitrile)copper(1)hexafluorophosphate (0.416 mmol, 0.155g) was added and the
resultant solution was allowed to stir for 18 hours. The obtained copper (1)-modified clay was
centrifuged (5000 rpm, 10 mins, 25 °C) and washed several times with dry DMF (100 mL, three

times) to remove excess copper.

7.5. Synthesis of Cu-and Ru-modified POSS.
The surface modification of POSS nanomaterials was achieved through a series of reaction steps.
The formation of the Ru-and Cu-carbenes on the POSS surface was done according to literature

with slight modification.****"**™*
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Scheme 7.5.1:Surface modification of different POSS compounds with low molecular weight compounds with
potential bonding sites for the immobilization of metal catalyst.

7.5.1.Synthesis of azidohydrincyclohexylisobutyl POSS 29.

A solution of epoxycyclohexylisobutyl POSS (1.0 g, 3.19 mmol) in dry tetrahydofuran (5 mL)
was added to a solution of sodium azide (0.208 g, 3.19 mmol) and ammonium chloride (0.170 g,
3.18 mmol) in dry DMF (5 mL). The mixture was stirred for 35 hours at 50 °C. The solution was
then precipitated into 200 mL of water and the product29 was filtered and vacuum dried at 40 °C
for 60 hours (72 %, 0.869 g). 'H-NMR (400 MHz,CDCl;) § ppm 3.49 (dd, 2H, J = 80.88, 42.57
Hz, N-CH,), 3.13 (t, 1H, J = 6.76Hz, -CH), 2.13 (m, 1H, OH), 2.06 (m, 1H, -CH), 1.78-1.86 (m,
9H, C-H), 1.67 (m, 1H, -CH), 1.45-1.53 (m, 6H, -CH3), 0.90-0.98 (m, 42H, -CH3), 0.55-0.74 (m,
16H, -CH,); C-NMR (100 MHz,CDCl3) § ppm 69.1, 62.6, 32.2, 30.2, 29.5, 28.9, 27.9, 26.7,
25.6, 24.6, 23.8, 22.47; *Si-NMR (80 MHz,CDCls) § ppm -67.1, -67.3, -67.7, -67.91.

7.5.2.Synthesis of azidohydrinisobutyl POSS30.

Sodium azide (0.175 g, 2.7 mmol) was added to a mixture of glycidylisobutyl POSS (0.5 g, 0.54
mmol) and cerium (III) chloride heptahydrate (0.1 g, 0.27 mmol) in a mixture DMF and THF
(1:1, 10 mL). The reaction mixture was stirred for 24 hours at 70 °C. The excess solvent was
removed by vacuum . The product was redissolved in 80 mL chloroform, washed with water (75
mL, two times) and brine (75 mL, two times) and again with water (100 mL, two times). The

organic phase was separated; dried over Na,SOy, filtered and the solvent was removed under
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reduced pressure. The crude produt was purified using column chromatography (R¢ value: 0.45,
Si0,, n-hexane/ethyl acetate, 10:1). '"H-.NMR (400 MHz,CDCls) 6 ppm 3.95 (m, 1H, -CH), 3.60
(m, 1H, -CH), 3.52 (d, 1H, J = 5.11 Hz, -CH), 3.44 (m, 3H, -CH), 3.33 (m, 1H, -CH), 1.85 (dd,
7H, J = 20.12, 6.71 Hz, -CH), 1.67 (s, 3H, -CH,, -OH), 0.95 (d, 42H,J = 6.62 Hz, -CH3), 0.60 (d,
16H, J = 4.32 Hz, -CH,);?C-NMR (100 MHz,CDCls) & ppm 73.6, 71.5, 71.0, 53.4, 25.6, 23.8,
22.8,22.4,8.2; Si-NMR (80 MHz,CDCl3) 8 ppm -67.4, -67.6, -67.9.

7.5.3. Synthesis of hexynylhydrincyclohexylisobutyl POSS via “click” chemistry 32a.

To a 100 mL one-necked round bottom flask containing 15 mL of toluene was added
azidohydrincyclohexylisobutyl POSS29 (1 g, 1.0 mmol), 1-hexyne 31a(0.18 mL, 0.123 g, 1.50
mmol), tetrakis(acetonitrile)copper(I) hexaflourophosphate (0.111 g, 0.3 mmol), N,N-
diisopropylethylamine (0.2 mmol, 0.025 g). The solution was purged with nitrogen for 45
minutes to remove any trace of oxygen. Thereafter the solution was heated to 60 °C for 48 hours.
At the end of the reaction, the solvent was evaporated and crude product was redissolved in
chloroform, washed with water (100 mL, three times), brine (100 mL) and again with water (100
mL). The organic phase was separated and dried over Na,SQOy. After filtration, the solvent was
removed and the product was further purified by column chromatography (Chloroform:
methanol, 10:1, R¢ value: 0.45)(80.1 %, 0.9 g). 'H-NMR (400 MHz,CDCl3) 6 ppm 7.32 (s, 1H,
TrA-H), 4.12 (t, 2H, J = 58.84 Hz, -CH, -CH), 2.74 (dd, 2H, J = 20.85, 13.47 Hz, -CH,), 1.73-
2.30 (m, 13H, -CH,, -OH), 1.20-1.70 (m, 11H, -CH, CHy), 0.85-1.15 (m, 46H, -CH3), 0.51-0.70
(m, 16H, -CH,); C-NMR (100 MHz,CDCls) § ppm 128.7, 125.6, 72.9, 53.0, 52.6, 51.9, 35.3,
34.6, 31.8, 31.3, 30.3, 28.9, 27.4, 25.6, 23.8, 22.4, 13.7; *Si-NMR (80 MHz,CDCl3) & ppm -
67.4,-67.5,-67.7, -67.8.

7.5.4. Synthesis of 1-methylimidazoliumhydrincyclohexylisobutyl POSS via “click”
chemistry 32b.

To a 100 mL one-necked round bottom flask containing a solution of dry toluene and
isopropanol (1:1)15 mL, was added azidohydrincyclohexylisobutyl POSS29 (1 g, 1.0 mmol), 1-
methylimidazolium ionic liquid 31b(0.230 g, 1.23 mmol), tetrakis(acetonitrile)copper(1)
hexaflourophosphate (0.038 g, 0.102 mmol), N, N-diisopropylethylamine (0.102 mmol, 0.014 g).
The solution was purged with nitrogen for 45 minutes to remove traces of oxygen. Thereafter the

solution was heated to 60 °C for 48 hours. At the end of the reaction, the solvent was evaporated
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and the crude product was redissolved in chloroform, washed with water (100 mL, three times),
brine (100 mL) and again with water (100 mL). The organic phase was separated and dried over
Na,SO4. The solvent was removed and the product was further purified using column
chromatography (Chloroform: methanol, 30:1) to give the final product 32b, with an Ry value of
0.45 (45 %, 0.554 g). "H-NMR (400 MHz,CDCl3) § ppm 7.66 (s, 1H, TrA-H), 7.03 (t, 1H, J =
6.51Hz, N=CH-), 6.37 (dd, 1H, J = 4.58, 2.91 Hz, -C=CH-), 6.14 (t, 1H, J = 2.96Hz, -C=CH-),
4.89 (s, 2H, N-CH»-), 4.11 (t, 2H,J = 68.26Hz, -CH»), 3.25 (d, 3H, J = 6.23 Hz, N-CHs), 2.74 (s,
1H, -OH), 1.61-1.93 (m, 22H, -CH,-, -CH-), 1.25 (s, 5H, -CH-), 0.95 (d, 43H, J = 7.55 Hz, -
CHs), 0.60 (d, 16H, J = 7.02 Hz, -CHa).

7.5.5. Synthesis of hexynylhydrinisobutyl POSS via “click” chemistry 33a.
Azidohydrinisobutyl POSS 30(2.5 g, 2.7 mmol), 1-hexyne 31a(0.261 g, 3.2 mmol), TBTA
(0.143 g, 0.27 mmol), DIPEA (0.05 mL, 0.27 mmol), Cu(MeCN)4PFs (0.1 g, 0.27 mmol) were
placed into a 50 mL round bottom flask containing 30 mL of dry toluene equipped with a
magnetic stir bar. The mixture was purged with nitrogen for 45 minutes. The reaction mixture
was heated for 48 hours at 80 °C. The excess solvent was removed with rotary evaporator and
the crude product purified using column chromatography (SiO,, Chloroform/methanol, 10:1, R¢=
0.34)."H-NMR (400 MHz,CDCl3) § ppm 7.41 (s, 1H, TrA-H), 4.51 (dd, 1H, J = 14.08, 3.64 Hz,
-CH), 4.37 (dd, 1H, J = 14.11, 6.92 Hz, -CH), 4.18 (dd, 1H, J = 10.05, 5.95 Hz, O-CH), 3.44 (m,
3H, O-CH, O-CHy), 3.35 (dd, 1H, J = 9.63, 6.06 Hz, OH-CH), 2.95 (s,1H, -OH), 2.73 (t, 2H, J =
7.69 Hz, -CH,), 1.87 (td, 7H, J = 13.37, 6.70 Hz, -CH), 1.67 (m, 4H, -CH,), 1.39 (m, 2H, -CH),
0.96 (m, 45H, -CH3), 0.62 (m, 16H, -CH,); "C-NMR (100 MHz,CDCls) & ppm 156.3, 122.1,
73.6, 71.3, 69.3, 52.7, 31.4, 30.3, 29.6, 25.6, 23.8, 22.8, 22.4, 22.2, 13.7, 8.3;’Si-NMR (80
MHz,CDCl3) s ppm -67.5, -67.6, -67.8.

7.5.6. Synthesis of 1-methylimidazoliumhydringlycidylisobutyl POSS via “click” chemistry
33b.

To a 20 mL one-necked round bottom flask containing a solution of dry toluene and isopropanol
(1:1)5 mL, was added azidohydrinisobutyl POSS30 (0.1 g, 0.103 mmol), 1-propagyl-3-
methylimidazole bromide 31b(0.023 g, 0.124 mmol), tetrakis(acetonitrile)copper(1)
hexaflourophosphate (0.0038 g, 0.0103 mmol), N,N-diisopropylethylamine (0.0103 mmol,

0.0013 g). The solution was purged with nitrogen for 45 minutes to remove traces of oxygen.
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Thereafter the solution was heated to 60 °C for 48 hours. At the end of the reaction, the solvent
was evaporated and crude product was redissolved in chloroform, washed with water (20 mL,
three times), brine (30 mL) and again with water (20 mL). The organic phase was re-dissolved in
methanol to remove unreacted imidazolium compound. The solvent was removed and the
product was further purified by column chromatography (Chloroform: methanol, 30:1, R¢ value:
0.45) (45 %, 55 mg). '"H-NMR (400 MHz,CDCl3) & ppm 7.59 (s, 1H, TrA-H), 7.24 (d, 1H, J =
7.23 Hz, -CH=CH-), 7.17 (d, 1H, J = 7.36 Hz, -CH=CH-), 5.66 (s, 1H, -CH), 4.88 (s, 1H, -CH),
4.67 (d, 1H,J = 13.59 Hz, -CH), 4.40 (d, 1H, J = 8.70 Hz, O-CH), 4.21 (s, 1H, O-CH), 3.99 (m,
2H, O-CHy), 3.45 (t, 3H, J = 6.74 Hz, N-CH3), 3.62 (m, 1H, -CH ), 3.52 (d, 2H, J = 5.12 Hz, N-
CH,), 1.98 (s, 1H, -OH), 1.84 (qd, 7H, J = 13.42, 6.71 Hz, -CH), 1.67 (s, 2H, -CH,), 0.94 (s,
42H, -CHs), 0.60 (s, 16H, -CH,).

7.5.7. Synthesis of 1,2,3-triazol-5-ylidene-copper(I) POSS complex 34a.

To a 20 mL round bottom flask containing dry and degassed mixture of acetonitril and
dichloromethane (1:1, 2 mL), 32a (0.050 g, 0.0479 mmol), silver oxide (0.061 g, 0.0264 mmol),
and potassium bis(trimethylsilyl)amide (0.0096 g, 0.0479mmol)was added. The mixture was
stirred for 15 hours at room temperature under inert environment. Thereafter,copper(I) chloride
(0.0084 g, 0.0479 mmol) was added to the mixture was stirred for an additional 6 hours. The
reaction was stopped and the solution was filtered to remove the silver oxide solid particles and
then the solvent evaporated. To remove the unbound copper, further purification was done by
dissolving the mixture in minimal amount of dry and degassed toluene (0.1 mL), and
precipitating in an equal mixture of dry DMF and acetonitrile (5 mL) to furnish the product 34a,

as a light green solid compound (31 %, 0.018 g).

7.5.8. Synthesis of Cu(I)-imidazoliumcyclohexylisobutyl POSS complex 34b.

To a 10 mL round bottom flask containing dry THF (5 mL), and sodium hydrid (0.0122 g, 0.507
mmol)was added 32b(0.200 g, 0.169 mmol). The mixture was stirred for 15 hours at room
temperature under inert environment. Thereafter,copper(I) acetate (0.0124 g, 0.101 mmol) was
added to the mixture further stirred for an additional 6 hours. At the completion of the reaction,
the solvent was removed using rotary evaporator and the crude product was thereafter washed

several times with dry DCM (20 mL, three times) and DMF (20 mL, three times). The trace of
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solvent was evaporated to furnish the product 34b, as a light green solid compound (26 %, 0.055

),

7.5.9. Synthesis of 1,2,3-triazol-5-ylidene-copper(I) POSS complex 35a.

To a 20 mL round bottom flask containing dry and degassed mixture of acetonitril and
dichloromethane (1:1, 2 mL), 26a (0.050 g, 0.0473 mmol), silver oxide (0.060 g, 0.026 mmol),
copper chloride (0.0082 g, 0.0621 mmol), and tetramethylammonium chloride (0.0051 g, 0.0473
mmol) were added.The mixture was stirred for 15 hours at room temperature under inert
environment. Thereafter,copper(I) chloride (0.0082 g, 0.0473 mmol) was added to the mixture
and further stirred for an additional 6 hours.The reaction was stopped and the solution was
filtered to remove the silver oxide solid particles followed by the evaporation of the solvent. To
remove the unbound copper, further purification was done by dissolving the mixture in minimal
amount of dry and degassed toluene (0.1 mL), and precipitating in an equal mixture of dry DMF

and acetonitrile (5 mL) to furnish the product3Sa.

7.5.10. Synthesis of Cu (I)-imidazoliumhydringlycidylisobutyl POSS complex 35b.

To a 10 ml round bottom flask containing dry THF (5 mL), was added 28b (0.100 g, 0.085
mmol), and sodium hydrid (0.0122 g, 0.51 mmol). The mixture was stirred for 15 h at room
temperature under inert environment. Thereafter,copper (I) acetate (0.0125 g, 0.102 mmol) was
added to the solution and the further stirred for an additional 6 h. The reaction was stopped and
the crude product was washed several times with dry DCM. The solution was evaporated to
furnish the product 29b."H-NMR (400 MHz,CDCls) 6 ppm 7.30 (d, 1H, J = 7.23 Hz, -CH=CH-),
7.10 (d, 1H, J = 7.36 Hz, -CH=CH-), 5.56 (s, 1H, -CH), 4.78 (s, 1H, -CH), 4.67 (d, 1H,J = 13.59
Hz, -CH), 4.32 (d, 1H, J = 8.70 Hz, O-CH), 4.25 (s, 1H, O-CH), 3.91 (m, 2H, O-CH,), 3.40 (t,
3H, J = 6.74 Hz, N-CH3), 3.60 (m, 1H, -CH ), 3.45 (d, 2H, J = 5.12 Hz, N-CH,), 1.92 (s, 1H, -
OH), 1.74 (qd, 7H, J = 13.42, 6.71 Hz, -CH), 1.56 (s, 2H, -CHy), 0.90 (s, 42H, -CH3), 0.54 (s,
16H, -CH,).
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7.6. Synthesis and encapsulation of multivalent alkynes and azides.
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Scheme 7.6.1:Schematic representation of multivalent akynes and azides synthesized via azidation, nucleophilic,
and acetylation reactions.

7.6.1.Azidation of trimethylolpropane triglycidyl ether (TriAzOH)*"> 40.

Trimethylolpropane (10 g, 0.033 mol, 8.64 mL) was added to a 250 mL round bottom flask
containing 150 mL of methanol. Ammonium chloride (0.165 mol, 8.82 g) and sodium azide
(0.165 mol, 10.725 g) were both added to the reaction flask; afterwards the overall mixture was
heated to reflux for 12 hours. At the end of the reaction, the solvent was removed under vacuum
and the crude product was purified by washing with water (100 mL, three times) and brine (50
mL) and again with water (50 mL, two times), followed by extraction with chloroform (60 mL)
to give the product 40 (92 %, 9.2 g). "H-NMR (400 MHz, CDCls) éppm 3.92 (dd, J = 9.97,
5.27 Hz, 3H), 3.41 (m, 18H), 3.17 (s, 3H), 1.36 (m, 2H), 0.83 (t, J = 7.57 Hz, 3H); "C-NMR
(100 MHz, CDCls) 6 ppm 72.6, 72.3, 69.5, 53.4, 43.3, 23.3, 7.6.

7.6.2. Synthesis of triazidomethylbenzopropane triglycidyl ether 42a.

42a was synthesized by placing 40 (0.1 g, 0.232 mmol) and 4-dimethylaminopyridine (0.0464
mmol, 0.0056 g) in a 5 mL round bottom flask containing freshly distilled DMF (3 mL). The
reaction was stirred for 10 minutes at room temperature, followed by the addition of benzoyl
chloride (0.69 mmol, 97.7 mg). The reaction mixture was stirred for 12 hours. After 12 hours, the
solvent was removed under vacuum and the crude product was purified by column

chromatography. At first, chloroform was used to remove the unreacted benzoyl chloride and
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thereafter, chloroform/methanol (20:1, R¢ value: 0.25) was used to furnish the product (77 %,
0.152 g). '"H-NMR (400 MHz, CDCl3) § ppm 8.12 (d, 8H, J = 7.06 Hz, Ar-H), 7.62 (t, 3H, J =
7.44, Ar-H), 7.48 (t, 8H, J = 7.71, Ar-H), 3.98 (d, 3H, J = 5.91 Hz, O-CH), 3.30-3.70 (m, 18H,
O-CH,), 1.39 (q, 2H, J = 7.56, -CH,), 0.85 (t, 3H, J = 7.58Hz, -CH3); C-NMR (100 MHz,
CDCls) 6 ppm 172.2, 133.7, 130.2, 129.3, 128.4, 71.5, 70.7, 69.4, 50.7, 43.4, 22.9, 7.5. ESI-
TOF-MS, measured: 742.13 Da, simulated: 742.14 Da. [C3¢H4;NoOo+H]".

7.6.3.Synthesis of triazidomethyloctanopropane triglycidyl ether 42b.

40 (0.1 g, 0.232 mmol) and 4-dimethylaminopyridine (0.0464 mmol, 0.0056 g) were placed in 5
mL round bottom flask containing freshly distilled DMF (3mL). The reaction mixture was stirred
for 10 minutes followed by the addition of merysotyl chloride (0.69 mmol, 170 mg) in drops at
room temperature. The reaction mixture was then allowed to stir for 12 hours. Upon completion
of the reaction, the solvent was removed under vacuum and the crude product was purified by
column chromatography using chloroform and methanol (20:1, Rf value: 0.45) (80 %, 0.216 g).
'H-NMR (400 MHz, CDCls) 8 ppm 5.08 (s, 3H, O-CH), 3.32-3.68 (3, 21H, O-CH,), 2.33 (t, 6H,
J =7.23 Hz, OOC=CH,), 1.61 (dd, 6H, J = 18.47, 11.26 Hz, -CH,), 1.26 (m, 60H, -CH>), 0.88 (t,
12H, J = 6.86Hz, -CH3); >*C-NMR (100 MHz, CDCl;) Sppm 172.9, 71.6, 70.8, 69.5, 51.0, 43.3,
34.2, 31.9, 29.6, 29.4, 29.3, 29.2, 29.1, 24.8, 22.6, 14.0, 7.5. ESI-TOF-MS, measured: 1180.91
Da, simulated: 1180.9 Da [Cs7H;0;NoOg+I]".

7.6.4. Synthesis of triazidomethylacetopropane triglycidyl ether 42c.

40, (0.1 g, 0.232 mmol) and 4-dimethylaminopyridine (0.0464 mmol, 0.0056 g) were placed in a
5 mL round bottom flask containing freshly distilled DMF (3mL). The reaction mixture was
stirred for 10 minutes at room temperature, followed by the addition of acetic anhydride (0.695
mmol, 70.9 mg). The reaction mixture was then allowed to stir for an 1 hour at room
temperature, within which the reaction was complete. The solvent was removed under vacuum
and the crude product was purified by flash chromatography using chloroform (R¢ value: 0.28)
(98 %, 0.17 g). "H-NMR (400 MHz CDCls) ¢ ppm 5.06 (m, 3H, OC-H), 3.46-3.54 (m, 12H, O-
CH,), 3.27 (s, 6H, N-CH,), 2.09 (s, 9H, OC-CH3), 1.35 (d, 2H, J = 7.58 Hz, -CH,), 0.82 (d, 3H, J
= 7.50 Hz, -CH3);">*C-NMR (100 MHz, CDCl3)dppm 162.5, 71.6, 69.5, 50.9, 36.4, 31.4, 22.9,
20.9, 7.5. ESI-TOF-MS, measured: 580.19 Da Simulated: 580.24 Da [C»;H35NoOg+Na] .
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7.6.5. Synthesis of 1-(prop-2-ynyloxy)-2,2-bis((prop-2-ynyloxy)methyl)butane 38.%°

Trimethylolpropane 36 (6.71 g, 0.050 mol), under a dry atmosphere of nitrogen, was placed into
a dry 100 mL round bottom flask equipped with a magnetic stir bar and septum. Sodium
hydroxide (12 g, 0.30 mol), water (2.0 mL), and TBAB (0.80 g, 0.30 mol) were added and the
temperature of the solution was adjusted to 25 °C. Propagyl bromide (45.0 g, 80wt% solution in
toluene, 0.30 mol) was added drop wise over a course of 1 hour, and then the temperature was
slowly raised to 60 deg over the course of 1 h. during this time the reaction became
homogeneous. The reaction mixture was stirred at 60 °C for 22 hours. It was then cooled to room
temperature and diluted in dichloromethane (150 mL), washed with water (100 mL, five times)
and the organic phase was dried over sodium sulphate, filtered and the solvent was evaporated.
The product was dried in high vacuum. Further purification was done with column
chromatography (chloroform: methanol, 30:1, R¢ value: 0.95) (85 %, 43.95 g). "H-NMR (400
MHz, CDCl3) 6 ppm 4.11 (d, 6H, J = 2.41 Hz, O-CH,), 3.39 (s, 6H, O-CH»), 2.39 (t, 3H, J =
2.38 Hz, -CH), 1.42 (g, 2H, J = 7.58, Hz, -CH,), 0.87 (t, 3H, J = 7.58 Hz, -CH3); *C-NMR (100
MHz, CDCls) 6 ppm 80.1, 73.9, 70.3, 58.5, 42.7, 22.7, 7.4. ESI-TOF-MS, measured: 271.12 Da
Simulated: 271.14 Da [C;5H2003+Na]™.
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Chapter 8

Summary
In this research, the surface modification of nanofillers (nanoclays and POSS) was achieved
through various pathways, followed by the immobilization of metal particles/catalysts (Cu and
Ru) onto nanofiller surface. The synthesis and encapsulation of multifunctional azides and
alkynes for “click”-based self-healing nanocomposites, was equallydone. Attempts were also
made to elucidate the potency of the catalyst-modified nanofillers in the cross-linking behavior

of the multivalent alkynes and azides (for Cu-modified nanofillers using DSC.
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Figure 8.1:General synthetic concept and pathways for the surface modification of clay and POSS, and also the
encapsulation of trivalent alkynes and azides.

The first step involved the synthesis of necessary cationically-active organic modifiers with
potential sites for the immobilization of Ru-, and Cu-carbenes and subsequent cationic exchange
reactions that enables the replacement of the sodium ions present at the interlayer of the clay
gallery, to be effectively replaced, relying on Van der Waals forces of attraction to keep the
organic molecules bonded to the clay gallery. In achieving this, vinylbenzyl dodecyl chloride and
5,6-di(11-(N,N,N-trimethylammonium)undecoxycarbornyl) norbornene, were successfully

synthesized through series of reaction steps(Scheme 8.1)>7-238-240-241,
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Scheme 8.1:Step by step reaction pathways for the synthesis of organic modifiers with potential sites for the
immobilization of Ru catalyst.

Consequently, the cationic exchange reaction with these cationically-active organic modifiers
was done. Several reaction conditions were employed to achieve the organoclay with the highest
grafting density (Scheme 8.2). And at the end, the reaction condition that gave the best grafting
density was selected for further investigations. The modification of nanoclays with these organic
molecules gave rise to a completely exfoliated organoclay with an interlayer distance almost
doubled of the initial value. This increase of interlayer distance is of immense significance
because it overcomes the usual problem of agglomeration of the nano materials, thus making the
organoclay dispersable in organic matrix with the possibilities of surface chemistries to be made
at the nanometer regime. After the modification of the nanoclays with organic modifiers,
subsequent attachment of Ru catalyst on special sites on the organic modifier was made (Scheme

8.2)
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Scheme 8.2:Synthetic representation for the modification of nanoclays with synthesized organic modifiers with
metal-active binding sites followed by the subsequent immobilization of Ru catalyst.
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The amount of the Ru-carbenes formed on the surface of the organoclay was determined by
FAAS, and from the result obtained, compound 24 had more Ru-carbenes (0.022 mg/mg) than
compound 26. The Ru-modified clay particles was thereafter, used for further cross-linking
kinetic studies and formulation of self-healing nanocomposites.

In the same vein, selected organic modifiers with potential bonding sites for copper were
synthesized through several reaction steps#2-246: 273214 276 "Thig was followed by the attachment

of Cu (I) (Scheme 8.3).
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Scheme 8.3:Synthetic representation for the modification of nanoclays with the synthesized organic modifiers for
the immobilization of metal catalyst and the subsequent immobilization of Cu(I) onto clay surface.

The amount of the Cu bonded to the surface was determined by FAAS and the results have been
reported in the preceding chapters. The catalytic activity of the Cu-modified clay nano particles
was determined by DSC using multifunctional azides and akynes as monomers.

Similar surface modifications were done for POSS. In the light of this, POSS27, and 28, were
subjected to surface chemistries in order to create Cu carbenes on the surface®*® as seen in

scheme 8.4. Nevertheless, the creation of Cu carbenes on these POSS materials was achieved
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through ionic (Cu carbenes formed on the triazole ring, 34a, 35a) and covalent (Cu carbenes

formed on the imidazolium ring, 34b, 35b) bond formations.
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Scheme 8.4:Surface modification of different POSS compounds with low molecular weight compounds with

potential bonding sites for the immobilization of metal catalyst.

The Cu carbenes formed by ionic bond formation are labile and can easily be cleaved off at the

slightest exposure to air and stored at room temperature. On the contrary, the Cu carbenes

formed by covalent bond formation are stronger and more resistant to decomposition when

exposed to room temperature, hence, giving them an edge over Cu carbenes formed by ionic

bond formation in self-healing applications. The amount of Cu on the surface of the POSS

materials was determined by FAAS and the results tabulatedbelow.

Table 14: Amount of Cu on the surface of various POSS catalysts synthesized, as determined by FAAS.

Entry Compound Amt of Amt of Cu
Cu (mmol/mg)
(mg/mg)
1 Ep-c-1H-Cu 0.049  0.043x 10
2 Ep-c-IMIM-Cu  0.023 0.018x 10
3 OH-c-1H-Cu 0.054 0.048x 107
4 OH-c-1MIM- 0.008  0.006 x 107

ral

In table 14, it can be seen that the compound OH-c-1H-Cu (35a), had the highest amount of Cu

carbene formation. Consequently, the catalytic activity of these Cu-modified POSS materials
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was investigated by DSC using multifunctional alkynes and azides, and the results have been

discussed in preceding chapters.
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