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Abstract

N-heterocyclic carbenes (NHC) are important ligands and represent significant catalytic centres due to
the minimal ligand dissociation related to the strong interactions between NHC ligands and metal
centres. Catalytic systems based on those NHC-ligand-metal complexes are of major interest.
Therefore, the basis of this thesis is founded upon the catalytic activity of Cu(I) NHC complexes in
incorporating functional groups into unsaturated polymers, as well as their response to
mechanochemical activation.

The widespread use of metal-catalysed cyclopropanation for double bonds with diazoesters has been
limited to low molecular weight compounds. Within the scope of this thesis, an approach to modify the
polymer backbone of poly(diene)s with esters as well as carboxylic groups via cyclopropanation in the
presence of Cu(I) NHC complexes was explored. Therefore, predominantly cis-1,4-poly(isoprene) was
converted with ethyl or tert-butyl diazoacetate using Cu(I) NHCs catalysts, while maintaining focus on
the technically relevant cyclohexane as solvent. Commercially available Cu(I) NHC catalysts yielded
modification degrees of 4-5 %, which increased to 17 % in a more polar solvent like dichloromethane.
The resulting esters were further converted to the corresponding free carboxylic acid groups by
deprotection using trifluoroacetic acid. Thus, an introduction of functional groups along the polymer
backbone with a wide variety of application, like ionic interaction or hydrogen bonding motifs, was
demonstrated. Its potential for up-scaling makes this approach feasible for an application in large-scale
production processes such as for manufacturing of modified synthetic rubbers.

In a second part, this thesis focuses on the mechanochemical activation of a Cu(I) NHC-complex based
metal-organic frameworks (MOFs). MOFs, or porous coordination polymers, consist of metal ions and
organic linkers, forming robust network-like structures similar to dense polymeric networks. A
mechanochemically triggered copper-catalysed azide-alkyne cycloaddition (CuAAC) was achieved
first in solution using a Cu(I) NHC-MOF, constructed from 1,3-bis(4-carboxyphenyl)imidazolium
chloride as NHC-source and organic linker. A largely amorphous MOF with a Cu(I) bis(NHC)-complex
embedded into it was synthesized. Ultrasound activation showed mechanochemical activation of the
Cu(I) NHC-MOF to obtain Cu(l) as active catalytic species, subsequently triggering a CuAAC with
conversions up to 25 % as monitored by the reaction of benzylazide and phenylacetylene to yield
1-benzyl-4-phenyl-1H-1,2,3-triazole over a period of 20 sonication cycles.

Expanding on the results in solution, the NHC-MOF system was transferred to a thermoplastic
polyurethane (TPU) polymer matrix, which displays shape-memory effect, to study the
mechanochemical activity in bulk. Using oscillating tensile rheology on TPU dumbbell-shaped
samples, the NHC-MOF catalysed fluorogenic CuAAC between non-fluorescent precursor dyes,
8-azidonaphthalen-2-ol and  3-hydroxyphenylacetylene, to form the fluorescent dye
8-(4-(3-hydroxyphenyl)-1,2,3-triazol-1-yl)naphthalen-2-ol. Monitoring via solid state fluorescence
spectroscopy revealed increased fluorescence intensities of up to 12 % in dependence of the measuring
point along the sample, exhibiting that a dumbbell-shaped TPU displays higher fluorescence intensities
in areas with higher mechanical stress than the surrounding other areas, thus effectively functioning as
a three-in-one stress-sensor system.

Overall, the results of this thesis exploit the reactivity of NHC-metal bonds in polymeric systems,
highlighting the catalytic role of Cu-NHC complexes after chemical and mechanical activation.
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III.

Kurzzusammenfassung

N-heterocyclische Carbene (NHC) sind wichtige Liganden und stellen aufgrund der minimalen
Ligandendissoziation in Verbindung mit den starken Wechselwirkungen zwischen NHC-Liganden und
Metallzentren bedeutende katalytische Zentren dar. Katalytische Systeme, die auf diesen NHC-
Liganden-Metall-Komplexen basieren, sind von groem Interesse. Daher bilden die Untersuchung der
katalytischen Aktivitit von Cu(I) NHC-Komplexen zur Implementierung funktioneller Gruppen in
ungesittigten Polymeren sowie die mechanochemische Aktivierungen der Katalysatoren die Grundlage
dieser Arbeit.

Die weit verbreitete Anwendung der metallkatalysierten Cyclopropanierung von Doppelbindungen mit
Diazoestern war bisher auf niedermolekulare Verbindungen beschrinkt. Im Rahmen dieser Arbeit
wurde die Modifizierung von Poly(dien)en mit Ester- und Carboxylgruppen durch Cyclopropanierung
in Gegenwart von Cu(I) NHC-Komplexen untersucht. Dazu wurde vorwiegend cis-1,4-Poly(isopren)
mit Ethyl- oder tert-Butyldiazoacetat unter Verwendung von Cu(l) NHC-Katalysatoren umgesetzt,
wobei der Fokus auf dem technisch relevanten Cyclohexan als Losungsmittel lag. Mit handelsiiblichen
Cu(I)-NHC-Katalysatoren wurden Modifizierungsgrade von 4-5 % erreicht, die in einem polareren
Losungsmittel wie Dichlormethan auf 17 % anstiegen. Die resultierenden Ester wurden durch
Entschiitzen mit Trifluoressigsdure weiter in die entsprechenden freien Carbonsiduregruppen
umgewandelt. Auf diese Weise wurde die Einfiihrung funktioneller Gruppen entlang des
Polymerriickgrats mit einer Vielzahl von Anwendungsmdglichkeiten demonstriert, wie z. B. ionische
Wechselwirkungen oder Wasserstoffbriickenbindungen. Aufgrund des Potenzials zum Upscaling ist
dieser Ansatz fiir eine Anwendung in grofitechnischen Produktionsprozessen geeignet, z. B. fiir die
Herstellung modifizierter synthetischer Kunststoffe.

In einem zweiten Teil konzentriert sich diese Arbeit auf die mechanochemische Aktivierung von auf
Cu(I) NHC-Komplexen basierenden metallorganischen Geriisten (metal organic framework, MOF).
MOFs, oder pordse Koordinationspolymere, bestehen aus Metallionen und organischen Linkern, die
robuste netzwerkartige Strukturen bilden, die dichten polymeren Netzwerken dhneln. Es wurde ein
weitgehend amorpher MOF mit einem darin eingebetteten Cu(I) bis(NHC) synthetisiert mit
1,3-Bis(4-carboxyphenyl)imidazoliumchlorid als organischen Linker. Eine mechanochemisch
ausgeloste kupferkatalysierte Azid-Alkin-Cycloaddition (CuAAC) wurde zunéchst in Losung getestet.
Die Aktivierung des katalytischen Cu(I)-Zentrums via Ultraschall erreichte Umsitze von 25 % fiir eine
anschlieBende CuAAC, wie durch die Reaktion von Benzylazid und Phenylacetylen zu
1-Benzyl-4-phenyl-1H-1,2,3-triazol iiber einen Zeitraum von 20 Beschallungszyklen beobachtet wurde.

Als Erweiterung der Ergebnisse in Losung wurde das Cu(l) NHC-MOF-System in eine
thermoplastische Polyurethanmatrix iibertragen, die einen Formgedéchtniseffekt aufweist, um auch hier
eine mechanochemische Aktivitdt zu untersuchen. Unter Verwendung von oszillierender Zugrheologie
an hantelformigen TPU-Proben katalysierte das Cu(I)-NHC-MOF eine fluorogene CuAAC zwischen
nicht fluoreszierenden Vorlduferfarbstoffen, 8-Azidonaphthalin-2-ol und 3-Hydroxyphenylacetylen,
um den fluoreszierenden Farbstoff 8-(4-(3-Hydroxyphenyl)-1,2,3-triazol-1-yl)naphthalin-2-ol zu
bilden. Messungen von Festkorperfluoreszenzspektroskopen ergab einen Anstieg der
Fluoreszenzintensitét um bis zu 12 %, in Abhéngigkeit des Messpunktes entlang der Probe, was darauf
hindeutet, dass ein hantelférmiges TPU bei hoherer Belastung eine hohere Fluoreszenzintensitét als die
umgebenden anderen Bereiche aufweist und somit effektiv als ein Drei-in-Eins-Belastungssensor-
System funktioniert.

Insgesamt nutzen die Ergebnisse dieser Arbeit die Reaktivitdt von NHC-Metallbindungen in polymeren
Systemen und unterstreichen die katalytische Rolle von Cu-NHC-Komplexen nach chemischer und
mechanischer Aktivierung.
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1 INTRODUCTION

1.1 N-Heterocyclic Carbenes (NHC)

Nitrogen-heterocyclic carbenes (NHCs) are a fascinating class of organic chemical compounds, thus
resulting in widespread investigations over the past 20 years. The first metal-bound NHC complexes
were reported independently by Wanzlick and Ofele in the 1960’s."#* This was followed by Bertrand
and co-workers reporting the first isolable carbene in the presence of heteroatoms such as phosphorus
or silicones on adjacent positions to the carbenic carbon in 1988.5!

oo

1,3-bis(adamantyl)imidazol-2-ylidene (IAd)
I-1
B

R\N/\N/R R\N/\N”R R-__N/\N/R R-._N/\N/R

- CC
Imidazolidin- Imidazol- Dihydroperimidin- Benzimidazol-
ylidene ylidene ylidene ylidene

Figure 1. A) The first isolated NHC named 1,3-bis(adamantyl)imidazol-2-ylidene (IAd, (I-1)) by A. J.
Arduengo.[%! B) General structures of some of the commonly used NHC scaffolds.

A. J. Arduengo built on this to demonstrate an extremely stable and therefore isolable carbenic carbon
within a nitrogen heterocycle.[¥! This first NHC, named 1,3-bis(adamantyl)imidazol-2-ylidene (IAd,
I-1) (Figure 1A), has since led to innumerable theoretical and experimental studies,”? resulting into a
great variety of NHCs with different scaffolds being synthesized (Figure 1B). The reactivity of NHC’s
have neem subject to many considerations, as discussed below in the next chapters.

1.1.1  General Structure and Bonding Properties

The structure and bonding of NHCs are crucial aspects to understanding their properties. Characterized
by a divalent carbon atom containing a lone pair of electrons and at least one nitrogen atom within a
heterocyclic ring structure,’® ) NHCs have been defined by key structural features such as electronic
stabilization by heteroatoms, steric-shielding substituents, varying ring sizes and differing backbones
(Figure 2A),!'% and they all influence the reactivity and the carbene stability.

It is a challenge to describe the shape and steric demands of an NHC in a general way since they strongly
depend upon the substituents. The substituents attached to the nitrogen are extremely influential by
providing a significant steric environment to the reactive carbenic carbon centre. One of the examples
of such an influence of bulky substituents of an NHC is a kinetic stabilization of the carbene to hinder
a potential dimerization, as predicted by the Wanzlick equilibrium.!'!! The steric properties of the
substituents also need to be considered in relation to organocatalysis, as the steric accessibility to the
carbenic carbon influences the reactivity of the nucleophilic NHC with other organic electrophilic
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materials such as aldehydes, the elimination of the NHC after the cycle, as well as any intermediate
steps.[1213]

oo g
Steric-Shielding freedton
Heteroatom () . Substituents donating N
R N R O
Backbone n Ring Size \ O
HOMO N
o-clectron
withdrawing O
Increase of Stability
b
A A A PAN
HoN” T NH, H,N” " NH, HN” “NH HN” NH
\/ \—/
Nitrogen lone pairs ~ Nitrogen lone pairs Imidazolidin Imidazol-
coplanar with coplanar with empty -2-ylidenes 2-ylidenes
carbene lone pair p orbital on carbene I-3 1-4

Figure 2. A) The key structural features of any NHC. B) Electronic bonding within NHCs. C) Stability
of some carbenes, determined by isodesmic calculations for the reaction of the carbene with methane.!'!

The electronic stabilization by the adjacent heteroatoms, which in this case is the highly electronegative
nitrogen, results in a singlet ground-state electronic configuration with the lowest unoccupied molecular
orbital (LUMO) and the highest occupied molecular orbit (HOMO) denoted as an unoccupied p-orbital
and a formally sp2-hybridized lone pair at the carbonic carbon, respectively (Figure 2B).”) The
presence of the nitrogen results in an inductive c-electron withdrawing, reducing the electron density
at the carbenic carbon. Additionally, the present lone pair of electrons on the heteroatom are donated
mesomerically to the empty p-orbital (n- electron donating) (Figure 2B).['"!

Conjugation in the cyclic backbone further increases electronic stability of NHCs. Initially when the
aromatic nature of the imidazolium ring was considered critical for NHC stability, a saturated NHC
with a bulky mesityl N-substituent (SIMes, I-2) was obtained and characterized in 1995.1'8) However,
the presence of unsaturation results in an enhanced thermodynamic stability in the NHCs, calculated to
be ~25 kcal mol™! higher for the unsaturated imidazol-2-ylidenes (Im, I-4) compared to the
corresponding saturated imidazolidin-2-ylidenes (SIm, I-3), allowing the possibility to obtain NHCs
without proximal steric substituents such as methyl-substituted 1,3-di(methyl)imidazol-2-ylidene
(IMe)."- 201 Additionally, isodesmic calculations conducted on a set of samples (Figure 2C) show that
carbenic carbons surrounded by amino groups were still stabilized without conjugation due to the
electron-withdrawing properties of the nitrogen. However, the conjugation definitely increased stability,
in which imidazolidin-2-ylidenes (I-3) were stable, while imidazol-2-ylidenes (I-4) were the most stable
(Figure 2C).l'%!

The ring size is an important factor as it leads to changes in orbital overlap, thus affecting the electronic
properties. The geometry of the NHC structures also affect the steric properties by effectively pushing
the nitrogen in the heterocycle as well as the attached substituents either closer or further from the
carbenic carbon.['! In terms of the electronic properties, the NHC ring size influences the Tolman
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electronic parameter (TEP, discussed in detail in Chapter 1.1.2.1). As demonstrated in Figure 3 in a
series of substituted five- (I-2), six- (I-5), and seven-membered NHCs (I-6), the TEP of a series of
saturated N-mesityl-substituted NHCs showed a decrease from 2050.8 cm™' to 2041.9 cm™! with
increasing ring size (Figure 3A). The size of an NHC ring inherently influences the hybridization of
the ground-state orbitals, consequently impacting the stabilization of the carbene centre and, by
extension, its electron-donating ability.!'>! The percentage buried volume (% Viu, discussed in detail in
Chapter 1.1.2.2) of different saturated 2,6-diisopropylphenyl N-substituted NHCs showed an increase
from 47.0 % to 52.7 % with increasing ring size (I-7, I-8 and I-9) as the bulky substituents have higher
proximity to the carbenic carbon in larger rings (Figure 3B).""!

A Decrease in TEP in saturated N-mesityl-substituted five-, six-, and seven-membered NHCs
TEP= 2050 8cm! TEP= 20426cm 1 TEP = 204] 9cm!

. Incmisc in %V, in saturated 2,6-diisopropylphenyl N-substituted five-, six-, and seven-membered NH(s

@“P @EL%@ @é*?

A)V,,m—470% A)Vm 509% A)me*527%

Figure 3. The effects of an increasing ring size from five- to seven- is shown in A) a scale showing a
decrease in TEP and B) a scale showing an increase in percentage buried volume.

1.1.2  Quantifying Electronic and Steric Properties

A Aii

\J\C\,\?}“
N—R N_ N
/N\,& Filled T
R Ni
d-fn‘_bilgl_ 0
__Ni—c=0  Oc— M—=C
oc / ----- e, ' M=Rh, Ir
n* CO d=2.00 or 2.28A
ocC MO co r=15A

Figure 4. A) The measurement of Tolman Electronic Parameter (TEP) is conducted with either i)
tetrahedral (NHC)Ni(CO); or ii) square planar cis-(NHC)IrCI(CO), or cis-(NHC)RhCI(CO).. B) The
percentage buried volume (% Vewr) concept for characterizing the steric properties of NHC ligands.
Figures adapted from literature.!!*!

1.1.2.1 Tolman Electronic Parameter

Though many different methods of quantifying electronic properties of NHCs such as determining pKa,
nucleophilicity parameter (N)!?!) and Huynh electronic parameter (HEP)!?? exists, the Tolman electronic
parameter (TEP) is by far the most commonly used to evaluate the electronic properties of NHCs.
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Developed originally for phosphines,'**) the TEP was later adapted for NHCs. The TEP essentially
correlates the infrared stretching frequency of carbon monoxide (CO) with the donor-acceptor
properties of ligands in transition metal carbonyl complexes. The less electron donating is the NHC
ligand, lower is the electron density at the metal centre.l”! This increases the electron donation between
the metal centre into the ©* antibonding orbital of CO ligand, weakening the CO triple bond and causing
a lower frequency A, vibration in the complex’s infrared (IR) spectrum.!'>) A comparison of the obtained
IR spectra enabled the possibility to indirectly evaluate the electron-donating ability of metal complexes
depending on specific NHCs attached,!' resulting in a compilation of a library of quantified NHC
complexes. !

The TEP were earlier measured with the tetrahedral nickel(0) complex (NHC)Ni(CO); (Figure 4Ai).[*!
However, with growing concerns of the high toxicity and low boiling point of the complex, less toxic
square planar complexes such as cis-(NHC)IrCI(CO): or cis-(NHC)RhCI(CO), were utilised (Figure
4Aii).>>?") To standardize the different TEP values obtained with different metal complexes,
mathematical equations (Equation 1.1 and 1.2) were used to correlate the different values of TEP
measured. However, variations can still occur in the measured TEP values depending on the resolution
of the infrared spectrometers and the solvent being used. As the range of wavenumber values for TEP
is considerably small (vco ~2000-2100 cm™), IR spectrometers require higher resolution, while using
common solvents such as hexane, CH;Cl or CH>CL.!'> 22! Hence, comparison of TEP values should
always be done between samples measured in the same conditions using the same solvent. To navigate
through these limitations, computational methods were developed that not only successfully reproduce
experimental data but also nullify the need to synthesize the metal complexes experimentally to measure
TEP values.!?331!

Rh to Ir: vco, 1= 0.8695 vco, rn+ 250.7 cm™ eq. (1.1)
Ir to Ni: TEP = 0.847 vco, i+ 336 cm’! eq. (1.2)

1.1.2.2  Percentage Buried Volume

Along with the electronic properties, the steric properties of NHCs are also important to understand
their reactivity and stability. For this purpose, the percentage buried volume parameter (% Viur) Was
developed by Hillier et al.®* which quantified the steric properties of NHCs. As presented in Figure
4B, the % Vyur value refers to a metal-NHC complex in which the M = metal is at the centre of a sphere
of a fixed radius (r). Depending on the percentage of the sphere “buried” by the ligand complex, the
buried volume is the ratio between the volume occupied by the NHC ligand to the total volume of the
sphere. The %/, is usually determined by theoretical calculations with the NHCs, or from
crystallographic data, using fixed parameter for the metal-carbenic carbon bond (d) of 2.00 or 2.28 A
and a sphere radius (r) of 3.5 A. Therefore, a comparison between different NHCs can only be made if
the same approach is used to determine the %V values due to the substantial influence of the
coordination environment on bond lengths and ligand conformation.*3-**! Hence, linear gold(I)
complexes [AuCI(L)] as standard sources have proved to be extremely useful for % V. calculations as
their uncluttered coordination sphere avoids steric clashing with other ligands.!') Nowadays, a free
application on the Internet named Samb/cal* can be used easily to calculate % Vyu from uploaded
crystal structure information.

1.1.3  Coordination Chemistry and Catalysis of Metal-NHC Complexes

Since one of the characteristics of NHC:s is their ability to bond with main or transition group metal
centres, understanding the nature of these bonds is of utmost importance. NHCs bind with metal centres
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via dative or coordinate bonds, i.e., a bond in which both electrons come from the same atom (NHC in
this case). The distance of such a bond, formed between the carbenic carbon of an NHC and a metal
centre, inform about the ability of the metal to transfer any electron density to the carbene (called ©
back-donation) in any organometallic complexes.” %] A key issue was understanding the degree of o
and  bonding between the NHCs and metal centres. In the context of NHCs, the main group elements
(groups 1-2 and 13-17) lack the availability of partially filled d-orbitals required for effective back-
donation and hence the NHCs bond with the metals mainly by ¢ bonding, while the n back-bonding is
insignificant.'” On the other hand, transition metals (groups 4-125%-5¢)), typically late transition metals
(groups 8-11), exhibit substantial © back-bonding from the metal to the NHC due to the partially filled
d-orbitals that interact with the electron rich carbenic carbon of an NHC (Figure 5).5¥ The extent of
the contribution of the m back-bonding in the overall bonding energy was studied by Hu et al.’”! and
Nemcsok et al.’® In the former studies, other than the overall donation from the ligand to the metal in
agreement to the expected ¢ bonding, Hu and coworkers reported significant m back-bonding
interactions between the p, orbitals of the carbene and the metal dx, and dy, orbitals of the NHC-Ag
bond, approximately contributing 15-30 % of the complexes overall orbital interaction energies.**! In
the latter studies, Nemcsok and coworkers while working with M-NHC complexes of coinage metals
(Ag, Au and Cu), quantified the © back-bonding contribution to about 20 %, highlighting its importance
in NHC-metal bonding.!'®!

LUMO
n O n-electron
back-donation donating

TN D
\/ \?HOMO

¢ donation o-¢clectron
withdrawing

Metal= M

Figure 5. Bonding between metal and ligand within metal (M)-NHC complexes

One of the most important features of metal-NHC complexes is their ability to act as catalysts. A
selection of metal-NHC complexes that have found such an application would be described
thereafter.[¥) Ruthenium (Ru)-based catalysts to perform olefin metathesis have been around since the
1990’s.1!1 However, due to their limited activity, effort was made to improve the catalytic species
leading to the introduction of NHC-based Ru catalysts. The effort involved incorporating NHCs with
different variations in terms of symmetry, substituents, heteroatoms in the backbone, ring size and
presence of chirality.'! To standardize the reactivity of new complexes, the Ru-based catalysts are
usually investigated for the ring-closing metathesis (RCM) of diethyl diallylmalonate (I-10), the ring-
opening metathesis polymerization (ROMP) of 1,5-cyclooctadiene (I-11) and the cross-metathesis
(CM) of allylbenzene (I-12) and cis-1,4-diacetoxy-2-butene (I-13) (Scheme 1B).”) One of the most
important NHC-based series of metal catalysts are named Grubbs and Hoveyda—Grubbs complexes.[®*
851 The catalyst have shown excellent activity in both ring closing metathesis of sterically hindered tri-
and tetra-substituted olefins!®®! and ring opening metathesis polymerization of sterically hindered
olefins.l”- %81 NHC-based Ru catalysts have also found use in non-metathesis organic reactions which
include transfer hydrogenation,[®*"! B-alkylation of secondary alcohols with primary alcohols!? and
C-H activation by arylation of functional arenes.”> 7! Amidation of primary amines with primary
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alcohols have also been possible with exceptional yields (Scheme 1A).”> 78 In a relatively newly

published work, Wang et al.’"! synthesized five different benzimidazole-derived Ru NHC complexes
to cause a highly efficient dehydrogenation of aliphatic and aromatic alcohols to form carboxylic acids
with a notably low Ru loading (125 ppm) (Scheme 1C).

A — f]\ w2 H i HSiEty JO\S'E‘B G| Ar-x + AZ-BOH)p —= Ar-AR
RT OH 7 RONH, RUN RTR? R" R Suzuki-Miyaura Coupling
Amide Synthesis Hydrosilylation
- : - RAX + RESS —— o R
B EtOOC.. COOEt EtOCC., -COOEt AN o Heck Coupling
00U — @ “Ru - Q’ﬁ?”"
Ring Closing Metathesis

11 . M = 7
" O 2n SRoe R’N/—\N\R R F

R-X + RB—= ——= RI-—R?
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OA Sonogashira Couplin
+ A  Ohc ANE R“ FR}] Pd g ping

-13 —
I-12 Cross Metathesis »

C o D e OH E R® R?
—_— Ar—=X + N —= N
R-OH + KINa—OH —= R'M\ONa/K + 2H, ﬁ%gf ?}f H R Ar” R
Dehyvdrogenation of aliphatic/aromatic alcohols Transfer hydrogenation Buchwald—Hartwig Amination

Scheme 1. Schematic figure displaying the different reactions possible with various metal-NHC
complexes. Ru-based catalysts are used for A) amide synthesis, B) metathesis reactions and C)
dehydrogenation of aliphatic/aromatic alcohols. D) Transfer hydrogenation is performed in the presence
of Ir or Rh-based NHC complexes. Pd-NHC complexes are used during E) Buchwald-Hartwig
amination, F) Sonogashira coupling and G) Heck coupling, which are performed also with Ni-based
complexes. Finally, H) hydrosilylation is performed in the presence of Rh-based catalysts.

Along with ruthenium, rhodium (Rh) and iridium (Ir) catalyst complexes with NHC ligands have also
been employed, largely for reduction and oxidation processes.!'?! Iridium being less expensive and more
efficient resulted in the Ir-complexes being utilised more than the traditionally used Rh-catalysts.[?l Rh
and Ir-complexes have both shown extraordinary C-H activation possibilities while performing transfer
hydrogenation (Scheme 1D) in the presence of isopropanol and a base.l”® ) Rh-based NHC complexes
have been used for hydrosilylation (Scheme 1H),®” hydroboration,®!! and hydrogenation.®” The
catalytic hydrogenation of alkenes was achieved with both an iridium (Ir) NHC®*! and a Ru NHC.[*4
Ruthenium aside, palladium stands out as one of the most extensively employed transition metals in
NHC complexes utilized in catalysis. The amination of aryl halides in the presence of palladium, named
Buchwald-Hartwig amination (Scheme 1E), is one such example utilising NHC-based Pd-
complexes.®> # Out of the many applications, the cross-coupling reactions take centre-stage since
various Pd-NHC catalysts have been used in different reactions, including the Sonogashira (Scheme
1F),®7%91 Stille® and Negishi®! couplings. Additionally, the effective use of Pd-NHC catalysts for
Suzuki-Miyaura coupling reaction (Scheme 1G) between aryl halides and arylboronic acids are also
well documented.’” In one of the first reported application of metal-NHCs, Hermann et al.l’!
reported on the first application of NHCs as ligands in transition-metal catalysis in 1995, demonstrating
Heck coupling reactions (Scheme 1G) with an active palladium (Pd) bis(NHC) catalyst. Working with
a series of Pd NHCs, Kaloglu et al.’®! demonstrated a direct C-H bond activation for the C5-arylation
of 1-methylpyrrole-2-carboxaldehyde by aryl bromides.
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1.1.4  Catalysis by Copper (Cu) NHC complexes

With copper being an integral part of the history of chemistry, it would come as no surprise that copper
(Cu) NHC complexes became the “best-seller” in organometallic chemistry.””) Arduengo et al.®®
reported in 1993 the first NHC-based Cu catalyst in the form of a Cu(l) bis(NHC) complex,
[(NHC),Cu][O3SCF3], a homoleptic two-coordinate complex. Thereafter, a Cu(I) mono(NHC) (or Cu(I)
NHC interchangeably) was also synthesized within a year.””) However, following a period of
disinterest, the revival of interest in Cu NHC complexes occurred only in the early 2000s with the
ethylation of enones.!'?! Since then, a diverse variety of reactions have been successfully catalysed by

employing Cu NHC complexes, some of which are schematically displayed in Scheme 2.

While previously hydrosilylation was mainly conducted using a copper hydride species [Cu(H)(PPhs)]s
(PPhs = triphenylphosphine), also known as “Stryker’s reagent”,'®!) Nolan and coworkers investigated
and presented the possibility of performing hydrosilylation reactions in the presence of a Cu NHC.[1%]
Since reported by Meldal'®! and Sharpless!!® in 2001, copper(I)-catalysed alkyne-azide cycloaddition
(CuAAC) has had a number of successful copper systems catalysing the reaction, including Cu NHCs.
Neutral complexes [Cu(X)(NHC)]!% as well as homoleptic systems of the cationic form
[Cu(NHC),]X!"%] have both performed exceedingly in its role as catalyst for CuAAC. Lebel et al.l'%”!
described the olefination of aldehydes and ketones in the presence of a Cu NHC complex. Although
olefinations with rhodium-based Wilkinson's catalyst had been documented,'”®! the copper-based
alternative provided a more cost-effective solution. The transfer of carbene using diazo compounds
using Cu NHC was first published by Fructos et al.'”! and will be discussed more in Chapter 1.1.4.1.
The contributions of Ohishi et al.''% resulted in the development of Cu NHC-catalysed carbonylation
of boronic esters, providing a new alternative to rhodium catalysts.
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Scheme 2. Reactions catalysed by Cu NHC complexes.

1.1.4.1 Cyclopropanation by Carbene Transfer

Cyclopropanation of unsaturated moieties by generating carbenoids using diazo compounds in the
presence of transition metal-catalysts is a particularly versatile method reported in literature, even if it
is usually applied only for low molecular weight olefins.["'! Frequently used metal-catalysts based on
palladium and rhodium,!!'*'5! but also Cu(I/I)-based catalysts were considered for these
cyclopropanations.!''®!"1 Cyclopropanation of poly(diene)s, like poly(isoprene) or polybutadiene, are
only rarely known examples in literature. For instance, a cyclopropanation of predominantly 1,2-syn-
polybutadiene (1,2 linkage ~70 mol%) has been reported with methyl diazoacetate and a copper(l)

triflate benzene complex ([CuOTf]-0.5 Ce¢Hs) as catalyst, achieving up to 33 mol% cyclopropane
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modification corresponding to the polymer double bonds in DCM, albeit no preference to 1,2- or 1,4-
linkages could be observed.[”! A more sophisticated approach used a [TpP*Cu(NCMe)] catalyst (Tp®™
= hydrotris(3,4,5-tribromo- 1 -pyrazolyl)borate) in the presence of ethyl diazoacetate to modify 1,2- and
1,4-cis-polybutadiene up to 100 % functionalization of the corresponding double bonds.!"*!) However,
the synthesis of the catalyst [Tp®*Cu(NCMe)]!'??! proceeds via the highly toxic TI[Tp®?] thallium
precursor.'?¥) Though the obtained results are remarkable, the scale-up of the catalyst production is
highly restrictive due to the toxicity of the thallium. Hence, it became of interest to find alternative

metal catalysts that could achieve cyclopropanation with diazo esters.

Therefore, catalytic systems based on NHC ligand-metal complexes are important due to the minimal
ligand dissociation related to the strong interactions between the NHC-ligand and the metal centre.[!%?!
Metal-mediated cyclopropanation of unsaturated low molecular weight compounds with diazoacetates
using Pd(0),['>*! Au(1)['?> 126} and Cu(I)!%- 1271 had been reported. However, most of those catalysts were
applied only for low molecular weight compounds and not yet for polymers.

1.1.4.2  Copper(l)-Catalysed Alkyne-Azide Cycloaddition

Copper(I)-catalysed azide-alkyne cycloaddition, commonly referred to as CuAAC,!!?-131] gtands as a
cornerstone in modern organic synthesis, enabling the rapid and efficient construction of complex
molecules. Reported first by Meldal!!® 132/ and Sharpless!!®* 1331341 the CuAAC represents a distinctive
variant of the Huisgen's 1,3-dipolar cycloaddition,!'*>-1*") in which terminal alkynes and alkyl/aryl azides
engage in a [3+2] cycloaddition reaction to yield 1,4-disubstituted 1,2,3-triazole rings. In contrast, the
thermally mediated Huisgen's 1,3-dipolar cycloaddition proceeds considerably slower by several orders
of magnitude (up to ~10°) in comparison to CuAAC.!"*! The formation of a carbon-heteroatom bond
(C-X-C) was termed by Sharpless as “click” chemistry. This concept was accompanied by a stringent
set of criteria that a reaction must satisfy to be categorized as such. The CuAAC fulfils almost all of
these, such as: (a) the required characteristics to be achieved by “click” have a thermodynamic driving
force higher than 20 kcal mol™! (or 84 kJ mol '), (b) the reaction should be modular and wide in scope,!*-
1441 (¢) achieve high yields, (d) generate no or easily removable byproducts, (d) simple product isolation
via distillation or crystallization, (e) obtain stereospecific products, (f) the reaction conditions be mild
and insensitive to oxygen and water, and (g) the usage of non-toxic solvents.'™ Along with

homogeneous catalysts, “click” chemistry can be achieved using heterogeneous catalysts.!!4 145 146]
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Figure 6. Mechanistic insight into the catalytic cycle of copper(I)-catalysed alkyne-azide cycloaddition
(CuAAC).147]
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To investigate the mechanism of CuAAC, an intriguing starting point is the highly efficient and stable
Cu(I) bis(NHC) or [Cu(NHC),]X (Figure 6).!'4% 4] These cationic NHC-based complexes consists of
two NHC ligands coordinated to a Cu(]) centre, exhibiting remarkable efficiency for CuAAC with high
resistance to oxygen and water.! The mechanistic exploration begins with the initial step (I),
encompassing two distinct processes. The first is the cleavage of the labile Cu-carbenic carbon bond of
one of the two NHC ligand, which can then act as an internal base. The second is considered as the rate-
determining step,1% 5% and involves the basic NHC ligand deprotonating the alkyne to form copper(I)
acetylide (II), while gaining the proton for itself. The coordination of the azide with the copper(I)
acetylide involves certain mechanistic pre-orientations (III), which results in multiple Cu(I) centres
forming binuclear/trinuclear complexes.[3% 151541 Subsequently, the [3+2] cycloaddition reaction
generates the 1,2,3-triazole intermediate bearing the Cu(l) moiety (IV). On protonation by the
previously cleaved (and protonated) NHC, the final stereospecific 1,4-disubstituted-1,2,3-triazole is
achieved. This also marks the regeneration of the initial Cu(l) bis(NHC), thereby concluding the
catalytic cycle. The rate determining step is highly influenced based on the substituents and the
saturation of the NHC in a Cu(I) bis(NHC) complex. As previously discussed in Chapter 1.1.2, the
electronic and steric properties of the NHCs affect their reactivity and stability. Less bulky or electronic
withdrawing groups like alkyl, fert-butyl (-Bu) or cyclohexyl (Cy) have higher reactivity (albeit lower
stability) than the more bulkier and electron donating groups like adamantly (Ad), mesityl (Mes) or 2,6-
diisopropylphenyl (DIPP),1102 155-159]

1.1.4.3  Recent Developments in Copper-NHC Catalysis

In the last five years (2018-2023), the expansion of literature based on Cu NHCs as catalysts has steadily
continued. Cu(I) bis(NHC) and mixed NHC/phosphine copper complexes were used as efficient
catalysts to enable copper-catalysed azide-alkyne cycloaddition (CuAAC) through [3+2] cycloaddition
to form 31 different 1,4-disubstituted 1,2,3-sulfonyltriazoles in high yields (Scheme 3A).1') These
triazoles function as azavinyl carbene precursors in metal-catalysed transannulation but lack efficient
synthesis methods as their synthesis is challenging due to the unwanted ring-opening side-reaction of
the triazolyl-Cu intermediates. Previous attempts with other non-NHC copper-based catalysts were
successful but required a strictly inert atmosphere. Hence, a novel preparation of N-sulfonyl-1,2,3-
triazoles, in air and in the absence of base or additive, was achieved.!'*"!

R! O
A O N_+.N , 5 mol% Cu Catalyst o”s N-N E RNfO 1 mol% Cu Catalyst R j\
RSN - R= . S N RT "N” PPh,N
ko) RT, air i PhyPH H
R 1-14

o 10 mol% Cu Catalyst
100 bar H, H H

lL 4 . , R1<>0 X Tj\z 5 mol% Cu Catalyst R1_@R3
"R 60 °C, 24 hrs R" oH reon R¥ °R® 70°C R2
E\ NH; (OH), 8 mol% Cu Catalyst
©/ * ©/B base, RT, air ©/ \©
I-15 I-16 I-17

Scheme 3. Reaction schemes for A) CuAAC to form different 1,4-disubstituted 1,2,3-sulfonyltriazoles,
B) catalytic hydrophosphination of different isocyanates, C) ring expansion of 3-substituted oxetanes
to furans, D) Chan—Evans—Lam (CEL) coupling catalyst between aniline and phenylboronic acid, and
E) activation of esters via hydrogen bonding.
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The catalytic hydrophosphination of different isocyanates was conducted in the presence of
(NHC)CuPPh, with diphenylphosphine (I-14) to form phosphinocarboxamides (Scheme 3B).!'°! This
is rather appealing as the hydrophosphination of isocyanates is rather underexplored compared to
alkenes or alkynes due to challenges like competing side-reactions and limited substrates. Additionally,
while catalyst-free isocyanate hydrophosphination is viable under strict neat conditions, it is largely
restricted to small aromatic isocyanates. Astonishingly, compounds such as cyclohexyl isocyanate,
which would not react under such conditions, achieved complete conversion within 30 min at a mere 1
mol% concentration of the copper catalysts, demonstrating their efficacy.!'!] A catalytic pincer Cu(II)
NHC was used to activate phenylboronic acids (I-16) in water to generate phenols by C-O bond
formation. On many occasions, the activation of aryl boronic acids would inadvertently create
byproducts such as benzene, anisole and diaryl compounds, but the widespread utility of phenols has
rendered enhancing phenol synthesis from phenylboronic acids a key focus.!'®” In another work, a set
of Cu NHC complexes were employed for the ring expansion of 3-substituted oxetanes to furans with
specifically symmetrical diazo compounds, with disubstituted oxetanes showing better reactivity than
monosubstituted oxetanes (Scheme 3C).I'"] A new and highly modifiable tetradentate Cu(Il) NHC
complex was utilized as a Chan—Evans—Lam (CEL) coupling catalyst between aniline (I-15) and
phenylboronic acid (I-16) to obtain diphenylamine (I-17) by the formation of carbon-nitrogen bond
(Scheme 3D). CEL reactions utilize (I-16) as a coupling agent for oxidative nucleophile-nucleophile
coupling with amines or other nucleophiles. While commonly conducted with palladium, the authors
wanted to explore copper for economic advantages. Additionally, usually reported CEL reactions
conducted with copper required excess amounts of copper, which by definition would term the copper
as reagents instead of catalysts. In the case of this study however, decent yields were achieved with only
8 mol% of the synthesized Cu(Il) NHC complex at room temperature (RT) in methanol (MeOH), while
optimizing reaction parameters only improved results. Hence, a novel tetradentate copper(Il) complex
with stability in protic solvents was introduced for CEL.I'*Y A bifunctional Cu(I) NHC complex
achieved the activation of esters via hydrogen bonding and nucleophilic copper(I) hydride (Cu(D)H)
generation from H, (Scheme 3E). This enabled catalytic hydride transfer to esters, facilitated by a
guanidinium subunit for proton transfer. This approach stood out as Cu(I)H had not been reported
previously for such transformations, as they require the use of “hard” stoichiometric metal hydrides
which are associated with generation of metal waste and tedious work-ups, especially on a larger scale.
Therefore, the approach not only broadened the applications of Cu(I)H, but also introduced a desirable
catalytic hydrogenation of esters while mitigating the drawbacks of traditional methods.!!®"!

1.2 Mechanochemistry

Direc um| of Mechanical Pull Direction of Mechanical Pull
Mec.hmouhemlwl

Figure 7. An illustrative depiction of a mechanophore as a bluish-green ball attached by its polymeric

handles (black string) A) before force is applied and B) as force is applied (depicted by pulling).

Driven by an external force, mechanochemistry uniquely initiates chemical reactions by activation of
mechanophores.['%168] Mechanophores are defined as “molecular units that produce a physical or
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chemical response when an applied mechanical force brings about a structural rearrangement (such as
a conformational change or bond scission). The rearrangement results in a response that varies from a
physical signal (such as a change in absorbance or emission of light) to a chemical signal (such as
enhanced catalytic activity, formation of a reactive radical or the release of a small molecule)”
(Mechanochemical tools for polymer materials, Chem. Soc. Rev. 2021, 50, 4100-4140).'" In Figure
7, the bluish-green sphere is the mechanophore possessing mechanically labile bonds. The string
attached to it is the polymeric part attached to a mechanophore that focuses and orients the applied
force. Chemical transformations!'’”! occur on activation of a mechanophore under mechanical forces
(depicted by the mechanical pull in Figure 7B). Such a force is applied by various mechanochemical
activation methods (Chapter 1.2.1), and could lead to different functions of the mechanophore, similar
to solid-state chemistry, where intramolecular bonds are mechanically broken!'”! by an external force.
Covalent chemical bonds in both thermoplastic and thermoset polymers can be broken by mechanical
fields, leading to a reduction in either molecular weight and order, as reported by Staudinger as early as
1930°s.'72) This behaviour is related to mechanochemistry, where the activation and rupturing of
covalent chemical bonds is induced by mechanical energy, resulting in novel reaction pathways different
from thermal or photochemical activation. 167 168 173-178]

The breaking of the labile bond by mechanic force can be explained by the thermally activated barrier
scission (TABS) theory. The TABS theory proposes that chemical reactions occur when molecules
overcome energy barriers due to thermal energy. It suggests that at higher temperatures, molecules
possess sufficient energy to surpass these barriers and undergo reactions.!'”-¥!) Conversely, increased
energy through applied mechanical force should also lower the barrier, aiding mechanochemical
activation at lower temperatures. Additional factors such as the length of the attached polymer backbone
to the mechanophore!!® 1821 and the mechanophore position in the polymer backbone (position at the
midpoint of the polymer is ideal)!"*) influences the efficiency of bond breakage. Furthermore, the
balance of stiffness and flexibility of a polymer backbone for effective and efficient force transmission
is also of utmost importance.[!84 185
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Figure 8. Generalized polymer-based mechanophores being subjected to mechanical force and
subsequent responses such as: A) change in colour due to isomerization, B) cyclic mechanophores
undergoing ring-opening, C) appearance of fluorescence and chemiluminescence, and D) activation of
mechanocatalysts resulting in the creation of catalytic active sites. Adapted from literature.[!47- 18¢]
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In polymer science, there are several types of mechanophores, which transmit the applied external force
to the chemical labile bonds (displayed as red bonds in Figure 8) via the attached polymer chains. The
resulting cleavage of the labile bond leads to the formation of reactive species, a few of which are
showed as examples in Figure 8.1'*¢! (A) Mechanophores which display a visible colour change, caused
by a change in absorption maximum due to bathochromic shift, have applications in stress sensor
development and are termed as mechanochromophores. These include spiropyranes (I-18),!!87-1%]
anthracenes, "1 coumarins!'* and rhodamines.['>"1°71 (B) Some cyclic mechanophores are capable
of releasing stress via ring-opening reactions, resulting in elongation of polymeric backbones (e.g.,
cyclopropanes (I-19).1%% 1) (C) Mechanophores that respond with the appearance of
fluorescence/luminescence on application of mechanical stress, termed ‘turn-on’ response, are termed
mechanoluminescent mechanophores (e.g., 1,2-dioxetanes (I-20),2%-221 or rotaxanes®®*). (D) A
selective scission of labile bonds between a metal centre and ligands attached to it could lead to at least
one of the ligands being cleaved off, thus initiating a mechanochemically activated metal-catalysed
reaction (Chapter 2). Termed as mechanocatalysts, Figure 8D shows such a creation of active centre
on breaking of the labile bond between NHC ligands and metals in a Cu(I) bis(NHC) complex (I-21),
an important structural compound for further work in the scope of this thesis.

1.2.1 Mechanochemical Activation Methods

On incorporation of a mechanophore into a polymer, its activation by mechanical force could be
investigated. The mechanochemical activation is usually first evaluated in a solution and then in solid
bulk matrices. The following part provides an overview of the fundamental principles and applications
of certain activation methods.

1.2.1.1 In Solution

In solution, mechanophores can be activated by different methods such as solvent swelling,!2%4 205

freeze-thaw cycles!?2%] or turbulent and elongation flow exerting shear stress.>*- 219 However,
ultrasonication!!”® 22181 remains the most common method for mechanochemical activation for
polymers in solution, and hence this chapter would focus on that particularly.
Sonication: Growing Cavitation Bubble
/ Critical Size\ Collapse of Bubble Void Volume

R R @D
- /
£ 4

Figure 9. Polymeric mechanophores undergoing ultrasound-induced scission. Under ultrasound,
cavitation bubbles form and grow until a critical size is reached after which they collapse by implosion

and form a void volume. The void volume pulls in the nearby randomly coiled polymer into it, resulting
in one end of a mechanophore being pulled faster, and leading to the cleavage of the weak labile bond.

Mechanochemical
Activation
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Ultrasonication/Ultrasound is usually categorized into two types: high frequency (2-10 MHz) low
intensity (max 0.5 W cm™) and low frequency (20 kHz-2 MHz) high intensity (min 10.0 W c¢m2).21]
While the former is termed non-invasive and used for medical applications, the latter is ideal for
mechanochemistry.??%22!) During ultrasonication (Figure 9), acoustic shockwaves induce the formation
of cavity bubbles in the solvent. The bubbles increase in size as the surrounding volatile compounds or
solvent migrate into it.[*??! At a critical size, the cavitation bubbles implode rapidly on a timescale of
microseconds, thus pulling in one end of the polymer handle attached to a mechanophore fast into the
created void volume. The closer end of a polymer chain to a void volume is pulled in, causing the
polymer random coils to be uncoiled and stretched till a certain limit is reached. Beyond this, the force
generated by the stretching of the coil aggregates in the midpoint of the polymer chain, leading to the
cleavage of the labile bond most close to the midpoint (optimal activation within ~15 % of the centre
of the polymer chain).?2% 2231 The high activation efficiency in ultrasonication is due to the high strain
rates (10°-108 s') involved.[2%%-21]

1.2.1.2  In Bulk Materials

It is of major importance to study mechanochemistry of mechanophores within bulk materials as most
technical applications of polymeric materials are in the solid state. In solid bulk, mechanophores can be
activated by grinding/ball milling,[% 224227 tensile testing,!*?5-2*%) compression!!®: 231-233] or torsional
shear force.l” Although, solid-state methods have slower strain rates (1-100 s') compared to
ultrasonication, they are able to exert much higher maximum forces (10° N compared to 10° N in
ultrasonication).l?””) The two most common methods are compression tests or uniaxial tensile stress
(Figure 10A). If the probed sample is stretchable and can withstand stress, tensile testing is more
accurate to measure the toughness of a sample. However, if the samples are brittle, compression tests
are a decent alternative. This is because it’s challenging to determine the local stress between the sample
and the force-exerting plate in compression testing, especially compared to the well-defined stress in

elongation testing such as tensile stress.!®”]

The basics of mechanochemical activation remain the same in either compression or elongation
(uniaxial tensile testing or extensional oscillatory and rotational rheology instrumentation), i.e., the
mechanophore within the matrix material is stretched continuously until a certain threshold, after which
the labile bond is cleaved off (Figure 10A).I'% If the molecular weight of a mechanophore exceeds a
certain value, the mechanophore could be efficiently activated even if it’s only physically entangled.!>*%
The orientation of the mechanophore is more important in the solid-state as those oriented parallel to

187,229 The crystallinity of the polymer matrix

the applied force show higher activation (Figure 10A).[
also influences activation as mechanical force transmission is better through the crystalline parts of a

polymer to reach labile bonds.[**!

The activation of mechanophores by compression was achieved by fixing the polymeric backbones
attached to the mechanophores within a matrix material (Figure 10A),!'*"! either by covalent!?3® 237 or

2382401 The transmission of force is also observed to be improved by

supramolecular crosslinks.!
incorporation of the mechanophores within a network rather than in linear or chain-extended
architectures (Figure 10B). Within a network, the mechanical force perpendicular to the orientation of
the mechanophore is redirected, in turn increasing activation efficiency.!'®” 22! This effect was studied
in the case of spiropyran (I-18), comparing its activation within networks?*® 23 2411 and non-
networks. 8% 228]

In an example of applying elongation stress via extension rheology instrumentation, Chen et al.**!

displayed the cycloreversion of bis(adamantyl)-1,2-dioxetane (I-20), observed as force activated
chemiluminescence within a PMMA matrix. The experiment was conducted by fixing the 1,2-
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dioxetane-embedded PMMA sample between two rotating drums which applied uniaxial stress by
elongating the sample. The bright-blue chemiluminescence was observed optically with a charge-
coupled device (CCD) detector to quantify the relationship between material properties and the
mechanochemical activation.!'”- 2% In general, such an optical response depends on the activation of
the mechanophore and if the emitted light is detectable as visible light, fluorescence or luminescence.
The use of different methods of optical detection is common and favoured due to its many advantages.
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Figure 10. A) The application of compression or elongation force leads to the disentanglement of the
coiled polymer chain resulting in its stretching and transmittance of the force to the weak labile bond
of the mechanocatalyst. B) The activation efficiency of a mechanophore shows an increase, depending
on the structure of the polymer chains in which it is embedded.

1.2.2  Mechanocatalysts

In addition to the above-mentioned chemical transformations in polymeric compounds,
mechanochemistry with a variety of different metal complexes, termed mechanocatalysts, has also been
reported. Metal complexes are only referred to as such if they are inactive or latent in their initial state.
However, the mechanochemical activation of the initially latent complexes show significant catalytic
effects. Such examples are also observed with N-heterocyclic carbenes (NHC), making metal-NHCs a
promising group of mechanocatalysts.
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Figure 11. A general example for polymeric mechanocatalysts activated by mechanical force.!'5¢!
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1.2.2.1 Palladium (Pd)/Platinum (Pt)-Phosphane Mechanocatalysts

A palladium (Pd)-based mechanocatalyst was the first ever to be synthesized in 2004. Consisting of Pd-
phosphine (P) coordination bonds, a reversible reduction in the molecular weight of the pTHF on
ultrasonication was observed, displaying a preferential scission of the coordination bonds over covalent
bonds.?*>?%] Further work using a mixed Pd-P and Pt-P in pTHF also showed a the selectivity of the
mechanochemical activation in which the weaker Pd-P bonds (~141 kJ mol™) broke three times faster
than the stronger Pt-P bonds (~169 kJ mol™).?*! A pincer NHC—pyridine-NHC Pd complex has also
been studied using atomic force microscopy (AFM)-based single-molecule force spectroscopy (SMFS)
measurements. Although classed as mechanocatalysts, their catalytic activities have not been reported.

1.2.2.2  Iron (Fe)-based Mechanocatalysts

Di Giannantonio et al.!**"! incorporated Fe-based ferrocene into polymethylacrylates (PMA) and

polyurethanes (PU) for sensor and medical applications. On ultrasonication, the reduction of molecular
weight was much faster in the Fe-containing PMA and PU compared to the polymers without Fe.
Mechanochemical specificity was also observed with PMA showing a tenfold and PU a threefold
preference for cleavage over C-C cleavage. Sha et al. synthesized mechanophoric Fe-5-
methoxycyclooctene (MCO) copolymer (M, = 111,000 g mol!) by incorporating Fe moieties.?*®! On
ultrasonication, the copolymer displayed molecular weight reduction until it reached its Miin at 17,600
g mol in two hours. Addition of isopropyl alcohol enhanced the cleavage significantly, demonstrating

a specific cleavage of 97 %.124%

1.2.2.3  Silver (Ag)-based Mechanocatalysts

The first mechanocatalysts that would show proven catalytic activity was synthesized and studied by
the group of Sijbesma using silver (Ag) bis(NHC) complexes.?*3!1 On sonication, the Ag(I) bis(NHC)
embedded within pTHF follows the same path for labile bond cleavage as Cu(I) bis(NHC), as described
in Chapter 1.1.4.2. Hence, either an NHC-Ag or an NHC with carbene would be obtained on cleavage.
In the presence of this catalytic carbenic NHC species, benzyl alcohol and vinyl acetate underwent

232] The reaction was also further studied to understand the catalyst concentration

[253]

transesterification.|
and molecular weight effects on the transesterification process.

1.2.2.4  Ruthenium (Ru)-based Mechanocatalysts

Using commercially available ruthenium (Ru) based Hoveyda-Grubbs catalyst, a scalable application
of mechanochemistry in olefin metathesis (cross metathesis- or ring-closing metathesis) has been
employed to obtain high yields of products using different substrates via milling or liquid-assisted
grinding (LAG).? A Ru-based bis(NHC) catalyst, similarly to the previously described Ag(I)
bis(NHC), was also synthesized by the group of Sijbesma. As described previously, on sonication of Ru
bis(NHC), two species would be obtained. However, contrary to the Ag(I) bis(NHC) species, in this
case the NHC-Ru was the catalytic species. In the presence of it, ring-opening metathesis
polymerization (ROMP) of cyclooctene and disubstituted norbornenes, as well as ring-closing
metathesis (RCM) reactions of diethyl diallylmalonate (I-10) were conducted.?5% 2552561

The examples so far have largely been mechanocatalysis in solution. However, mechanocatalysis within
a bulk state is also vital for developing effective strategies in polymers, which are usually applied in a
solid form. One such rare example is of the embedding of a high molecular weight Ru bis(NHC) with
polymeric pTHF side chains (M, = 34,000 g mol ™) together with mono- and bifunctional norbornene
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monomers, into a semi-crystalline pTHF (M, = 170,000 g mol"), thus enhancing the efficiency of
transmission of mechanical force. The pTHF handles of the NHC co-crystallized with the pTHF matrix,
forming additional crosslinking points to enhance the transmission even further. On applying five cycles
of compression, the ROMP of norbornene was triggered, leading to crosslinked poly(norbornene) with
up to 25 % conversion. >

1.2.2.5 Copper-NHC Mechanocatalyst

The concept of latent Cu(I) NHCs is not novel, as highlighted by Diez-Gonzélez et al.'>%, who
identified [(SIPr)CuCl] (SIPr = N,N-bis(2,6-diisopropylphenyl)imidazolidin-2-ylidene) as a latent
catalyst under very specific conditions. The catalyst remains dormant in those conditions until it is
thermally activated at 60 °C to achieve CuAAC.[>! However, a homogeneous mechanochemical
“click” system had not been previously developed. The combination of the previously discussed
copper(l)-catalysed alkyne-azide cycloaddition with the concept of mechanocatalysts and
mechanoactivation would allow our research group to achieve mechanically activated Cu(l) bis(NHC)s
to catalyse CuAAC “click™ reactions. Michael et al. introduced mechanochemical activation to an
otherwise latent Cu(I) bis(NHC) catalyst!*>”) (more details in Chapter 1.2.3), resulting in varying
studies of the many possibilities.

In further study of the Cu(I) bis(tNHC)s, Micheal et al.!*** synthesized a series of them to study the
effects of polymeric backbones (PIB and PS) in which the mechanocatalysts are embedded. It was
observed that the rate of molecular weight degradation due to labile bond cleavage accelerated as the
polymer chain length of synthesized PIB (17,200 g mol™) and PS (13,600 g mol™!) increased, an effect
attributed to an enhanced efficiency of force transmission. The catalytic activity investigated with
CuAAC of benzylazide (I-22) with phenylacetylene (I-23) in solution showed sufficient latency with
all three, i.e., PS, PIB or pTHF-based Cu(I) bis(NHC) without ultrasonication even after a week, at RT
and at 65 °C. Catalytic activity increased with the initial polymer chain length. For PIB-based catalyst,
"click" conversion rose from 11 % to 28 % with increasing molecular weight, while for PS-based,
"click" conversion improved from 23 % to 52 %. Notably, PIB-based catalysts showed lower reactivity
than PS-based counterparts even at a higher molecular weight, possibly due to the polar PS exhibiting
better solvent-polymer interaction with THF, enabling higher efficiency in force transmission.**®!

Funtan et al.”®°! further extended the concept to include peptides. In the foundational work, Cu(I)

bis(NHC) catalysts bearing two carboxyl ([Cu(CioCOOH-NHC),]Br) or two amino groups
([Cu(CsNH2-NHC),]Br) were synthesized. The presence of N- and C-terminus allowed a classical
peptide coupling between the two Cu(I) bis(NHC) catalysts to generate peptide-based mechanophores
by the formation of amide bonds via polycondensation. Additionally, single amino acids glycine and L-
valine were linked to ([Cu(C10COOH-NHC),]Br) via peptide bonds. On sonication in the presence of
benzylazide (I-22) with phenylacetylene (I-23) in solution, CuAAC was observed in (A) the low
molecular weight mechanocatalysts ([Cu(CioCOOH-NHC),]Br) (3.5 %) and ([Cu(CsNH,-NHC),]Br)
(4.8 %), (B) in the mechanocatalyst obtained by coupling ([Cu(C0COOH-NHC);]Br) and ([Cu(C3;NHo-
NHC)]Br) (3.9 %), and (C) in glycine (6.9 %) and L-valine-linked (3.4 %) (|Cu(C10COOH-NHC),]Br).
These positive results opened up possibilities to couple peptides such as titin and elastin which are
known for their “molecular spring” behaviour and elasticity.**! After successfully establishing the
possibility of using single amino acids glycine (G) and L-valine (V), elastin-like peptides (ELPs) such
as the pentapeptide VPGVG was of special fascination because it is the most prominent amino acid
sequence of native elastin (V = L-valine, G = glycine and P = proline).[**” A series of mechanocatalysts
were synthesized by linking the amino acids (VG, VPG, VPGVG, (VPGVG); and (VPGVG)4) to
([Cu(C1oCOOH-NHC),]Br). On sonication in the presence of benzylazide (I-22) with phenylacetylene
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(I-23) in solution to invoke CuAAC, the “click” conversion increased steadily from the peptide-less
catalyst ([Cu(Ci0COOH-NHC),]Br) (3.4 %) to the longest elastin-like peptide chain-linked catalyst, a
Cu(I) bis(NHC)-based ([Cu(C10COOH~(VPGVG)s~NHC),]Br) (5.6 %).12%%

1.2.3  Mechanophoric Damage-Sensing Approaches

The approach of achieving mechanically activated Cu(I) bis(NHC)s to catalyse CuAAC “click”
reactions presented the opportunity to utilize the system in stress-sensing applications that employ 'turn-
on' mechanisms. In this scheme, non- or weakly-fluorescent alkynes and azides could react to form
fluorogenic products via fluorogenic “click” reaction.?6!]

Michael et al.’s work?%?! introduced mechanochemical activation to an otherwise latent Cu(I) bis(NHC)

catalyst via ultrasound in solution and by compression force in solid polymer (pTHF). Their
mechanocatalyst design integrated Cu(l) bis(NHC) complexes into the polymer backbones of flexible
poly(isobutylene) (PIB) and rigid poly(styrene) (PS), with these polymers acting as substituents on the
heterocycle. In solution, the model CuAAC system of phenylacetylene (I-23) and benzylazide (I-22)
(Figure 12Ai) formed the corresponding 1,2,3-triazole ring only when ultrasonication was applied to
this system, leading to the removal of one of the two shielding ligands. This further led to the formation
of the active catalytic site which triggered the formation of copper(I) acetylide, further initiating the
CuAAC process, as described in Chapter 1.1.4.2. The influence of structural difference was observed
to be reflected in conversion of PS-based mechanocatalyst, which was higher than that of the PIB-based
mechanocatalyst (44 % vs. 27 %), despite the lower M, (13.1 kDa vs. 17.2 kDa).[??! Without sonication,
however, only negligible “click” reaction occurred even when heated up to 60 °C, displaying the latency
of the Cu(I) mechanocatalyst. This concept's extension involved solvent-free CuAAC activation within
a semi-crystalline pTHF matrix (Figure 12Aii). A creative fluorogenic system consisting of
non-fluorescent 3-azido-7-hydroxy-coumarin (I-24) and phenylacetylene (I-23) could undergo CuAAC
to yield a highly fluorescent product only when the Cu(I) bis(NHC)s were mechanically activated by
compression force. The fluorescence of the resulting “click” product enabled visualization and
quantification of CuAAC within the polymer matrix.[?”!

This methodology was furthered by the work of Biewend et al.?%*! in which linear and chain extended
PS polymers with embedded Cu(l) bis(NHC) were prepared. The molecular weight for the linear
complexes ranged 12,000-50,500 g mol! while the chain-extended complexes ranged 15,000-
31,000 g mol™. To investigate the catalytic activity of these complexes, the PS-based Cu(I) bis(NHC)s
were embedded into a pTHF matrix (Mncrey= 112,000 g mol ™) together with a dye system consisting
of non-fluorescent 3-azido-7-hydroxy-coumarin (I-24) and phenylacetylene (I-23). On application of
compressive forces, the activated mechanocatalyst triggered a fluorogenic click reaction to form the
fluorescent 7-hydroxy-3-(4-phenyl-1H-[1,2,3]triazole-1-yl)-coumarin dye (I-25). Such an activity is
quantifiable via fluorescence spectroscopy. On compressing the linear complexes, the conversion
increased from 11.1 % to 16.2 % with an increase of the molecular weight from 12,000 to 50,500 g mol
!. Similarly, in the chain-extended complexes bearing more than one Cu(l) centre, the conversion
increased from 16.1 % to 44.2 % with an increase of the molecular weight from 12,000 to 50,500 g mol
!, In both the cases, this was attributed to the higher efficiency of force transmission on better anchoring
of the PS handles to the pTHF matrix. Notable, the conversion of 50,500 g mol™ of the linear complex
is similar to that of 15,000 g mol™ of the chain-extended complex, additionally confirming the effect

described in Chapter 1.2.1 regarding activation efficiency.!?%]

Additionally, Biewend et al.!**¥l also displayed a stress-sensing application based on a low molecular
weight Cu(I) bis(NHC) mechanocatalyst (Figure 12B). An approach was developed where the
mechanocatalyst was embedded covalently into a crosslinked polyurethane (PU) foil, synthesized using
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pTHF and hexamethylene-diisocyanate (HDI) with trimethylolpropane (TMP) as the crosslinker. A
fluorogenic  system  consisting ~ of  precursors 8-azidonaphtalen-2-ol  (I-26)  and
3-hydroxyphenylacetylene (I-27), both non-fluorescents, were also covalently introduced inside the PU
network. Application of mechanical force via oscillating tensile rheology cycles activated the latent
mechanocatalyst inside the PU leading to the "click" reaction and the production of the highly
fluorescent  8-(4-(3-hydroxyphenyl)-1,2,3-triazol-1-yl)naphthalen-2-ol dye (I-28) for stress
quantification. A conversion of up to 17 % was achieved with an application of 80 % strain.[?6%

Again, an important prerequisite for a stress-induced “click” reaction is to prevent any unintentional
activation of a catalyst, namely the cleavage of an NHC ligand without external force (Figure 12). Such
an untimely cleavage would initiate the catalytic cycle, leading to fluorescent reactions in the absence
of stress and defeating its very purpose as a stress-sensor by indicating damage events. A strategy to
prevent the cleavage is the attachment of polymer chains to the NHC ligands. These chains can inhibit
the alkyne from coordinating to the Cu(l) centre by significantly enhancing the stability of the Cu(I)
complex. Consequently, no activity is displayed until an external force leads to the scission of the bond
between copper and the carbenic carbon of the NHCs. [243 258, 263]
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all
in solid polymer matrix via oscillating tensile rheology.

1.3 Metal Organic Frameworks (MOFs)

Metal-Organic Frameworks (MOFs) are one-, two-, or three-dimensional coordination networks, %!

produced by the formation of coordination bonds between metal cations, termed as secondary building
units (SBUs) or nodes, and organic ligands, termed as linkers. In most cases, MOFs have geometrically
and crystallographically well-defined framework structures.[**”) Because of their porosity and their
extended and ordered structures, MOFs are also termed as porous coordination polymers (PCPs). The
length and functionality of the linker ligands determine the size of the resulting pores and hence can be
easily tuned, resulting in structures with high surface area and good chemical tunability. One such class
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of linkers, comprising imidazolium, triazolium, and benzimidazolium, is the azolium-containing
ligands that are the precursors of N-heterocyclic carbenes (NHCs). The introduction of NHC’s into
MOFs is an important aspect as it was expected to boost the catalytic performance of the MOFs. 26!

Organic Ligand

+

Functional
Groups

Metal Nod
clal Hodes Prepared MOF Structures

Figure 13. A schematic illustration of the components that constitute a metal-organic framework.

The first actual MOFs were reported independently by the working groups of Yaghil®®®! and
Williams,?* both in 1999. Since then, MOFs have had a growing interest in them as potential materials
in various uses, most significantly as storage media for gases based on being high adsorbents, as well
as uses in membranes and catalysis.[?’2"4] Heterogeneous catalysis was among the earliest proposed
purposes for crystalline MOF materials.*””! In comparison to transition metal salts catalyst which are
widely used in industries, MOFs are easily recoverable, reusable, and minimize undesired waste, giving

these heterogenous catalyst an advantage over homogenous catalysts.!?”3]

1.3.1  Structural and Functional Tunability of MOFs
1.3.1.1 Design Strategies

The question arises on why MOFs have had such a focussed development over the recent years even
though it is hard to predict the final structural design of a MOF, especially when extended to much more
complicated cases in terms of design. Moreover, the morphology and crystallinity of MOFs is affected
by various factors such as substrate composition and concentration, temperature and solvent.?’® The
straight-forward answer is that MOFs are extremely tailorable frameworks with controlled pore size,
shape, and functionality for different applications.l?’ Specifically, the architecture of a MOF is dictated
by the structure and connectivity of a linker. Adjustments to the linker’s geometry, length, ratio, and
functional groups can be used to tailor the size, shape, surface area, and properties of a MOF.[?7]

Among the MOF-74 family (MOF-74 = (Zn2(dhbdc), dhbdc = 2,5-dihydroxy-1,4-
benzenedicarboxylate), Mg-MOF-74 gained recognition on displaying exceptional performance in the

2771 A persistent challenge has

low-pressure adsorption of CO,, outperforming other metal-MOF-74s.!
been creating crystals with pore openings large enough to accommodate substantial organic, inorganic,
and biological molecules. Theoretically, extending the length of the linker in MOFs during synthesis
should form larger pore apertures. In MOF-74, progressing from one to two, three, four, five, six, seven,
nine, and eleven phenylene ring in the linker allows for the formation of an isoreticular (having the
same topology) series of MOF-74 structures (IRMOF-74-1 to -XI), with pore apertures ranging from 14

to 98 A 1278

In an example showcasing the influence of differently functionalized linkers on MOF properties, the
aldehyde group-containing imidazolate-2-carboxyaldehyde (ICA) links, which connects zinc(II) centres
in ZIF-90 (zeolitic imidazolate framework, a special class of MOFs) (I-29), underwent transformation
to yield ZIF-91 (I-30) and ZIF-92 (I-31). This transformation involved reducing the aldehyde with
NaBHj, and reacting with ethanolamine in methanol under reflux conditions, respectively (Figure 14A).
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Despite the strong reaction conditions, the integrity of the ZIF structure and its crystallinity remained
throughout the synthesis.?””! The BET surface areas (pore volumes), assessed based on N, adsorption,
calculated values 1198 m? g! (0.54 cm® g!) for ZIF-90 (I-29), 1024 m? g (0.49 cm? g!) for ZIF-91 (I-
30), and 42 m* g! (0.13 cm?® g!) for ZIF-92 (I-31).1%”) Significantly, ZIF-92 showed notably lower N,
adsorption compared to ZIF-90, attributed to the ethanolamine functionalization of ZIF-92 at the ZIF-
90 window, blocking the pore apertures. This effectively hindered N, molecules from accessing the pore
interiors.[28!]

MeOH, 60 °C
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Figure 14. A) Transformation of ZIF-90 to ZIF-91 by reduction with NaBH4 and to ZIF-92 by reaction
with ethanolamine. Adapted with permission from “W. Morris, C. J. Doonan, H. Furukawa, R. Banerjee,
O. M. Yaghi. Crystals as Molecules: Postsynthesis Covalent Functionalization of Zeolitic Imidazolate
Frameworks. J. Am. Chem. Soc. 2008, 130, 12626-12627.”*”"1 Copyright 2008 American Chemical
Society. B) The elastic moduli of different ZIFs i) as a function of the physical density and T/V (inset)
and ii) as a function the nanoindentation depth. Adapted with permission from “J. C. Tan, T. D. Bennett,
A. K. Cheetham. Chemical structure, network topology, and porosity effects on the mechanical
properties of Zeolitic Imidazolate Frameworks. P. Natl. Acad. Sci. USA 2010, 107, 99387282
C) Structures of different imidazolates used as organic linkers in some ZIFs.

Since this thesis expects to eventually use MOFs as mechanocatalysts, it would involve subjecting the
MOFs to mechanical stresses and strains for which their mechanical properties are critical to reach
practical implementations. The MOFs would require a sufficiently high elastic modulus to sufficiently
induce high responsiveness and these too can be tuned by using different organic linkers.!**?! The work
of Tan et al.'*®¥ utilized single crystal nanoindentation to investigate the mechanical properties of seven
ZIFs in relation to their chemical structure, network topologies (zni, cag, sodalite (SOD), Linde Type A
(LTA) and gmelinite (GME)), and porosity. The nanoindentation data revealed that the elastic stiffness
increases as the ZIFs turn denser, albeit non-linearly (Figure 14Bi), similar to that predicted
computationally for IRMOFs.[** The densest ZIF structure, ZIF-zni [Zn(Im).] (Im: imidazolate, 1-32
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(Figure 14C)), exhibited the highest modulus of 8-9 GPa. The Young’s moduli of ZIFs also displayed
a strong inverse correlation with the internal accessible void space, defined as solvent accessible volume
(SAV).’%! This suggests that the highly porous ZIFs, such as ZIF-8 [Zn(mlm),] (mIm: 2-
methylimidazolate, 1-33 (Figure 14C)), display consistently lower elastic stiffnesses. Furthermore,
ZIFs incorporating bulky imidazolate ligands were observed to be stiffer due to short-range ligand-
ligand interactions, particularly while using large aromatic linkers that filled the pore regions. Among
the three ZIFs of same network topology (SOD), ZIF-7 [Zn(blm),] (blm: 2-benzimidazolate, 1-34
(Figure 14C)) and ZIF-9 [Co(blm),] exhibited Young’s moduli two times higher than ZIF-8, primarily
due to the sterically bulkier blm (I-34) linkages compared to the mIm (I-33) in ZIF-8 (Figure 14Bii).
Additionally, ZIF-7 and ZIF-9 displaying similar stiffnesses even with different metal centres (ZnN4v/s
CoNy) show that the rigid imidazolate linkers largely control the ZIF elasticity!*®* and any flexibility
would mainly come from organic linkers which rotate and bend.?%]

1.3.1.2  Structural Changes and Bond Breakage
1.3.1.2.1 In Liquids

For a MOF to be utilized as a mechanocatalyst, its behaviour under mechanical forces needs to be
understood. In a liquid, application of ultrasonication produces different effects in a liquid-solid
heterogenic system, depending on the size of the solid particle (such as a MOF). At a frequency of
20 kHz, the size of the cavitating bubbles is around 100-150 um. If the solid particle size is at least
twice the size of the bubble, the bubble collapses asymmetrically resulting in a microjet formation. This
results in jets of high-speed liquids directed at the surface of the solid particles. The cavitation collapse
also results in the formation of shock waves with magnitudes as high as 1 GPa. The shock waves
generated by these microjets can cause significant damage to the surfaces of the solid particles, resulting
in plastic deformation, surface defects or even new surfaces being formed and exposed.?!% 25!

Active Sites

Active Sites
Weak Interactions (e.g.,
van der Waals forces,
hydrogen bonding, etc.)

)

Metal-Organic Frameworks 2D Metal-Organic Nanosheets
(MOFs) (MONs)

Figure 15. The “top-down” sonication approach utilized to obtain 2D MONs from MOFs.

The principle of using sonication resulting in rupturing bonds within the layers of a MOF was

demonstrated by the synthesis of 2D metal-organic nanosheets/networks (MONs) from MOFs using the

“top-down” approach (Figure 15).1*73% The success of the top-down approach to disintegrate bulk

materials relies on two requirements from the parent MOF. Firstly, weak interactions such as van der
Waals forces, hydrogen bonding, etc. exists between the layers of the crystal structures. Secondly, the
2D structures should be able to bear sonication and other mechanical forces by virtue of their strong

2891 As the top-down method generates MONSs by selectively

301]

mechanical and chemical stability.!
disrupting interlayer bonding in bulk MOF crystals using external forces,*°! it is a form of bond
breaking within MOFs, resulting in more active sites being exposed and an improvement of catalytic
activity (Figure 15).
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1.3.1.2.2 In Solids

Although formation of new surfaces is considered the main outcome in liquids, formation of crystal
defects accounts higher in the direct mechanical activation of solids. Mechanical activation methods
like ball milling, shock impact, or compression can induce stresses beyond the elastic limits of MOFs,
leading to amorphization,***3%! structural changes, defect accumulation, and bond breakage. These

alterations in physicochemical properties enhance chemical reactivity in solid MOFs, 3% 307]

Nanocompression allows the determination of mechanical parameters and energy absorptions of
individual nanocrystals.*®®] A micrometre-sized flat punch applies uniaxial compression on a sample
which records the load-displacement data, while videographing inside an electron microscope (Figure
16Ai).°% On such an irreversible mechanical compression, the internal free space within porous
materials tend to decrease, potentially leading to chemical effects. The AV (internal volume) decreases
substantially while the AS (entropy) increases, caused by the internal space collapse and crystallinity
loss. In the work by Su et al.,** a UiO-66 MOF (I-35) demonstrated endothermic bond breakage during
a compression-induced collapse upon the reduction of its internal free volume. At compression of
1.9 GPa, the effective number of Zr-O bonds in UiO-66 (I-35) decreased from 4.0 to 1.9 (Figure 16A.ii),
as analysed by EXAFS. Additionally, IR spectra indicated the transformation of syn-syn bridging
carboxylates into monodentate ligand (Figure 16Aiii), thus demonstrating the triggered
mechanochemical reactions. Notably, the UiO-66 (I-35) nanocrystals absorbed substantial mechanical
energy during compression, amounting to ~4 kJ g™, For context, a TNT (2,4,6-trinitrotoluene) explosive
produces 4.2 kJ g! during explosion. Therefore, gram for gram, it could absorb as much energy as a
high explosive would release.**”!
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Figure 16. Ai) the setup for the uniaxial nanocompression (adapted with permission from Ref.[%],
Copyright 2018 Elsevier Inc.), ii) the decrease of the effective number of Zr—carboxylate oxygen (Zr-
O) bonds in UiO-66 (I-35) decreasing from 4.0 to 1.9 and iii) resulting in the formation of monodentate
ligands from syn-syn bridging carboxylates (Aii and iii are reproduced from Ref %!
from the Royal Society of Chemistry). Bi) The setup for microflyer plate apparatus, ii) optical images
of ZIF-8 layer on glass substrate and iii) SEM images of ZIF-8 crystals after shock compression.
Adapted with permission from “Z. Su, W. L. Shaw, Y.-R. Miao, S. You, D. D. Dlott, K. S. Suslick.
Shock Wave Chemistry in a Metal-Organic Framework. J. Am. Chem. Soc. 2017, 139, 4619-4622.310]
Copyright 2017 American Chemical Society.

with permission
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A shock wave is a disturbance moving at supersonic speeds causing sudden increase in pressure, density,
and internal energy. This creates a dynamic environment with rapid compression and high strain rates,
damaging solid materials. MOFs respond uniquely to shock waves beyond their elastic limits due to
their compressible free space, converting shock wave energy into heat for potential shock absorption
(Figure 16Bi). In the investigation with shock compression of MOFs caused by the impacts of km s™!
flyer plate, Su et al.®'% reported the stability of the crystallinity of the MOF ZIF-8 below 2.5 GPa (at
flyer plate velocities = 0.75 km s™!). Thereon, ZIF-8 lost their long-range crystalline order at around 5
GPa (1.3 km s™) and faced complete structural collapse and the loss of local symmetry around 8 GPa
(1.6 km s') (Figure 16Bii and Biii).>'” Time-resolved in-situ photoluminescence and shock-induced
emission indicated that the impacts of high-velocity shock waves on ZIF-8 were dissipated in two ways:
through the nanoporous network collapse and endothermic shock-induced bond scission of chemical
bonds.(1%

Hence, MOFs have shown the possibility of undergoing bond breakage on application of mechanical
force in both liquids and solids. Therefore, their application as mechanocatalysts show immense scope
and possibility.

1.3.2 CuAAC in MOFs

The previously presented CuAAC reactions were all based on homogeneous catalysts (Chapter 1.2.3).
Although efficient, their preparation is often tedious and/or expensive. Additionally, homogenous Cu(I)
catalysts do not allow easy removal and recycling without specialized steps. To solve these problems,
considerable interest and efforts have been devoted to development of field of the heterogenization of

I Therefore, MOFs with active sites, either at the metal nodes or at the
[313-315]

homogeneous catalysts.[!43 311,312

organic linker ligands, have been investigated as solid counterparts of homogeneous catalysts.

Al B
I-36

BTC
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Figure 17. A) Schematic illustration of formation and participation of a reduced copper metal-organic
framework (rCu-MOF) in CuAAC reactions. Reproduced from Ref.'®! with permission from the Royal
Society of Chemistry. B) Schematic route for utilizing post-synthetic modification (PSM) to achieve
active sites within a MOF to use for CuAAC.B'"! Published under a Creative Commons license CC BY
3.0 DEED.
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In the work by Fu et al.,?'®! a reduced copper metal-organic framework (rCu-MOF, (I-37)) was prepared
by reducing Cu-BTC (I-36) (BTC: benzene tricarboxylate) MOF in the presence of hydroquinone
(Figure 17A). Coupling reactions and polymer functionalization with quantitative yields via CuAAC
were conducted in the presence of the catalytic MOF. The rCu-MOF (I-37) showed high activity,
absence of heavy metal contaminants, easy recyclability, and structural stability for catalysis. It
outperformed conventional copper halide catalyst, making it a promising, environmentally friendly
choice for industrial applications, especially in polymer chemistry.?!%l In another work,?!®]
copper-containing MOFs, ie., [Cu(im);], [Cu3(BTC),], [Cu(2-pymo),] (2-pymo: 2-
hydroxypyrimidinolate) and [Cu(BDC)] (BDC: benzene dicarboxylate) were synthesized. These Cu-
MOFs displayed high activity and regioselectivity during the CuAAC reactions between benzylazide
(I-22) and phenylacetylene (I-23), even comparable to various homogenous copper catalysts.
Furthermore, solvent-free CuAAC was also achieved in excess phenylacetylene with advantages such
as no solvent waste treatment, possibility of continuous operation with easy separation of the formed
triazole, and the recycling of the phenylacetylene. Ultimately, Cu-MOF catalysts were employed to a

various

one-pot two-step process in which the azide was generated “in situ” and promptly reacted with
phenylacetylene.*'¥ Fluch et al.!*'” employed post-synthetic linker (PSM) exchange to modify UiO-67
MOF and replace its native linkers with linkers bearing azide or acetylene groups (Figure 17B). Adding
[Cu(CH3CN)4]PF¢ as copper catalyst, CuUAAC was performed between the modified MOFs in a
sequential and orthogonal manner. The quantification of the reaction showed that up to 50 % of the
incorporated linkers could be converted to their “clicked” triazole products while the structure of UiO-
67 remained unaffected. Therefore, this work offers an excellent demonstration for an effective use of
PSM to create complex functionalities.[*!”!

Hence, these examples of CuAAC coupled with presented possibilities for mechanical activation in
MOFs raise optimism to achieve a mechanochemically activated MOF performing CuAAC, in both
liquid and solids.*!

1.3.3 NHC-based MOFs

The flexibility to vary the metal nodes and organic linkers has resulted in the reporting and study of
over 50,000 different MOFs in the past decades.*?% 32! In the past, quite a few MOFs utilizing N-
heterocyclic carbenes (NHCs) as linkers have been reported with the majority being benzene-
carboxylate groups due to their tendency to form rigid metal carboxylate clusters. The introduction of
NHC:s into a MOF structure not only increases the functionality of the frameworks and heterogenies the
usually homogenous NHC complexes, but also synergises the catalytic potentials of both MOFs and
NHCs.?%¢1 Some of these NHCs are showed in Figure 18 and further described below.

The work of Oisaki et al.**?! used the ligand 4,7-bis(4-carboxylphenyl)-1,3-dimethylbenzimidazium
(I-38, Figure 18A) to initially form a metal-NHC complex [4,7-bis(4-carboxylphenyl)-1,3-
dimethylbenzimidazol-2-ylidene](pyridyl)palladium(Il) iodide. The complex was used to assemble
structures that are isoreticular (having the same or similar structural topology) to MOF-5 (I-39, Figure
19A), a well-known primitive cubic MOF. The synthesised MOF consisting of Zn(II) nodes, IRMOF-
77 (1-40, Figure 19B) (IRMOF = Isoreticular MOF), consisted of an NHC-Pd(II) linker positioned on
every face of the cubic structure. The Pd(I)-pyridyl centres protrude into the pores of the MOF without
blocking each other.?*?! To examine the reactivity of the Pd(IT) centre, a ligand exchange was carried
out in a 4 % v/v quinoline/DMF solution for one day at RT. Conducted tests show the replacement of
pyridine with quinoline in IRMOF-77 without changes in the structural order or the porosity of the
MOF.P?2l Wang et alB?! utilized an innovative imidazolium tricarboxylate ligand, 3-(4-
carboxybenzyl)-1-(3,5-dicarboxyphenyl)- 1 H-imidazolium chloride (I-41, Figure 18B), to synthesize a
two-dimensional MOF with Zn(II) nodes. Despite the MOF's overall neutrality, it featured one-
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dimensional channels within its structure that exhibited a charge-separated nature. DFT calculations
indicated phenyl rings and imidazolium having positive charges, and negative charges were attributed
to the carboxylate moieties. Remarkably, this MOF demonstrated selective adsorption capabilities for
highly polarizable gas molecules like CO,, H, and CH4, while excluding N». The strong hysteresis
observed indicated strong interactions between the MOF and the guest molecules (a molecule that is
temporarily absorbed or trapped within a MOF). The MOF also displayed the importance of the anions
accompanying an azolium/NHC as even trace amounts of Cl in the pores significantly altered sorption
properties, allowing only CO, to enter the pore channels at higher pressures. Consequently, this MOF
holds promise for various industrial applications such as selectively adsorbing and enriching H, from
N»/H, exhaust mixtures in ammonia synthesis.*?*! Moreover, it encourages the development of new
strategies for charge-separated adsorbents exhibiting hysteretic adsorption.*?*! Although the adsorption
selectivity may be influenced by preferential host-guest interactions in this case, various other factors,
including pore size, molecular sieving, and interactions with metal centres, can also play a role.!*>532]
The MOF prepared with 1,3-bis(2,6-dimethyl-3,5-carboxylphenyl) imidazolium chloride (I-42, Figure
18C), having Cu(Il) nodes with paddlewheel-type coordination, also displayed selective sorption to
separate CO, from CHs, possibly due to the ionic environment created by the positively charged

aromatic azolium components as well as interactions with open metal sites within the MOF.33%
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Figure 18. Different examples of NHCs that have been utilised as organic linkers within MOFs.

Despite numerous attempts, integrating N-heterocyclic carbenes (NHCs) into MOFs faced significant
hurdles, including inaccessible carbene-precursor sites due to small pore sizes, MOF degradation when
adding a base to deprotonate an imidazolium, and unintentional coordination of metal ions to carbene
sites. However, a breakthrough occurred in 2012 when Lalonde et al.!**!! successfully transformed a
previously reported MOF, tripodal imidazolate framework-1 (TIF-1). Constructed using the ligand
1,1',1"-((2,4,6-triethylbenzene-1,3,5-triyl) tris(methylene)) tris(1H-imidazole) (I-43, Figure 18D),%
333 this transformation exposed NHC sites as catalysts, enabling the conversion of an a,f-unsaturated
ketone into the corresponding ether in the presence of an alcohol. TIF-1 achieved an impressive 83 %
conversion rate, compared to 72 % with the homogenous NHC catalyst IMes-HCl1 (IMes = 1,3-bis-
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(2,4,6-trimethylphenyl)imidazol-2-ylidene).l***! Notably, TIF-1 reactions reached completion about ten
times faster, establishing TIF-1 as a more efficient catalyst than IMes-HCL?**! Kong et al.** has
described the NHC precursor ligand 1,1'-methylenebis(3-(4-carboxyphenyl)-1H-imidazol-3-ium) (I-
44, Figure 18E) to prepare a MOF [CusLnnc)2(MeOH):]-4NO;-H>O. The imidazolium was deprotected
to form NHCs and anchored concomitantly to palladium (Pd) via post-synthetic modification. In the
presence of the catalytic active centre, the cross-coupling of phenylhalides with phenylboronic acids
via the Suzuki—Miyaura reaction was quantitatively catalysed in heterogenous phases, depending on the
donating or the electron-withdrawing properties of the two reactants.%
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Figure 19. Crystal structures of A) MOF-5 (Adapted with permission from Ref.*l. Copyright 2019
Wiley-VCH), B) IRMOF-77 (Adapted with permission from “K. Oisaki, Q. Li, H. Furukawa, A. U.
Czaja, O. M. Yaghi. A Metal—Organic Framework with Covalently Bound Organometallic Complexes.
J. Am. Chem. Soc. 2010, 132, 9262-9264.”13*2) Copyright 2010 American Chemical Society), C) Im-
MOF-3 (Reproduced from Ref.**”) with permission from the Royal Society of Chemistry), and Di)
[Zn4O(Cu(Lnuc))2)2]. Dii) represents the (Cu(Lwmc))2) bis-NHC link and Diii) represents the
coordination of the ZnsO node (Reproduced from Ref.?*¥! with permission from the Royal Society of
Chemistry). The yellow spheres represent the largest spheres that occupy the cavity without contacting
the interior van der Waals surface for the MOFs. 322 3361

With an interest in developing Cu(I)-based NHC complexes within MOFs, such examples were also
identified.[**% 3491 Chun et al.**! reported the synthesis and self-assembly of 1,3-bis(4-carboxy-2,6-
diisopropylphenyl) imidazolium (I-45, Figure 18F) and the further concomitant formation of copper-
NHC complexes within the supramolecular networks. On treating with copper(Il) nitrate with the NHC
ligand, a supramolecular structure was assembled with two different copper species. First, Cu(Il)
formed paddlewheel structures to function as the metal nodes of the MOF. Second, the NHC had
coordinated with copper, forming Cu(I) mono(NHC) chloride. Although the reduction of Cu(II) to Cu(I)
was an interesting point, the authors require further specific evidence to identify the chemical species
responsible for the reduction.**"! Lee et al7 described a MOF [Cu(II)(Lnncy—Cu(l)
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CH(NMP)]-(NMP),'(H:0) (Im-MOF-3) (I-46, Figure 19C) made with the ligand 1,3-bis(4-
carboxyphenyl) imidazolium (I-47, Figure 18G). Im-MOF-3 exhibited a 2D square-grid framework
with Cu(II) paddlewheel nodes. The NHC also reacted with Cu(I) to form Cu(I) mono(NHC) chloride.
However, in contrast to the previous case, the source of copper was Cu(I)Cl. Hence, Cu(I) was partially
oxidized to form Cu(Il), resulting in the formation of metal nodes of the MOF. In anticipation of Im-
MOF-3 exhibiting catalytic behaviour as expected from a homogenous Cu(I) mono(NHC), preliminary
borylation experiment conducted with 4-bromophenyl yielded 34 % of the final borylated biphenyl
product.37] Finally, in a publication that was the most interesting in terms of the MOF structure to the
work for this thesis, Burgun et al.*3¥! reported the first example of the incorporation of Cu(I) bis(NHC)
as a structural element within a MOF [ZnsO(Cu(Lnhe))2)2] (I-48, Figure 19D) with Cu:Zn atomic ratio
as 0.53:1. The Cu(I) bis(NHC) occupies and exists within the pores, with Zn(II) forming the metal nodes
and 1,3-bis(4-carboxyphenyl) imidazolium (I-47, Figure 18G) being the organic linker of this unusual
three-dimensional diamond-like framework. To investigate the catalytic potential of the MOF,
activation of CO, via hydroboration at 35 °C was attempted. Conducted in the presence of
pinacolborane, the obtained product HCO,B(pin) was directly used as a formylating reagent for
benzylamine.**8) A conversion of 92 % was already reached with 5 mol% Cu (1 mol% Cu = 0.5 mol%
MOF) which remained constant even at 10 mol % Cu. Additionally, the recyclability advantage of
heterogenous catalysts like MOFs over homogenous catalysts was displayed. A 5 mol% loading of the
MOF was used over 5 cycles in which the conversion remained stable at 50 % after decreasing over the
first two cycles.**®) Therefore, the Cu(I) bis(NHC) linkages within the MOFs were identified as active
catalysts for the hydroboration of CO», similar to their related homogenous counterparts.+’]
Intriguingly, to verify that the hydroboration reaction did not occur due to the formation of any
homogenous NHC species in solution, the published work attempted to investigate “click” chemistry.
It was noted that no catalytic reaction took place, the observation ascribed to an increased molecular
size of the involved reactants and the heterogeneous nature of the MOF catalyst.**®! Therefore, there
was considerable interest in investigating the potential use of Cu(I) bis(NHC)-containing MOFs as
mechanocatalysts, following a similar approach as detailed in Chapters 1.1.4.2 and 1.2.3.

1.4 Thermoplastic Polyurethane (TPU)

Since the invention of polyurethane (PU) by the German Prof. Dr. Otto Bayer in 1937,34] PUs are
currently one of the most researched materials in the world. PUs are synthesized from a huge variety of
sources with a wide range of specific applications, making it possible to group them into various
different classes based on desired properties, one of them being thermoplastic polyurethanes (TPUs).4!
TPUs are typically linear segmented copolymers, synthesized by addition polymerization reaction of

three components forming repeating urethane groups: a diisocyanate (aromatic or aliphatic),*** a polyol

(or macrodiol) and a chain-extender (usually a short organic diol or diamine).4%!

The synthesis of TPUs can be conducted by either a “one shot” or “two-shot”” method. The “one shot”
procedure involves all the reactants, i.e., the difunctional diisocyanate and diol, being mixed together
in the desired stoichiometric ratios to cure and form an elastomer.?4”- 3481 In the “two-shot” procedure,
also called “prepolymer method,” involves the preparation of a prepolymer in the first step. The
prepolymer is prepared by a reaction between diisocyanates and oligomers. In the second step, the chain
extender and other additives (e.g., solvent, catalyst, etc.) is added to the prepolymer.*-*3!1 Both of the
two possibilities, “one shot” or “two-shot” method, possess advantages and disadvantages. The “one-
shot” method results in more random block polymers and are mainly employed in industry.*?! The
“two-shot” method results in TPUs with higher molecular weight, low polydispersity (PDI), and better

physical and mechanical properties, properties that are more suitable to be employed in research.***!
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1.4.1 Microphase Separation

Thermoplastic polyurethanes (TPUs) consist of alternating soft segments (SS) and hard segments (HS),
chemically linked together along a macromolecular backbone. The reason for such naming is the
different thermal behaviours displayed, where the 7, of SS is below ambient temperature, and the HS
glass transition is above ambient temperature. The SSs are typically made of long hydroxyl-terminated
polyols with a molecular weight of 1000-3000 g mol™!, while the HSs are the reaction products of rigid
isocyanate and chain extender moieties. Due to the presence of intermolecular hydrogen bonding, HSs
act as stiff physical crosslinkers with the capability to alter mechanical properties of the material,
whereas the SSs behave as soft and flexible elastomeric material. The two different segments, HS and
SS, are thermodynamically incompatible with each other, resulting in a microphase separation. The
structure-property relationship depends on the length and the chemical composition of HS and SS. The
relationship can be utilised to impart specific properties to TPUs by properly choosing the chemical

structure of the components and/or varying the molar ratio (concentration) of the HS and SS.134 334-358]
Hydrogen Hydrogen

Bond

Hard Segment «—— Soft Segment

Figure 20. A pictorial description of soft/hard segments within a TPU.

1.4.1.1 Effect of Hard Segment Components

The incorporation of chain extenders as part of the hard segment has been significant for the production
of TPUs. The chemical compositions and properties of these chain extenders have been widely
studied.”** These studies have pointed to the notable impact of these factors on the interactions between
HSs and SSs. It was reported that 1,4-butanediol-based TPU exhibited superior thermal properties
compared to 1,5-pentanediol and 1,3-butanediol TPUs due to its strong crystal structures.** Other
studies pointed to a decrease in 7, of TPUs with longer chain extenders due to reduced polarity and
increased flexibility. TPUs with an even number of -CH»- in the diols exhibited superior mechanical
properties.6!

1-49 I-50 I-51 I-52
NCO NCO /W\/NCO
OCN
NCO OCN NCO
NCO

TDI IPDI HDI MDI
Toluene-2,4- Isophorone Hexamethylene 4,4’-Methylenebis(phenyl
diisocyanate diisocyanate diisocyanate isocyanate)

Figure 21. Structures of different isocyanates used in polyurethane synthesis.
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The symmetry and planarity of diisocyanates are important parameters that influence HS crystallinity,
and hence the mechanical properties.**> 3% In a study with poly(e-caprolactone)-based segmented
polyurethanes (PCLUs), Ping ef al.** investigated the impact of different diisocyanates (TDI (I-49),
IPDI (I-50), HDI (I-51), and MDI (I-52)) (Figure 21) on material behaviour. It was observed that the
rigidity was highest in HDI, followed by MDI and IPDI, with TDI-based structures displaying discrete
domains. Initial stretching damaged hard domains, affecting recovery. Subsequent cycles did not
damage hard domains, achieving 100 % recovery. Contracting stress measurements indicated hard
segment frameworks significantly influenced stress relaxation, with the order of contribution being TDI
<IPDI < MDI < HDIL.P%4

1.4.1.2  Effect of Hard Segment Concentration

The relative weight fractions of the HSs and SSs contribute immensely to the structural, mechanical,
and thermo-mechanical properties of the TPUs, especially in TPUs with HS content higher than 50 %.
This was evidenced with the increasing Young’s modulus and tensile strength of TPUs with increase in
HS concentration, though the yield strength and elongation showed a decrease.**>) Koberstein et al.
observed the effect of HS concentration on the 7, of the SS (7,ss) and the heat capacity (ACp). With an
increase in HS concentration, the T,ss increased while the ACp decreased.**®! Klinedinst et al. presented
a correlation between higher HS content and enlarged size of hard domains, as well as increased phase
separation, resulting in increased temperature at which the HS melting occurred.*>! Additionally,
testing with increasing HS content in PU-based polymer concretes displayed an enhancement of
compressive strength, impact strength, modulus of static elasticity, flexural strength, and flexural
modulus, effectively adjusting and engineering the performance of PU-based polymer concrete.**”) To
develop a water barrier film, Kang et al.**® also experimented with HS content variation from 0-40 %.
The increasing hard domains resulted in resistivity to water permeability with the water vapor
transmission rate (WVTR) measurements showcasing a decrease in water vapour permeability of the
TPU films with varying HS content from 223.63 to 116.26 g m? day'.[3¢%

1.4.2  Shape Memory Polyurethane (SMPU)

Any polymer that is stimuli-responsive and returns from a temporarily deformed form to its original
permanent form can be termed as a shape memory polymer (SMP). The external stimuli that trigger a
shape memory includes thermal, pH, light, electric field, and humidity.?%-*"3A polymer undergoes a
transition from a glass-like to a rubbery-elastic state above its glass transition temperature (7).
Applying short-term uniaxial stress stores entropic energy because the movement of the entangled
polymer chains is still largely restricted. Prolonged stress allows relaxation, causing chain slippage and
bulk flow. Reversible deformation occurs using network chains as molecular switches, where flexibility
is temperature-dependent at certain transition temperatures (7ians). Ttrans 1S usually equal to 7§ in an
amorphous SMPU or Ty, in a crystalline SMPU.?74 External thermo-stimuli over Tians enhances chain
flexibility. Molecular motion freezing (in amorphous PU) or crystallization (in crystalline PU) fixes a
programmed temporary shape when temperatures are again cooled below Tians. Stability depends on
macromolecular segment interaction and chain conformations. Reheating above Tians allows chain
relaxation and stable conformation formation. Such relaxation or shrinkage of the molecular chains,
driven by the elastic strain energy produced during the deformation process, causes shape recovery in
an SMPU (Figure 22).574-37¢]

Due to the microphase separation present within PUs leading to hard and soft segments, PUs satisfies
the most basic requirement of an SMP.P77-378 Compared to other SMPs, PU-based SMPs (SMPU) are
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easier to process, display large recovery strains up to 1000 %, and have an adjustable shape-recovery
temperature range.’’% 3% Additionally, SMPUs have excellent chemical properties as well as
biocompatibility.**!! Although SMPUs can be divided into two main categories, i.e., physically cross-
linked thermoplastic (flexible and easily shapable) and chemically cross-linked thermoset (lack thermal
plasticity, difficult to reprocess and/or recycle),*®> 3% the focus of this chapter will remain on
thermoplastic polyurethanes (SMTPU).

Deformation
by Force leatlon Recovery
—_—
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Figure 22. A pictorial description of the shape memory effect that is imparted due to the microphase
separation of the hard and soft segments.[3%%!

In an SMPU, the SSs are glassy or semi-crystalline below 7, and are responsible for the temperature-
sensitive shape recovery above Tians, While the HSs fix the permanent shape by hydrogen bonding, Van
der Waals, etc.l**! Hence, deformed SMPUs recover their original shape on heating over the T, or the
soft segment crystal melting temperature.*3%) By changing the content ratio of HS and SS, the T, can be
adjusted to obtain tailored SMPUs.¥-3%% However, PUs with HS content lower than 25-30 % cannot
exhibit shape memory effect due to weak physical cross-linking. Although shape recovery properties
increased with HS content, the HS content above 50 % exhibited poor recovery due to excessive
physical crosslinks.??!%31 Hence, controlling the HS and SS structure and composition are extremely

important to obtain the desired shape memory effect.

In Chapter 1.2.3, the significance of exploring mechanochemistry and force-responsive stress sensors
has been emphasized. One of the objective of this thesis is to develop a stress-sensor system activated
through mechanochemical processes, the real usefulness of which arises when incorporated within a
polymeric material.**¥ As Chapter 1.4 would indicate, polyurethanes as bulk matrices for stress-sensor
applications form a special interest for us in this thesis, as has been for other polymer scientists. Several
examples of polyurethanes being used effectively widely with different mechanophores for such
applications have been reported in literature.3%>-3!
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2 AIM OF THE THESIS

2.1 Objective and Motivation

The study of the catalytic activity and the mechanochemical responses of Cu(l) NHC complexes form
the basis of this thesis. For this purpose, two routes should be explored. The first route would be the use
of Cu(I) NHCs as homogenous catalysts to attempt cyclopropanation of poly(isoprene) by the
implementation of functional groups into unsaturated polymers, while the second route would involve
the use of Cu(I) NHCs as heterogenous mechanocatalysts in the form of metal-organic frameworks
(MOFs).

While undertaking the first route, it is important to consider that the implementation of functional
groups into unsaturated polymers is often a challenging task. In many cases a significant degradation
of the polymer backbone must be considered, yielding polymers with significantly lower molecular
weights. The chemical transformation of double bonds to cyclopropanes recommends usually the
application of highly reactive species, such as carbenes, ylides and carbanions, or the assistance of
metal catalysts.[* 411 A prominent example is the metal-catalysed cyclopropanation,!'*”! which is
known as a powerful tool to introduce different functional groups to small molecules as well as into the
scaffold of poly(diene)s, enabling thus a broad variation of material properties. Hence, an attempt of
cyclopropanations of poly(isoprene) using Cu(I) NHC catalysts would be undertaken to explore a
pathway not extensively explored, enabling thus an easy access to modified poly(diene)s with ester or
carboxylic groups. Therefore, the design of the pathway should involve choosing appropriate reactants,
solvents, appropriate concentrations, and reaction conditions. In-depth study would also be required to
predict the mechanism and determine the reaction rates to fully develop optimal conditions for the
cyclopropanation reaction. The modified poly(isoprene) (PI) should be able to establish ionic
interactions with cations or cationically modified polymers, or establish hydrogen bonds to form
dynamic networks. This would thus offer the opportunity to be applied in the tyre/rubber industry,
increasing durability and grip. Its potential for up-scaling should make approach feasible for an
application in large-scale production processes such as for manufacturing of modified synthetic rubbers.
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Figure 23. The mechanochemical activation of Cu(I) bis(NHC) containing MOF by cleavage of a
shielding NHC to generate the catalytically active Cu(I) mono(NHC) which is able to trigger CUAAC
(“click™).

The second route should involve an extensive study into the application of Cu(I) NHCs as
mechanocatalysts, expanding the previous work within the working group in which a latent Cu(I)-based
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system had been developed as a mechanophore, capable of activation by mechanical forces transmitted
via covalently attached polymer chains. Therein, a metal complex based on NHCs was used in the form
of Cu(I) bis(NHC) complexes,!**!:2*8] embedded into polymer- and peptide-backbones!*** 26% to develop
stress-sensing materials.!?3* 264 2651 This would involve designing MOFs containing latent copper (1)
bis(NHC) within the MOF structures which should have the possibility to be chemically activated by
mechanical force causing one shielding ligand to be detached, thus generating a catalytic active site
which would trigger a copper(I)-catalysed alkyne azide cycloaddition (CuAAC) (Figure 23). It is
known that plastic deformations in MOFs can be initiated by mechanical treatments (bulk
compression, 294 305:325. 4021 ghock impact,®!* %! delamination by sonication!***%%)) to alter the chemical
bonds and the crystal structures of the MOFs, resulting in modifications. Based on their extended
structures, MOFs can also be regarded as highly ordered polymers, where repetitive elements are
arranged in all different dimensions, thus forming a crystalline polymer-like structure, as a polymer
chemists’ definition could be. As MOFs are able to undergo both reversible elastic and irreversible
plastic deformations, mechanochemistry in MOFs is an attractive perspective, as force should be
transmitted efficiently from nodes inside the MOF, wherein the mechanochemically active metal-NHC-
bonds are placed into.

The ability of the activation of the obtained Cu(l) within a MOF to trigger a CuUAAC “click” reaction
would be first investigated in solution using ultrasonication of the model benzylazide and
phenylacetylene reaction. The purpose of this step is to gain preliminary insights into the feasibility of
employing MOFs as mechanocatalysts. If successful, the MOF’s application would be extended to
thermoplastic polyurethane (TPU) bulk material to fulfil its application as a fluorogenic stress-sensing
system. This would result in the development of a potential three-in-one TPU system embedded with
MOF which would: 1) undergo mechanochemical activation in the presence of an embedded Cu(I)
bis(NHC)-containing MOF, enabling CuAAC within a bulk system, 2) function inside a shape memory
TPU material (SMPU), allowing shape recovery upon reheating due to the thermodynamically driven
phase separation, and 3) allows to monitor the mechanochemical activation process via a fluorogenic
dye system that facilitates early detection of material failure and identifying specific failure areas,
enabling quick and cost-effective replacement of polymeric materials.
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Figure 24. The ultimate aim of the thesis is to develop a potential three-in-one TPU system embedded
with NHC-MOF, namely observing Cu(l) catalysis resulting in CuAAC, observing fluorescence to use
it as a stress-sensing system and accomplishing a shape memory TPU (SMTPU).
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2.2 Concept

To achieve the thesis's objective, the conceptualization involved the first route of employing Cu(l) N-
heterocyclic carbenes (NHCs) initially as conventional catalysts. Predominantly cis-1,4-PIs (90 : 8 =
1,4-P1: 3,4-PL; 65 : 25 = 1,4-cis : 1,4-trans) (PI) (3) would be reacted in the presence of commercially
available Cu(I) NHC catalysts with diazoacetates (EDA/t-BDA) (4/5) to generate ester-substituted
cyclopropane along the PI backbone. This would be conducted using two approaches, APPROACH A1l
with Cat. 1 [(IPr)CuCl] and APPROACH A2 with Cat. 2 [(IMes)CuCl] (Figure 25A), with the ratio of
diazoacetate (DA) per PI double bond set to 1:2. The progress of the reactions would be monitored
using '"H NMR spectroscopy. Copper was selected as the transition metal as it is less toxic than thallium
and less expensive compared to palladium or gold. Moreover, Cu-mediated cyclopropanations are
known to be conducted under mild reaction conditions.!!]

Cu(I)-catalysed cyclopropanation of poly(isoprene) with diazoacetates

n m
3)
o Coor ™
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R = CyHs or C( CH3 (7) if R = C(CH3)3
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Deprotection of cyclopropanated poly(isoprene)
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Figure 25. A graphical representation of the concept displaying A) Cu(I)-catalysed cyclopropanation
of PI with diazoacetates and B) the deprotection of the cyclopropanated Pls.

The first set of experiments should involve optimizing the catalyst amount and the reaction temperature.
The solvent for this set of experiments would be fixed to cyclohexane with a PI concentration (solid
content) of 1.3 wt.%. The use of cyclohexane as a solvent was of special interest as usually non-polar
solvents are used in industrial PI synthesis via living anionic polymerization. The diazoacetate to be
used would remain EDA (4) for further optimization reactions until stated otherwise. The next set of
experiments would target the investigation of the influence of solvent polarities towards the
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modification yield. For this purpose, the cyclopropanation would be performed in tetrahydrofuran
(THF), dichloromethane (DCM), and cyclohexane. Further set of experiments would explore the effects
of changes in the PI solid content (e.g., 10 wt.%, 15 wt.%, 20 wt.%, ..., etc.) until an increase does not
affect the modification yield and a maximum is achieved. The kinetics of the cyclopropanation of PI
with EDA (4) would be performed to serve two purposes; to know the time taken for the reaction to
cease and to investigate differences in the reactivity of Cat. 1 and Cat. 2, possibly resulting in one of
the two approaches (APPROACH A1 or A2) to be favoured (Figure 25A). As all optimization with (4)
would have been completed, the optimized reaction conditions would be transferred to the
cyclopropanation using fert-butyl diazoacetate (--BDA) (5). The thus obtained modified Pls, either with
(4) or (5), should be characterized using "H NMR spectroscopy, GPC and DSC. In the final step, the
deprotection of the cyclopropanated PIs would be conducted (Figure 25B). Deprotection experiments
would be accomplished to transform the cyclopropyl ester-bearing PIs into those with free carboxylic
groups, which should be able to establish ionic interactions or hydrogen bonds. The deprotection
experiments would be conducted for both ethyl and zert-butyl ester modified Pls. The obtained product
should be investigated using IR and rheology experiments to understand the changes in the chemical
and structural properties, hence achieving a meaningful application of manufacturing modified
synthetic rubbers for tyre/rubber industry.
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Figure 26. A graphical representation of the synthesis of NHC-MOFs using the two proposed
approaches.

As part of the second route, Cu(I) NHCs would be employed as mechanocatalysts in the form of metal-
organic frameworks (MOFs). For this purpose, a bifunctional compound (-NH» and -COOX (H/Me))
would serve as the starting point for the preparation of the NHC-MOFs (I, Figure 26). These
bifunctional compounds should initially be utilized to synthesize an N-heterocyclic carbene (NHC)
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ligand (II and III) which would be the organic linker of the NHC-MOFs. Once an NHC would be
obtained, the preparation of the NHC-MOFs could follow two methodologies. In the case of X = H
(IV), APPROACH B1 would be followed in which the NHC ligand is further used to synthesize a MOF,
ideally forming a Cu(l) bis(NHC) in the pore (VII) with Zn(Il) as the metallic nodes, as per the
procedure described by Burgun et al.*3¥ In the case of X = Me (V), APPROACH B2 would be followed
which involves the synthesis of a Cu(I) bis(NHC) which would be deprotected to obtain -COOH group
(VI). This, along with Zn(II), could be then used to synthesize the NHC-MOFs (VII). These would be
characterized using powder X-ray diffraction (PXRD), infrared spectroscopy (IR),
thermogravimetric analysis (TGA), and flame atomic absorption spectroscopy (FAAS). It has already
been stated that based on the extended structures of MOFs, they could be regarded as highly ordered
polymers. An investigation into whether MOFs, with their higher rigidity compared to linear polymers
or polymeric networks, should lead to an efficient activation by ultrasound or upon embedding into a
polymer matrix is an interesting prospect that would be explored. Different organic linkers lead to
changes in the physical density, the porosity, and the pore architecture of MOFs. With such variations,
the mechanical properties, such as elastic moduli, are noticeably affected, signalling an intricate
relationship between structure and mechanical properties.!?®?! For this reason, there would be three
possible bifunctional compounds in contention (VIII). Due to their varying structure, each of them
should influence the rigidity of the NHC-MOF differently. Hence, R is the key (see Figure 26) and a
balance between rigid and soft components become necessary as the transmittance of force requires
stiffness, but too stiff and the entire MOF could collapse due to bond breakage.** Hence, tuning the
MOF so it survives procedures such as ultrasonication and extensional oscillatory and rotational
rheology is necessary and possible.

Once synthesized, the NHC-MOFs would be subjected to ultrasonication experiments in solution. The
use of ultrasound (or any other mechanical stress) is expected to activate the latent Cu(I) bis(NHC)
complexes as described previously.[2# 238-260.264.2651 Op application of an external force, one of the two
NHC ligands shielding and attached to the Cu(I) should be cleaved, rupturing the mechanochemically
labile bond present between the NHC-carbon and the Cu(I) which allows the first step, a coordination
of the alkyne-ligand with the available Cu(I) to form copper(I) acetylide,**” to eventually form an
1,2,3-triazole product. The progress of this would be monitored using 'H NMR spectroscopy to
understand the catalytic efficiency of the NHC-MOFs. Previously in Chapter 1.3.1.2.1, the principle
of using sonication resulting in bonds rupturing within the layers of a MOF to form 2D metal-organic
networks (MONs) was discussed. Also, effects of ultrasonication on a solid, like MOF, in a liquid-solid
heterogenic system were discussed. The formation of microjet and shock waves should result in plastic
deformation, surface defects or even new surfaces being formed and exposed.?'> 261 It could be
hypothesized that a catalytic activity would be gained due to newly formed surfaces of the cracked
MOF by ultrasonication causing at least a partial destruction of the MOFs.

Once the 'H NMR spectroscopy informs of the most efficient and catalytically active NHC-MOF, it
would be selected to embed within a thermoplastic polyurethane (TPU) matrix. The thermoplastic
polyurethane (TPU) would be initially synthesized by a multicomponent polyaddition reaction
involving pTHF and MDI in the presence of catalytic amount of 1,8-diazabicyclo[5.4.0Jundec-7-ene,
generating pre-condensed soft block segments. Subsequent addition of the chain extender 1,4-
butanediol (BDO) would result in the formation of hard block segments, leading to the formation of
alternating soft/hard blocks. These supramolecular crosslinked elastomeric polyurethane networks
would be fabricated as foils of varying ratios of the soft/hard block segments. The chosen ratio of the
soft/hard blocks should influence the physical properties of the TPU. These changes in properties would
be measured using extensional rotational rheology with oscillating stress-strain experiments to obtain
the Young’s modulus, as well as with DSC to provide crucial information regarding the physical and
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chemical properties of the TPUs. Once a TPU foil of an appropriate soft/hard segment ratio is chosen,
it would be necessary to combine mechanophoric behaviour with CuAAC “click” reaction within the
TPU matrix in order to ultimately form a three-in-one stress sensing system. For this, the
mechanochemically activated NHC-MOF can act as a trigger for the CuAAC of the covalently
embedded compounds 8-azidonaphthalen-2-ol (13) and 3-hydroxyphenylacetylene (14), forming the
fluorescent 8-(4-(3-hydroxyphenyl)-1,2,3-triazol-1-yl)naphthalen-2-ol (15) (Figure 27) via a
fluorogenic “click”-reaction after stress has been imparted on the TPU. Tensile oscillatory rheology
would then be performed on the resulting foils to study the shape memory effect (SME) and the
mechanochemical activation of the TPU foils (see Figure 27). The SME of the TPU is caused by the
microphase separation of its thermodynamically immiscible hard and soft segments. The hard segments
act as anchor points for shape recovery, while the soft segments absorb any external stress applied. To
study the mechanochemical activation of the MOF, the mechanochemical response should be correlated
with the increase in the fluorescence intensity that should be observed when the highly fluorescent 8-
(4-(3-hydroxyphenyl)-1,2,3-triazol-1-yl)naphthalen-2-ol (15) dye is formed via CuAAC (VI, Figure
27). The successful achievement of all three applications within the TPU matrix, namely observing
Cu(l) catalysis resulting in CuAAC, correlating fluorescence to applied mechanical force, and
accomplishing a shape memory TPU (SMTPU), will lead to the realization of a three-in-one fluorogenic
stress-sensing system.
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Figure 27. A graphical representation of the formed TPU foils as well as the CuAAC that could be
observed within a TPU matrix.
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3 RESULTS and DISCUSSION

3.1 Cu(I) NHCs as Catalysts for Cyclopropanation

Published in  “Shinde KS, Michael P, Rossle M, Thiele S, Binder WH. Cyclopropanation  of
poly(isoprene) using NHC-Cu(I) catalysts: Introducing carboxylates. J Polym Sci. 2020; 58: 2864-
287471407

3.1.1  Cu(I)-catalysed Cyclopropanation of Poly(isoprene) with Diazoacetates

ROOC
n m N A n m
@) COOR
(6) if R = CoHs
@] f -
R = CHs or C(CHs)s (7) if R = C(CHs)s
Nes A or @ ®)
APPROACH Al APPROACH A2
\ [\
< ;;NTNE > —< §:>—NTN—§ >—
Cu Cu
| |
cl Cl
Cat. 1 - [(IPr)CuCI] Cat. 2 - [(IMes)CuCl]

Scheme 4. Metal-catalysed cyclopropanation of a predominantly cis-1,4-poly(isoprene)with the NHC-
Cu(I)-based catalyst (1, 2) and the diazoacetates (4, 5).

In a first set of experiments, the catalytic cyclopropanations of predominantly cis-1,4-poly(isoprene)s
(90 : 8 =1,4-P1: 3,4-PI; 65 : 25 = 1,4-cis : 1,4-trans) (PI) (3) were conducted using ethyl diazoacetate
(EDA) (4) utilizing two different approaches, Cu(I) NHC catalysts Cat. 1 [(IPr)CuCl] in APPROACH
Al and Cat. 2 [(IMes)CuCl] in APPROACH A2 (see Scheme 4). The ratio of EDA per PI double bond
was set to 1:2 and the solvent was fixed to cyclohexane with a PI concentration of 1.3 wt.%. The use of
cyclohexane as a solvent is of special interest as usually non-polar solvents are used in industrial PI
synthesis via living anionic polymerization. The reaction conditions were subsequently optimized in
terms of the catalyst amount and the reaction temperature (Table 1). The ratio of the catalysts was varied
from 0.002 to 0.05 eq. per double bond of PI, where 0.05 eq. was determined as best with modifications
of 3 % (Cat. 1) and 2 % (Cat. 2), respectively (determined via "H NMR spectroscopy, for details see
Chapter 5.2.2). Investigating the influence of the reaction temperature from room temperature to 40 °C
revealed no significant effect towards the modification yield, which remained around 3 % for both
catalysts (for details see Table 1, Ent 7 and 8). Hence, the reaction temperature was kept constant at
room temperature.
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Table 1. Variations in catalyst amounts as well as a singular change of temperature to ascertain suitable
reaction conditions.

1 Cat. 1 0.5

3 Cat. 1 3.0

] 0.02:1:2 —Cat. 5 RT 70

5 Cat. 1 3.0

7 Cat. 1 3.0
0.05:1:2 —— 40°C

8 Cat. 2 3.0

The reactions were performed in cyclohexane with the solid content (wt.%) of PI in cyclohexane set at 1.3 %. Reactions
performed for 48 h. *Calculated according to the ratio of the signals at the peaks at 5.10 ppm and 4.80-4.63 ppm belonging to
1,4- and 3,4-poly(isoprene) respectively as well as the new peak after modification at 4.10 ppm belonging to the methylene
protons of the -CO2CH>CH3 moiety of the cyclopropane appearing in 'H NMR spectroscopy (for details see Chapter 5.2.2).

In the next set of experiments, the influence of solvent polarities towards the modification yield was
investigated (Table 2, Ent 6a). Therefore, the cyclopropanation was performed in tetrahydrofuran
(THF), dichloromethane (DCM), and cyclohexane (see Figure 28A). The best modification of 10 %
was obtained with Cat. 2 in DCM (see Table 2, Ent 6a.i), while THF and cyclohexane revealed only
low PI modification (2-3 %) (see Table 2, Ent 6a.ii and 6a.iii). The low modification in cyclohexane
was expected because both the catalysts showed a lack of solubility in it. The limited solubility of the
catalysts in cyclohexane led naturally to lower reaction rates and thus to a lower overall conversion. %!
Albeit the solubility in THF was good, its strong coordination to the copper caused a strong shielding
of the catalytic active centre, resulting finally in lower yields. Weakly coordinating polar solvents such
as DCM are preferred for cyclopropanation reactions via carbenes to avoid significant solvent
effects.l**”] Hence, further reactions were conducted with DCM as the most suitable solvent as well as
with cyclohexane because of its industrial relevance.

Table 2. Calculated % modification for cyclopropanated 1,4-PI with different parameters.

Solid % Modification *
Ent Parameters Solvent Content
(Wt.oﬂ)) Cat. 1 Cat. 2
1 Virgin PI (3) - - -
6a i DCM 3 10
6 i THF 2 25
4 " Solvent Variation 13
6a il Cyclohexane ’ 3 2
6b i Cyclohexane 1.3 3 2
6b il Cyclohexane 10 1.5 3
6 loh. 15 1.5 5
b W Solid Content (wt.%) Cyclohexane
6b v Variation Cyclohexane 20 2.5 5
6¢ i DCM 15 - 17
6d i DCM 10 2 4
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1 ti
Cyclopropanation 15 5

6d with --BDA i
Cyclopropanation
6e with EDA (4) in 1,2- 1,2-DCE 15 5 4
DCE

The ratio of the catalyst to per double bond of the PI to diazoacetate is set at 0.02:1:2 for Ent. 6a and 0.05:1:2 for all other
experiments. The PDI of all above listed experiments vary from 1.1-1.2 and the ratio of 1,4- / 3,4-PI isomers remain
approximately 9. *Calculated according to the ratio of the signals at the peaks at 5.10 ppm and 4.80-4.63 ppm belonging to
1,4- and 3.,4-poly(isoprene) respectively as well as the new peak after modification at 4.10 ppm belonging to the methylene
protons of the -CO>CH>CH3 moiety of the cyclopropane appearing in 'H NMR spectroscopy (for details see Chapter 5.2.2).

D.Cat.l [ Cat.2 6-Cat.1 [ Cat.2 5 5
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) ——
Decreasing Polarity Increasing Weight Percentage

Figure 28. Dependency of cyclopropanation of PI with EDA and Cu(I) NHC catalysis on A) the solvent
polarity at 1.3 wt.% solid content and B) different concentration of PI (solid content in wt.%) in

cyclohexane.
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Figure 29. Comparison of the % modification for 15 wt.% of solid content in chlorinated solvents,
1,2-DCE and DCM compared to cyclohexane. The Cat:PI:EDA per double bond ratio is 0.05:1:2 and
the % modification was determined by '"H NMR spectroscopy (for details see Chapter 5.2.2).

To further optimize the reaction conditions, the PI solid content (wt.% in solvent) was varied (see Table
2, Ent 6b) from 1.3 wt.% to 20 wt.% to increase the effective concentration of the reactive compounds,
PI as well as EDA, expecting higher reaction rates and thus finally higher modification efficiencies.
Accordingly, the modification yields increased in case of Cat. 2 from 2 % for 1.3 wt.% up to 5 % for
15 wt.% in cyclohexane (see Table 2, Ent 6b.i and 6b.iii, see Figure 28B). A further increase to
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20 wt.% showed no additional enhancement of the % modification. However, for the higher
concentrated solutions (15-20 PI wt.%, Table 2), a violent bubbling was observed, which was on one
hand the result of the faster reaction and thus stronger heat development due to the exothermic nature
of the reaction, and on the other hand a result of the faster release of a larger amount of evolved N, gas
generated in the course of the reaction. Hence, a slow, dropwise addition of the diazoacetates was
necessary to avoid an uncontrolled explosion which occurred at higher concentrations than 20 wt.%,
thus limiting the test range.

Acknowledging that the initial experiments conducted with Cat:PI:EDA per double bond ratio of
0.02:1:2 had the highest modification degree of 10 %, obtained with DCM with a solid content of
1.3 wt.% (Table 2, Ent 6a.i) with Cat. 2, a variation of 15 wt.% solid content of PI was also conducted
in DCM (see Figure 29) with a ratio of 0.05:1:2. An effort was also made with another chlorinated
solvent, 1,2-dichloroethane (1,2-DCE) to observe the possible % modification (Table 2, Ent 6e).
However, DCM with a solid content of 15 wt.%, showed a much superior modification of 17 %,
achievable with Cat. 2 (Table 2, Ent 6c¢.i), compared to a modification of 4-5 % achieved with both
1,2-DCE and cyclohexane respectively, with a comparable solid content.

>< LM X—=Y
I \
X—Y
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I\ Y
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X—Y X Y n ]|\|]2
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R! % N,
LM—/C
X=Y vi R’

I

Scheme 5. Mechanism of the metal-catalysed cyclopropanation of olefins with diazo compounds.t''”:

409-411]

Kinetic studies of the cyclopropanation of PI with EDA (4) were performed in cyclohexane at 20 wt.%
(as technical relevant conditions) to investigate differences in the reactivity of Cat. 1 and Cat. 2 (Table
A1). The reaction was monitored via "H NMR spectroscopy revealing the maximum conversion after
24 h for Cat. 2 to be 4 % and 48 h for Cat. 1 to be 1.5 % (Figure Al). In order to understand the
difference in modification yields by the two catalysts, it is important to consider the mechanistical
pathways of the Cu(I)-catalysed cyclopropanation reactions.[*!® 412! After an initial formation of a pre-
catalyst due to the affinity of the active Cu(I) catalyst for the unsaturated substrate!!!6: 40-411. 413, 414]
(Scheme 5, III), the cyclopropanation proceeds further via complexation of a metal and a carbene (VI),
formed by expelling N> from the diazo compound (V—VI), which is determined as the rate determining
step.['!®] The ring closing step itself is known to proceed either via a one-step concerted pathway (VII)
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as a direct-carbene insertion, or via a two-step process, proceeding by a metallocyclobutane
intermediate (VIII),[*%% #11- 4151 depending on the diazo compound, the ligand (L,) and the transition
metal (M).

Considering these theoretical assumptions, a possible explanation of the different reactivity of both
catalysts can be found in the different donor properties of the NHC ligands. The pKa values are reported
as 21.1 for Cat. 1 and 20.8 for Cat. 2 respectively.l*!! Even though the difference in the values is minimal,
the pKa value of Cat. 1 could indicate to a higher electron density on the copper instead of the carbenic
carbon in the case of Cat. 2. Hence, Cat. 2 would act as a more efficient catalyst as the strength of
backdonation from the Cu(l) to the incoming diazoacetate to form (VI) (see Scheme 5) would be higher,
in consequence enhancing its reactivity. The steric effects of the catalyst could possibly have more
influence on the reactivity of the catalysts. The percent buried volume (% V) is reported as 47.6 % for
Cat. 1 and 36.3 % for Cat. 2 respectively for M-NHC length at 2.00 A3 showing that Cat. 1 is bulkier
compared to Cat. 2. Therefore, the bulkier Cat. 1 could affect the mechanism, as suggested in Scheme
5, in two ways; by affecting the coordination of the diazoesters to the catalysts as suggested in (VI), as
well as hindering the cyclopropanation itself, indicated by step (VII/VIII), making Cat. 2 a more
effective and efficient catalyst.

However, it was wondered why the overall modification yield was at a relatively low level. A feasible
explanation was found in a potential premature decomposition of the diazo compound. Albeit literature
has reported no decomposition of the EDA (4) in the presence of the [(IPr)CuCl] (Cat. 1) until an
unsaturated substrate was added,!'” it was determined that dimerization took place via '"H NMR
spectroscopy (Figure 30). In the presence of catalyst 1 or 2, the EDA (4) (ratio of 40:1 to catalyst)
underwent dimerization to form diethyl maleate and fumarate (in solvent DCM-d>), also in the absence
of an unsaturated substrate, similar to other Cu(I) catalysts.[*!®! To study if the presence of PI mitigates
this dimerization, further in situ NMR investigations were conducted, revealing that the presence of PI
does not hinder the dimerization (Figure A2). Also, a slowed addition of EDA as well as the addition
in several portions did not prevent the dimerization, which is thus to be considered as a major reason
for the low modification yields.

(i)
Al Cat.1+EDA i 11
. o v /\o@o/\

(ii)

(i) 6.23 ppm N (ii) 4.22 ppm
6.82 ppm
|~ A I ) ,JL‘JL
Cat. 2 + EDA
(1 (i1)
6.81 ppm 6.23 ppm 4.22 ppm

| | , i

C
EDA 4.18 ppm

67 65 63 6.1 59 57 55 53 51 49 47 45 4.3
f1 (ppm)

Figure 30. "H NMR spectra for EDA in the presence of A) Cat. 1 and B) Cat. 2. The spectrum C) is of
EDA without a catalyst. All NMR were measured in the solvent DCM-d..

The optimized reaction conditions of Table 2, Ent 6c¢.i were transferred to the cyclopropanation of ferz-
butyl diazoacetate (+~-BDA) (5) yielding optimized modification yields of 4-5 % (see Table 2, Ent 6d).
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The characterization of the modified PIs was accomplished via GPC, "H NMR and IR spectroscopy and
selected results are summed-up in Table 3. The reported values of M, and PDI are both obtained from
GPC. The M, shows in general an increase after modification while the PDI essentially remains the
same and is an indication that chain scission associated with many similar post-polymerization reactions
did not appear.!'2!]

The effect of the modification onto the glass transition temperature 7 was investigated by DSC as it is
of special importance for the desired tyre application (Table 3). There appears to be a reduction in the
segmental mobility due to reduction in rotation around the -CH,- bonds in the backbone of the
macromolecules, corresponding to the increase in the number of polar ester groups,!'?* 17 as the T; of
the virgin PI (3) shows an increase from -67 °C to -61 °C and -58 °C for 5 % modified PI,
cyclopropanated by EDA (4) and ~-BDA (5), respectively. On further increase of modification to 17 %
(Table 3, Ent 6c¢.i), the 7, of the cyclopropanated PI shows an increase of ~23 °C to -44 °C. The
regioselectivity of 1,4- and 3,4-PI was also investigated via '"H NMR spectroscopy (Figure 59A)
revealing an almost constant ratio between both isomers before and after the modification. This
observation indicated that the Cu(I)-catalysed cyclopropanation of diazo esters on double bonds

1201 However, a

showed no regioselectivity and is thus in good compliance with the literature.!
stereoisomeric effect of cis and trans 1,4-PI could be determined. The average ratio of cis/trans isomers
(determined from NMR, Figure 59B) showed a decrease from 65 : 25 cis/trans 1,4-PI (2.5) in the case
of virgin PI to 55 : 25 cis/trans 1,4-P1 (2.2) after 3-5 % modification. In case of 17 % modification
yield, the ratio was decreased to 50 : 25 cis/trans 1,4-P1 (2), showing a strong preference of cis-1,4-PI

for the cyclopropanation.

Table 3. Selected examples for characterization data of diazoacetate modified Pls.

Solid

Mhi,Gpc,corr® % T,
Ent Reactants Solvent Content PDI . .
(WE.%) (g mol™) Modification (°C)
1 Virgin PI (3) - - 2900 1.1 - -67
Cat.
20 3100 -61
6b.iii 5-PLEDA Cyclohexane 1.1 5
6c.i Cat DCM 15 3700 1.1 17 -44
’ 2:PI:EDA '
Cat. 2:PI:¢-
; -58
6d.1i BDA DCM 10 3200 1.1 4
6¢e Cat. 1,2-DCE 15 2600 1.2 5 N/A
1:PI:EDA ’ ’

The ratio of the catalyst to per double bond of the PI to diazoacetate is set at 0.05:1:2 for all experiments and the ratio of 1,4-
/ 3,4-PI isomers remain approximately 9. *Correction factor of 0.58 used for M obtained by GPC. *Calculated according to
the ratio of the signals at the peaks at 5.10 ppm and 4.80-4.63 ppm belonging to 1,4- and 3,4-poly(isoprene) respectively as
well as the new peak after modification at 4.10 ppm belonging to the methylene protons of the -CO2CH>CH3 moiety of the
cyclopropane appearing in "H NMR spectroscopy (for details see Chapter 5.2.2).

3.1.2  Deprotection of Cyclopropanated Poly(isoprene)

Deprotection experiments were accomplished to transform the cyclopropyl ester-bearing Pls into those
with free carboxylic group (Scheme 6), which are able to establish ionic interactions or hydrogen bonds.
However, in case of the ethyl ester modified PIs (Table 2, Ent 6c¢.i), all attempts resulted in very low
deprotection when applying e.g. sodium hydroxide, phosphoric acid*!®! or trifluoroacetic acid (TFA)
(8).141% 4201 Therefore, a change in the diazoester to tert-butyl diazoacetate (5) instead of ethyl
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diazoacetate (4) was considered, as the fert-butyl groups can be cleaved more efficientlyl*!® 41% 42!l ynder

weakly acidic conditions.

(@]
(H5C);CO0C F3CJ\OH HOOC
(8)
pe— —_— p—
n-1 m-1 n-1 m-1
COOC(CH3)3 COOH
(7) (9)

Scheme 6. Deprotection of (7) with trifluoroacetic acid (TFA) (8).
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Figure 31. Cu(I)-catalysed cyclopropanation of PI with tert-butyl diazoacetate. The Cat:PI: EDA/t-BDA
per double bond ratio is 0.05:1:2. The solid content (wt.%) of the PI in both the reactions with EDA (4)

and fert-BDA (5) is 15 wt.% in DCM.

To obtain cyclopropane rings substituted with -CO,C(CHz3)s, tert-butyl diazoacetate (5) (¢-BDA) was
chosen according to the optimized reaction conditions in the case of EDA (4) with DCM as solvent.
However, the modification yield with ~-BDA was only 4-5 % for (7) (Table 2, Ent 6d) and is thus much
lower compared with EDA in DCM (Figure 31). A reason for this could be that the PI used is a
predominantly cis-polymer and hence modifications in successive repeating units could potentially be
hindered by the presence of the much-bulkier -CO»-fert-butyl groups substituted on the cyclopropane
rings compared to the -CO»-ethyl groups.

7*

TFA

Physical State=  Viscous Liquid Solid Powder |

Figure 32. Images of --BDA modified PI (7) (see Table 2, Ent 6d.ii) before deprotection (7*) and after
deprotection (9%). (7*) and (9%) are the image form of (7) and (9) as seen in Scheme 6.
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The deprotection of the sample Table 2, Ent 6d.ii (7) was conducted using TFA (8) using a modified
method from literature.*?” The deprotected sample (Figure 32 (9*)) was a solid powder when
compared to the pre-deprotected sample (Figure 32 (7%)), which was a viscous liquid. To confirm that
the obtained powder was in fact the polymer, GPC was conducted (Table 4). As can be observed, the
M, values remain firmly in the 2700-3200 g mol™' range confirming the powder was in fact the modified
polymer.

Table 4. A comparison of M, pc pre-(7*) and post-deprotection (9*) of --BDA modified PI.

Mn,GPC,corr a
Ent. Sample ]‘(4" I(Iill)'l(;) (g mol™") PDI
g = 0.58)
1 Virgin PI 5000 2900 11
2 7% 5500 3200 1.1
3 9 4700 2700 L5

2Correction factor of 0.58 used for Mn obtained by GPC.
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Figure 33. ATR-FTIR spectrum of A) ~-BDA modified PI (7*) and B) modified PI after deprotection
(9%).

ATR-FTIR-spectroscopy was conducted (Figure 33) for both, the pre- and post-deprotected samples
(7*) and (9*) (Figure 32) respectively. On comparison of the two spectra, two important differences
were noted. First is the emergence of a broad peak in the range of 3300-3500 cm™ in the deprotected
sample which could be attributed to the acidic -OH. The other is the shift in the peak attributed to the
ester (-COOC(CH3)3) of the modified PI at 1720 cm™ to a lower wavenumber at 1700 cm™! attributed to
the deprotected carboxylic acid moiety (-COOH).

Preliminary rheology experiments were conducted at different temperatures (Figure A3) with a shear
strain of 5 %. The sweep could not be performed at temperatures below 130 °C as there was slippage
at high frequencies and at temperatures above 170 °C, decomposition of the deprotected PI was
observed.
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Further rheology measurements revealed, as expected, a frequency dependency for all Pls, the virgin,
the cyclopropyl ester-modified as well as the deprotected COOH PI, as can be seen in Figure 34A. At
higher frequencies, the individual moduli are higher, and the material appears to be stiffer. A comparison
between the virgin and the modified PI at room temperature indicates an increase in the storage modulus
by a magnitude of almost 10*, while the loss modulus remains the same, indicating that the cyclopropyl
ester modification caused a significant stiffer material even at modification rates of only 5 %. At a
frequency of 10 Hz, the loss factor tan(8) is 20,000 and 11 (Table A2) for the virgin PI (3000 g mol™")
and 5 % modified PI, respectively. Hence, the graph clearly indicates that the loss factor tan(d) is much
higher than 1 in the case of virgin PI compared to that of modified PI, and hence the modulus is
dominated by the viscous properties of the material, also indicated by the more liquid-like behaviour of
the virgin PI. Similarly, at a frequency of 10 Hz, the loss moduli of the deprotected PI (480,000 Pa)
were determined at magnitudes of about 10* higher than that of protected PI (68 Pa) (see Figure 34A)
even at elevated temperatures of 140 °C, which was necessary to melt the COOH-PI by removing the
established hydrogen bonds. Comparing loss modulus of the deprotected PI (480,000 Pa) with that of
high molecular weight (HMW) virgin PI of the range 150,000 g mol™! (69,000 Pa, Figure 34B) shows
some strong aggregates were indicated due to hydrogen bond dimers of COOH, causing finally an
internal network formation and adopting thus a behaviour analogous to the HMW PI. A rigid internal
supramolecular network was already established at low modification yields of 5 % per individual PI
chain, which makes a further deliberate increase in modification yield unrequired as it would prevent
an application of the designed material in tyre industry.
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Figure 34. Frequency sweep of A) virgin, a 5 % modified and deprotected PI and B) virgin PI of
different molecular weights at room temperature (25 °C).

3.2 Cu(I) NHCs as Mechanocatalysts within Metal-Organic Frameworks (MOFs)

Partially published in “Shinde, K. S., Michael, P., Fuhrmann, D., Binder, W. H, A Mechanochemically
Active Metal-Organic Framework (MOF) Based on Cu-Bis-NHC-Linkers: Synthesis and Mechano-
Catalytic Activation. Macromol. Chem. Phys. 2023, 224, 2200207.”14%]

3.2.1 Synthesis of Bifunctional Ligands

As previously mentioned in Chapter 2, two potential approaches were proposed for the preparation of
N-heterocyclic carbene (NHC) ligands for the eventual synthesis of metal-organic frameworks (MOFs)
(Scheme 7). Copper(I) NHCs exist as neutral [Cu(X)(NHC)]"%! as well as cationic [Cu(NHC),] X%
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1471 complexes. The first approach (APPROACH B1) involved using bifunctional compounds with -NH,
and -COOH groups to form NHCs, subsequently reacting with metallic components to form bis-NHC
complexes in the MOF pores. The second approach (APPROACH B2) involved protecting the
bifunctional compounds with methylation, synthesizing ester-based NHCs, and then bis-NHCs. These
methyl-protected bis-NHCs would subsequently undergo deprotection by cleavage of the ester to obtain
carboxylic acid groups. Three starting bifunctional compounds, namely 4-aminobenzoic acid (L.1”),
4-aminocinnamic acid (L2”), and 4-(4’-aminostilbene) carboxylic acid (L3”), were considered for the
purpose of optimizing the preparation of organic linkers for the MOFs (Scheme 7). These compounds
provided different levels of molecular rigidity. MOFs are highly tuneable, and their rigidity can be
adjusted by using organic linkers with different properties. This is demonstrated by the elastic moduli
which varies depending on the linker and can affect the physical density, porosity, and pore architecture
of a MOF.[?7% 2821 Therefore, achieving an optimal balance between rigid and soft components of the
NHC ligand is crucial, as the stiffness of the MOF may affect its ability to transmit mechanical force.
The MOF may collapse if it is too stiff, while the transmission of mechanical force may not be effective
if it is too soft. Thus, it is important to tune the MOF to survive procedures such as ultrasonication,
compression, or tensile testing, achievable through careful adjustment of the organic linker used.

7 APPROACH APPROACH /7
HOOC-R-Ny N-R-COOH ~—p—— HOOC—-R-NH, ————— H3COOC-R-Ny _N-R-COOCH;
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w4, O O
OH OH OH

4-aminobenzoic acid 4-aminocinnamic acid 4-(4’-Aminostilbene) carboxylic acid
(L17) (L2) (L3”)

Scheme 7. The schematic depiction of the two approaches to synthesize NHC-MOFs as well as
examples of the starting bifunctional compounds.

3.2.1.1 Preparation for APPROACH Bl

Prior to the start of APPROACH B1, there was an intention to synthesize L2” and L3”. However,
attempts to prepare L2” by reducing 4-nitrocinnamic acid (10.0 mmol) using hydrazine hydrate (10 mL)
and zinc dust (20.0 mmol) were unsuccessful, as documented in Chapter 5.3.6. As a result, it was
decided to obtain L2” commercially in order to focus on NHC preparation. On the other hand, L3” was
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prepared by conducting a Heck’s coupling reaction between 4-vinyl aniline (VA, 26.0 mmol) and
4-iodobenzoic acid (IBA, 26.0 mmol) in the presence of palladium(II) acetate (0.25 mmol)) as catalyst
and triethylamine as base, described in Chapter 5.3.12. This palladium-catalysed cross-coupling
reaction successfully yielded the desired product L3”, as observed by the peaks in the 'H NMR
spectrum belonging to the characteristic double bond of a stilbene in the range of 6.83-7.10 ppm (Figure
A33). This is further supported by characterization via '*C NMR spectroscopy and ESI-TOF
spectrometry analysis, as seen in Chapter 7.2.10.

3.2.1.2  Preparation for APPROACH B2

In order to proceed with APPROACH B2, it was necessary to perform esterification to methylate
the -COOH group in all of the starting compounds. The schematic representation of this process for
each compound is illustrated in Figure 35, while the detailed procedures are described in different
Chapters mentioned in Table 5. The emergence of new peaks in the range 3.67-3.96 ppm, attributed to
the -CH3, provided proof of the success of the conducted procedures. These were additionally supported
by 3C NMR spectroscopy, ESI-TOF spectrometry and/or IR measurements to have a complete set of
characterization analysis, seen in Appendix. When attempting to methylate L.1”, two different methods
were used (see Chapter 5.3.3). Methylation using methanesulfonic acid produced Me-L1” with low
yields (46 %). In contrast, conc. HoSO4 resulted in a higher yield (94 %) through the Fischer
esterification process. Therefore, only the latter attempt is presented in Table 5 and Chapter 7.2.3.

0 conc. H,SO, 0
A H,N — > H2N4©—<
OH  MeOH, 80 °C o—
L1 reflux Me-L1"
TMSCI
H,N o
s Oy e Oy
MeOH RT .
L2" Me-L2"
MeOH RT o—
L3" Me-L3"

Figure 35. A schematic representation of the methylation of the starting compounds A) L1”, B) L2”
and C) L3”.

Table 5. Summary of all the starting compounds synthesized for both APPROACH B1 and B2.

Starting Synthesized Chemical Compound
Ent Chemical Type Yield Code
h
Compound Structure (%] Chapter

L17e

1 X=H o - -
L 1 993 - H2N<©_< ”
2 X=Me oX 94 533  Me-Ll
3 X=H - - L2»s
| — H2N4©_\\_/<o .
4 X=Me 97 539  Me-L2

OoX

5  VA+IBA*®  X=H HoN Q \ O oX 33 5.3.12 L3”

6 L3” X=Me > 97 53.14  MeL3”

*The compounds marked are commercially obtained. "The compounds are vinyl aniline (VA) and 4-iodobenzoic acid (IBA).
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3.2.2  Synthesis and Characterization of NHC Ligands

The synthesis of NHC ligands for use as mechanocatalysts was achieved through a two-step process.
The first step involved the synthesis of ethylenediamine-based ligands (N, N-ligands), followed by the
synthesis of NHC ligands in the second step.

3.2.2.1 Synthesis of Ethylenediamine-based Ligands (N,N-Ligands)

40% Glyoxal
XOOC_R'_NHZ —> XOOC_R'_N\ /N_R'_COOX
Formic Acid (Cat.)
where X = -H, -Me where X = -H, -Me

Scheme 8. A general scheme representing the synthesis of ethylenediamine-based ligands.

The synthesis of the ethylenediamine-based ligands (N, N-ligands) was conducted by reacting the
bifunctional reactants (1 eq.) with 40 % glyoxal (0.5 eq.) and formic acid in catalytic amounts, as shown
schematically in Scheme 8. The reaction was conducted in MeOH over 48 h. The different reaction
conditions and the chapters for detailed procedures are summarized in Table 6.

Table 6. A summary of the syntheses of ethylenediamine-based ligands.

Synthesized Ligand
Ent Starting T :
Compound  [°C]  Type Structure Code ‘[{(l;l]d Chapter
0
1 L1” RT X=H 0 0 LI’ 63 5.3.1
N N
2 Me-L1” 35 X=Me X0 /: N7 /: oX Me-LI 68 534
3 L2” 35 X=H o o L2’ 47 53.7
M@NUN@M
4 Me-L2” 35  X=Me X0 ox Me-L2" 66 5.3.10
5 L3” RT X=H L3’ 10 5.3.13
ON\\_//NO
6 Me-L3” - X=Me xo oXx  Me-L3’ _ -

The synthesis of N,N-ligand from Me-L3” (Table 6, Ent 6) was not carried out due to time constraints
as the project timeline required a more focused approach on the preparation of MOFs and their eventual
use as mechanocatalysts. The N,N-ligand of L2” (Table 6, Ent 3) was prepared with a yield of 47 %
but not only were the NMR spectroscopy results inconclusive, furthermore, the solubility of L2’ was
poor in most solvents, except partially in DMSO (see Table 16 for solubility information). Therefore,
the ESI-TOF analysis could not be conducted. Furthermore, it would also affect the next step of the
NHC preparation which is typically conducted in THF. Despite these challenges, the next step was
undertaken to observe if L2 could still be synthesized from L2’. This approach was consistent for all
synthesised N,N-ligands, i.¢., use for further synthesis as was obtained.

3.2.2.2  Synthesis and Characterization of NHC Ligands

The procedures for synthesizing NHC ligands from N, N-ligands were generally similar across all cases.
To prepare the NHCs, the N,N-ligands (1 eq.) were reacted with paraformaldehyde (1.25 eq.) and 12 N
HCI (1.5 eq.) in anhydrous THF for 48 h, as seen schematically in Scheme 9. Further details on the
summarized results as well as the chapters for detailed procedures are presented in Table 7.
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Paraformaldehyde —\

X _RV_ _R'_ X —_ — —_ —
00C N\ /N COO » XOOC-R IJ\rI%/N R'-COOX
12N HCI clr
where X = -H, -Me where X = -H, -Me

Scheme 9. A general scheme representing the synthesis of NHC ligands.

Following the completion of the reactions, certain observations need to be noted. The synthesis of L2
from L2' (Table 7, Ent 3) was unsuccessful. Despite collecting a precipitated powder, it was insoluble
in most solvents, rendering NMR ('H and '3C) spectroscopy and ESI-TOF analysis impossible.
Regarding the preparation of L3 from L3' (Table 7, Ent 5), it was deemed unfeasible as it was not
viable to do so considering the low yield (10 %) while preparing L3’. Hence, neither were considered
further.

The success of the other synthetic procedures was analysed using both 'H and *C NMR, IR
spectroscopy, and ESI-TOF MS to complete the set of characterization analyses (see Appendix). In the
"H NMR spectrum, the two characteristic signals to look for while identifying an NHC are the peaks in
the region of 10.5 to 11.0 ppm, arising from the proton on the carbon between the two nitrogen
heteroatoms, and in the region of 8.5 to 9.0 ppm with a coupling constant of around 1-2 Hz, arising
from the protons on the double-bonded carbon atoms adjacent to the nitrogen atoms (marked in red and
blue respectively in Table 7).

Table 7. A summary of the synthesis of NHC ligands.
Synthesized Ligand

Ent Starting T
. Yiel
Ligand [°C]  Type Structure Code [:)/e ]d Chapter
0
1 L1’ RT X=H _ Ll 67 532
2 MeLl’ 35 X=Me >L@ e /: Me-Ll 61 535
cl H
3 L2’ 35  X=H H \—( L2 - 53.8
NN
4  Mel2 35 X=Me 11/ Me-L2 77 5.3.11
5 L3’ - X=H - L3 ] -

Hereon, the focus was shifted solely on the creation of NHC-MOF with L1 using APPROACH B, to
conduct mechanochemical activation experiments initially in solution with ultrasound, followed by
exploring the possibility of achieving the same in bulk. Consequently, moving forward, only L1 will be
utilized and referred to.

3.2.3  Synthesis of NHC-MOFs

The Cu(l) bis(NHC) catalytic site-containing NHC-MOFs were synthesized using a solvothermal
approach (for details, see Chapter 5.3.15 and Table 18). The process involved the use of L1, along
with Zn(NO3),'6H,0 (1 eq.) and [Cu(CH3CN)4]PFs (0.5 eq.) (see Scheme 10), dissolved in dry DMF
and stirred at 120 °C for 10 d, after which the reaction mixture was cooled to RT. The cooling rate was
also controlled at 10 °C min™, as it affects the crystal structure and morphology.***! The Cu(I) bis(NHC)
complex was synthesized following the free-carbene route which is induced by deprotonation of L1 in
the presence of a base such as dimethylamine, formed by the in situ decomposition of DMF.*?3] The
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NHC-MOF was synthesized inside a closed headspace vial and finally obtained as a powder by directly
precipitating. However, it should be noted that the synthesis of NHC-MOFI and II (Table 18, Ent 6
and 7) were conducted separately by research partners from the group of Prof. Dr. Harald Krautscheid
at the Institute of Inorganic Chemistry, Universitét Leipzig, who carried out the synthesis using Teflon-
lined autoclaves. Further information can be found in Chapter 7.2.13.

The powder obtained from the synthesis was found to be insoluble in water or common organic solvents.
This is typical of MOFs due to their crystallinity and porous structure. The strong metal-ligand bonds
in MOFs make them extremely stable, resulting in their very low solubility in most conventional
solvents.[*** Consequently, NMR and mass spectrometry techniques become almost impossible for their
characterization. In addition, since single crystals were not obtained, it was not possible to perform
single crystal X-ray analysis to definitively confirm their structure. Therefore, characterization of the
NHC-MOFs was limited to PXRD, IR, FAAS, and TGA analyses. These techniques provided some
information regarding the crystal structure changes and composition of the MOFs. As only NHC-
MOF1, NHC-MOF3, NHC-MOFII and NHC-MOF5 (Table 18) were used later in sonication
experiments, characterizations of only these are presented further.
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Scheme 10. Schematic concept for the synthesis of latent NHC-MOFs before mechanochemical
activation is applied.

3.2.3.1 Characterization by PXRD

The 20 diffraction patterns obtained on conducting powder X-ray diffraction (PXRD) of the MOFs
NHC-MOF1, NHC-MOF3, NHC-MOFII and NHC-MOFS5 (Table 18) with organic linker (L.1) and
metal ligands (Zn(II) and Cu(I)) are presented in Figure 36. MOF synthesis can be sensitive to minor
changes in reaction conditions and therefore parameters such as reaction temperature, time, solvent
composition, and pH are crucial and can significantly affect the formation of MOFs, their structures or
morphologies.[*>>?% Hence, it turned out to be challenging to reproduce the MOFs, and therefore also
their PXRD patterns. The crystallinity of NHC-MOF3 was low. This could be due to the removal of
solvent by drying, as literature > 4% has described the collapsing of MOF crystal structures, causing
a “crystal-to-amorphous” transformation on the removal of guest molecules (solvent molecules that are
present within a MOF structure), leading to NHC-MOF3 being amorphous.
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Figure 36. PXRD patterns (Cu-K,; radiation, a = 154.060 pm) of NHC-MOF1, NHC-MOF3,
NHC-MOFII and NHC-MOFS5.

3.2.3.2 Characterization by IR
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Figure 37. A) IR spectra of the NHC ligand L1 and the NHC-MOFs with the relevant regions enlarged
to show the differences between the NHC-ligand and the NHC-MOFs in peaks of the carboxylic acid
group B) at 1710 cm ™! belonging to the C=0 stretching and C) in the 2400-3075 ¢cm™! region belonging
to the O-H stretching-bands.

A comparison of the IR spectra of the precursor L1 and the NHC-MOFs (Figure 37) showed two
differences indicative of the successful formation of a MOF. The strong and broad peak in the 2400 to
3075 cm! region (Figure 37C) and the strong peak at 1710 cm ™! (Figure 37B) belong to the O-H
stretching and the C=O stretching-bands of the carboxylic acid, respectively. These two peaks
disappeared in the NHC-MOFs, indicating the absence of free carboxylate groups and the successful
coordination of Zn** with both of the -OH and the C=0 of the precursor (L1). The individual IR
measurements can be viewed in Chapter 7.2.14 (Figure A44).

Page | 52



3.2.3.3  Characterization by TGA

100 4
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Figure 38. A comparison of the thermogravimetric analysis (TGA) conducted of the NHC-MOFs.

The TGA of NHC-MOFs indicated an average mass decrease of up to 19 % until the temperature at the
start of decomposition ( 7ueco,str) Was reached, which ranged from 245 to 320 °C for different NHC-MOFs
(depicted in Figure 38). NHC-MOF3 and NHC-MOFS5 displayed higher thermal stability than the
other NHC-MOFs with a Tyecostr 0f 320 °C. However, NHC-MOF3 exhibited better overall stability
with a total mass loss of approximately 60 %, compared to a loss of approximately 73 % for
NHC-MOFS5, at 500 °C. The individual TGA measurements can be seen in Chapter 7.2.15 (Figure
A45). It can be inferred from these results that primordial thermal destruction prior to the desired
mechanochemical activation can be excluded, as also exemplified later during the sonochemical
experiments.

3.2.3.4 Characterization by FAAS

To determine the amounts of copper (Cu) and zinc (Zn) in the different NHC-MOFs, flame atomic
absorption spectroscopy (FAAS) was utilized for quantification. The results for the synthesized
NHC-MOFs are available in Chapter 5.3.16 in detail while Table 8 presents the results for selected
NHC-MOFs. The measurements for NHC-MOF3 were particularly interesting. The measurements
were calibrated for Cu and Zn with a correlation coefficient (R?) of 0.9977 and 0.9946, respectively,
while the relative standard deviation (% RSD) was 1.1 % and 1.6 %, respectively (Figure A46). Upon
measurement of NHC-MOF3, the weight percentage of Cu was determined to be 4.66 % while the
percentage of Zn was 8.97 %. The corresponding atomic ratio of Cu and Zn was ~ 0.53:1, similar to the
expected atomic ratio of 0.53:1 in the literature for an analogous MOF ([Zn4O[Cu(L),]-]).[***!

Table 8. The atomic ratio of Zn and Cu for selected NHC-MOFs determined by FAAS.

Ent NHC-MOF Copper (Cu) Zinc (Zn) le:Zn .
Wt.% Atomic Ratio Wt.% Atomic Ratio Atomic Ratio
1 NHC-MOF1 3.75 0.13 11.75 0.39 033:1
2 NHC-MOF3 4.66 0.16 8.97 0.30 053:1
3 NHC-MOFII?® 2.40 0.08 10.50 0.35 0.24: 1
4 NHC-MOF5 2.12 0.07 8.97 0.30 0.24:1

aSynthesis of NHC-MOFII was conducted separately by research partners from the group of Prof. Dr. Harald Krautscheid at
the Institute of Inorganic Chemistry, Universitdt Leipzig, who carried out the NHC-MOF preparation using Teflon-lined
autoclaves (see Chapter 7.2.13 for more details).
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3.2.4 Mechanochemical Activation of NHC-MOFs by Ultrasonication

After synthesizing the Cu(I) bis(NHC)-MOFs (NHC-MOF“X”), their catalytic properties were tested
with regards to their activation by mechanical force using CuAAC reaction. Sonochemistry through
ultrasound was used to activate the dispersed MOF in solution. Sound waves propagate into the liquid,
resulting in alternating high and low pressure cycles, transmitting mechanical energy to break molecular
bonds in solution.**! This allowed for the cleavage of one shielding NHC-ligand of a Cu(I) bis(NHC)
and the generation of a free coordination site on the copper, which would introduce catalytic activity
(NHC-MOF“X”**) (Scheme 11).
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Scheme 11. Proposed mechanochemical activation of the NHC-MOFs containing Cu(I) bis(NHC),
triggered through the applied mechanochemical force, i.e. ultrasonication in solution, leading to the
scission of the labile Cu(I)-NHC bond and the cleavage of one shielding NHC-ligand, generating thus
a catalytic active site.

3.2.4.1 Sonication Thermal Control

To ensure that the conversion obtained during ultrasonication at room-temperature in the presence of
NHC-MOFs is clearly via mechanochemical activation and not by thermal processes, a sonication
thermal control was monitored over multiple cycles of sonication experiments to check eventual
temperature changes (Figure 61). A single sonication cycle runs for 90 min. Hence, cooling was
conducted via two different approaches, first named as /ce cool, i.e., cooled at the very beginning, and
the second named as 2ce cool, i.e., cooled once at the beginning and once after 45 min, at an average
room temperature (RT) of 22 °C. The ultrasonication experiment conducted with all the NHC-MOFs
used the 2ce cooling system. The average temperature with /ce cooling was measured to be 26 °C while
in 2ce cooling it was 18.5 °C. This proves that a maximum of 26 °C is reached and therefore the CuUAAC
conversion that might be achieved through sonication is based entirely on mechanochemical activation
and was not thermally induced. To define an actual reaction temperature, an average of 18.5 and 26 °C
was considered, i.e., 22 °C.

Page | 54



3.2.4.2 'H NMR Investigations of Mechanochemical Activation and Control Experiments
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Scheme 12. Model “click” reaction of phenylacetylene (11) with benzylazide (10) in order to determine
the activation of latent mechanocatalyst NHC-MOFs by in situ "H NMR spectroscopic investigations.

To investigate the catalytic activity of mechanochemically activated NHC-MOFs, ultrasonication
experiments were conducted in a solution using a copper(l)-catalysed azide alkyne cycloaddition
(CuAAC) model reaction between benzylazide (10) and phenylacetylene (11) in a 1:1 ratio. The
experiments were conducted by subjecting the mixture to multiple cycles of sonication at an amplitude
of 30 % of the maximal amplitude of 125 pum, thus applying an energy of 20 kJ per sonication cycle,
which corresponded to a sonication intensity of 8.34 W cm™. This was accomplished with an applied
sequence of 5 s pulse and 10 s break for 30 min (90 min total). Each cycle was followed by a rest time
of 45 min (see Chapter 5.3.18 for more details). The temperature of an entire sonication cycle remained
at approximately 22 °C due to external cooling to avoid any undesirable thermal effects. The sonication
experiment was conducted in THF-ds:MeOH (9.67:0.33) with the added NHC-MOF (10 wt.% of the
total weight of (10) + (11)). MeOH was added to the solution because previously conducted experiments
with pure THF had resulted in lower activation, suggesting that MeOH is capable of protonating the
cleaved free carbene NHC, thereby preventing the possible back reaction with the Cu(I) mono(NHC)
(as shown in Scheme 13).[1%¢)
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Scheme 13. Mechanochemical activation of the latent Cu(I) bis(NHC) inside the NHC-MOF by
application of force resulting in the cleaving of one shielding NHC-ligand to obtain an active Cu(])
mono(NHC) as well as a free NHC (I). The free carbene is protonated by the presence of MeOH to
form a “trapped carbene” while the Cu(I) mono(NHC) forms a monocarbene copper(l) acetylide
structure (II), which subsequently undergoes cycloaddition with the azide compound (IIT). This then is
protonated by the trapped carbene to form the final triazole product (IV). Adapted from literature.!!%!

To ensure the validity of the results, three control experiments without ultrasonication were also
conducted using the benzylazide-phenylacetylene model system. The first control experiment was
conducted to check for any catalytic activity in the absence of NHC-MOF at 60 °C, which showed no
conversion (Table 9, Ent 1). The other two controls were conducted in the presence of NHC-MOFs at
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room temperature (RT) and 60 °C (see Table 9 and Figure A52). The formation of the 'click' product,
1-benzyl-4-phenyl-1H-1,2,3-triazole (12), was monitored in situ by "H NMR spectroscopy before,
during, and after sonication and control experiments. This was done by monitoring the increasing
triazole resonance at 8.11 ppm (marked by the blue box) and the shift of the CH> resonance from 4.34
(marked by the red box) to 5.58 ppm (marked by the green box) over time (time-dependent '"H NMR
spectra are presented in Chapter 7.2.17). The results obtained were summarized in Table 9.

Table 9. Time and sonication cycle dependent investigation of click reaction from benzylazide (10) and
phenylacetylene (11) using different NHC-MOFs.

final
Son. NHC-MOF T tEnd .
Ent T f activation®? les¢ conversion
n No. involved ype of activation °C] [h] US cycles o4
1 - - No catalyst 60 25.0 off 0
2 Mech. Act. 22 225 10 61
3 Sonl 60 50.0 off 75
Cont. Exp.
4 NHC-MOF1 RT 168.0 off 6
5  Son2 Mech. Act. 22 225 10 0
6  Son3® Mech. Act. 22 33.8 15 98
; Mech. Act. 22 45.0 20 25
8  Son4 NHC-MOF3 60 55.0 off 10
Cont. Exp.
9
RT 50.0 off 2
10 Mech. Act. 22 45.0 20 3
11 Son5 NHC-MOFII 60 50.0 off 1
Cont. Exp.
12 0
RT 65.0 off
13 Son6 NHC-MOF5 Mech. Act. 22 56.3 25 0

For all reactions, an equimolar mixture of (10) and (11) in THF-ds/MeOH 9.67:0.33 was used together with 10 wt.% of
NHC-MOFT1, 3, 5 or II. *The type of activation is either mechanochemical activation (Mech. Act.) or control experiments
(Cont.Exp.). °Each ultrasonication cycle consists of 90 min sonication with 30 % of amplitude with pulse sequence of 5 s on,
10 s off and 45 min rest time corresponding to a sonication power intensity of 8.34 W ¢m™ and an energy input of 20 kJ per
US cycle. 9 'TH NMR spectroscopy monitored in THF-ds by observing the increasing triazole resonance at 8.11 ppm as well as
the shift of the CHz resonance from 4.34 to 5.58 ppm. 3 eq. of NaAsc. was used for “click” reaction of (10) and (11).

3.2.4.2.1 Investigations of NHC-MOFI

Three different ultrasonication experiments (Sonl, Son2, and Son3 (see Table 9) were conducted to
assess the ultrasonication performance of NHC-MOF1. Sonl and Son2 involved subjecting
NHC-MOFT1 to ten ultrasonication (US) cycles (22.5 h total), while Son3 involved subjecting NHC-
MOFT to 15 US cycles (33.8 h total). Each ultrasonication cycle lasted 135 min and was carried out
using the reaction conditions detailed in Chapter 3.2.4.2, Table 9, Ent 2, 5, and 6, and Figure 39.

After five US cycles in Sonl, a 15 % conversion was achieved, which increased to a final conversion
of 61 % after 10 US cycles (totalling 22.5 h) (see Figure 39A and Chapter 7.2.17.1 for 'H NMR
spectroscopy measurements), probably due to the rapid formation of new MOF surfaces in agreement
with the hypothesis presented in Chapter 2. The PXRD analysis revealed a collapse of crystalline peaks
after sonication (see Chapter 7.2.17.2 for more details), confirming a structural collapse. The control
experiments for Sonl (Figure 39B) conducted at room temperature (Sonl.Cont.RT) exhibited

Page | 56



negligible conversion of 1 % over 50 h (time taken for 22 US cycles), while a poor conversion of 6 %
was observed over a week, highlighting the latency of the MOF over a longer period without the
application of ultrasound or thermal treatment. However, at 60 °C (Son1.Cont.60C), the conversion of
60 % over 25 h (time taken for ~10 US cycles) was nearly equivalent to the conversion achieved through
10 US cycles with ultrasound, suggesting thermal activation of NHC-MOFT1.
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Figure 39. The increase of the % conversion of (12) formed from a 1:1 mixture of (10) and (11) via
CuAAC A) with sonication cycle dependent investigations into the mechanochemical activation of
NHC-MOF1 by ultrasonication and B) with time dependent control experiments conducted at room
temperature and 60 °C.

After more than a year, an attempt was made to replicate the results of Sonl in Son2. However, due to
the poor storage conditions that NHC-MOF1 had been stored for over a year, a noticeable change in
colour from dark grey to light green (seen in Figure 40) was observed, possibly due to the oxidation of
Cu(l) to Cu(Il) within the NHC-MOF. This was also observed experimentally as no product signals
were observed in '"H NMR spectroscopy (Figure A47B). Subsequently, all other synthesized NHC-
MOFs were stored in a glovebox to maintain an oxygen- and moisture-free environment.

Fresh

r'- 1 ; - ,
Figure 40. The visual difference between a freshly synthesized and an aged (over a year) NHC-MOF1
stored under normal conditions.

An additional sonication experiment (Son3) was conducted with 3 eq. sodium ascorbate (NaAsc) (Table
9, Ent 6) while utilizing the copper(Il)/ascorbate system (see Chapter 7.2.17.3 for details). 'H NMR
spectra were recorded before sonication and after the 5", 10", and 15" US cycle (see Figure A47C for
NMR spectra). The results indicate that the conversion of Son3 over the period of ten US cycles (53 %)
is lower than that of Sonl (61 %), while the final conversion achieved after 15 US cycles was 98 %.
This confirms that NHC-MOF1's poor performance in Son2 was due to Cu(I) oxidation. However, this
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also meant that NHC-MOF1 cannot be activated without a reducing agent such as NaAsc, and as there
is no plan to introduce reducing agents in polyurethane (PU) bulk systems during future
mechanochemical activation with our NHC-MOFs, NHC-MOF1 was not suitable for further use
despite achieving high conversions via CuAAC.

3.2.4.2.2 Investigations of NHC-MOFII and NHC-MOF5

The ultrasonication performances of NHC-MOFII and NHC-MOFS5 were evaluated by subjecting
them to 20 (Son5, 45 h total) and 25 cycles (Son6, 56.3 h total) of sonication, respectively, using the
reaction conditions described in Chapter 3.2.4.2 and Table 9, Ent 10 and 13, and depicted in Figure
41. To track the conversion rate during ultrasonication, 'H NMR spectra were recorded before and after
the 5%, 10", 15", and 20™ cycles in Son5 and Son6, and additionally after the 25™ cycle in Son6 (with
each cycle lasting 135 min) (Figure A50). Until the 15" cycle, neither Son5 nor Son6 showed any
conversion, but Son5 experienced an increase in conversion up to 3 % afterward, while Son6 continued
to exhibit no conversion even after the 25" cycle, indicating poor performance by both NHC-MOFs.
Due to the poor performance of NHC-MOFS in Son6, control experiments were only conducted with
NHC-MOFII. These experiments were carried out in the presence of a benzylazide-phenylacetylene
model system without sonication and presented in Figure 41B. The conversion was found to be
negligible at room temperature (Son5.Cont.RT) over 65 h (time taken for 29 US cycles), while a
conversion of 1 % was observed at 60 °C (Son5.Cont.60C) over 50 h (time taken for 22 US cycles).
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Figure 41. The increase of the % conversion of (12) formed from a 1:1 mixture of (10) and (11) via
CuAAC A) with sonication cycle dependent investigations into the mechanochemical activation by
ultrasonication of NHC-MOFII in Son5 and NHC-MOFS5 in Son6 (Chapter 7.2.17.5 for more details)
and B) with time dependent control experiments conducted at room temperature and 60 °C for SonS5.

3.2.4.2.3 Investigation of NHC-MOF3

The mechanocatalyst NHC-MOF3 was subjected to 20 cycles of sonication (Son4, 45 hours total) using
the reaction conditions mentioned in Chapter 3.2.4.2 and Table 9, Ent 7. To monitor the conversion
percentage during ultrasonication, 'H NMR spectra were determined before and after the 4%, 8, 15
and 20™ cycles (each cycle taking 135 minutes). Figure 42A presents the conversion percentage during
ultrasonication, and the corresponding NMR spectra are shown in Figure A49. The conversion
percentage showed a gradual increase until the 8" cycle after which the increase was much sharper,
likely due to a faster rate of formation of new surfaces by cracking of the NHC-MOF, as shown in
Chapter 1.3. The proton signal from (10) (4.34 ppm) declined over the 20 cycles of sonication, while
peaks associated with (12) 5.58 ppm (green box) and 8.11 ppm (blue box)) increased (see Figure A49),
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indicating an increasing conversion of the products formed by the CuAAC. The highest conversion
percentage of 25 % was obtained after 20 sonochemical cycles, with the conversion plateauing after the
15" cycle.

Control experiments were performed by stirring NHC-MOF3 in the presence of a benzylazide-
phenylacetylene model system without sonication. At room temperature (Son4.Cont.RT), a conversion
of 2 % was observed after 50 h (equivalent to the time taken to perform 22 cycles of ultrasonication),
demonstrating the stability of the NHC-MOF and its latent nature as a mechanocatalyst without the
application of ultrasound or thermal treatment. At 60 °C (Son4.Cont.60C), a conversion of up to 10 %
after 55 h (equivalent to the time taken to perform 24 cycles of ultrasonication) was observed.
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Figure 42. The increase of the % conversion of (12) formed from a 1:1 mixture of (10) and (11) via
CuAAC A) with sonication cycle dependent investigations into the mechanochemical activation by
ultrasonication of NHC-MOF3 in Son4 (see Chapter 7.2.17.4 for more details) and B) with time
dependent control experiments conducted at room temperature and 60 °C.

3.2.4.3  Further Investigation of Mechanochemical Activation of NHC-MOF3

NHC-MOPF3 exhibited remarkable results in the sonication experiments, indicating that it is a better
candidate than the other NHC-MOFs for further experiments involving mechanochemical activation in
bulk. However, prior to conducting these experiments, a detailed investigation was performed into the
ultrasound-induced mechanochemical activation of NHC-MOF3, to understand its fate before and after
sonication. It was previously hypothesized that sonication would lead to at least a partial destruction of
the MOF (Chapter 2). This is now also indicated by its catalytic activity. Thus, scanning electron
microscopy (SEM), atomic force microscopy (AFM) and PXRD measurements of the NHC-MOF
before and after ultrasound-induced mechanochemical activation were conducted. The microscopy
images displayed in Figure 43 reveal that the original NHC-MOF3 had larger structures that were
broken into smaller, more disordered particles after 20 cycles of sonication, leading to its activation
(NHC-MOF3*%*), In PXRD, as the diffraction pattern was already poor in crystallinity, no noticeable
changes could be observed (Figure 44A) other than the multiple new peaks observed at higher 20 values
in the sonicated NHC-MOF3** which were not visible in the MOF that underwent thermal control at
60 °C. Initial studies seem to point to the formation of CuH, formed due to sonication in the presence
of water (see Chapter 7.2.17.6 for more details). This indicates that the structure of the NHC-MOF was
partially destroyed, leading to the appearance of new peaks. Moreover, the additional signals appearing
in the "H NMR spectrum at 5.35 ppm, 7.78 ppm, and 7.98 ppm (Figure A49) suggest the decomposition
of not only the NHC-MOF structure but also the NHC ligand itself.
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Scheme 14. The scission of the labile Cu(I)-NHC bond of the Cu(I) bis(NHC) within an NHC-MOF by
ultrasonication to generate the active Cu(I) mono(NHC) and the free carbene NHC which is trapped by
the addition of MeOH. However, continuous ultrasonication indicates a potential decomposition of the
NHC moieties. Adapted from literature. !¢

Additionally, the TGA conducted for the sonicated NHC-MOF3** at Cycle 8 and Cycle 20 shows a
mass loss of 15 % and 30 % till 320 °C, respectively. The TGA curves at 500 °C show ~45 % and ~6 %
of mass still left at Cycle 8 and Cycle 20 of sonication, respectively (Figure 44B). Previous studies
working with different Cu(I) bis(NHC)s have shown that ultrasonication activates the latent biscarbene
complex to form the Cu(I) mono(NHC). However, many cycles of sonication resulted in a destructive
pathway leading to the decomposition of the NHC ligand as well.['®: 28] This is consistent with our
findings and shown schematically in Scheme 14. The achieved conversion of 3 % at Cycle 8 of
sonication showed a mass change at 500 °C that was similar to that of the native NHC-MOF3. Thus, it
could be assumed that the structure of the NHC-MOF was at least partially retained at this point while
acting as a catalyst for the "click" reaction. The conversion percentage increased continuously till Cycle
15 (an increase of conversion from 3 % to 24 %), after which the conversion to form the click product
plateaued, corresponding to the destruction of the NHC-MOF structure. Consequently, this leads to a
limitation in the achievable percent conversion and could further explain the plateauing curve of
conversion beyond Cycle 15 as seen in Figure 42A, and would also indicate that the powder collected
after sonication predominantly consisted of organic material, most likely the decomposed ligand.
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Figure 43. Microscopy images with i) SEM and ii) AFM for A) native NHC-MOF3 and B) the
sonicated NHC-MOF3** after 20 cycles of sonication.

3500, B 120 -
m— NHC-MOF3 320°C
e NHC-MOF3-Thermal ]
3000 —— NHC-MOF3-Son 100 '
804
=,
) % 60 -
e o B o[ NHC-MOF3
4 -
NHC-MOF3-Son
(Cycle 8)
20 NHC-MOF3-Son
(Cycle 20)
0 T T T T 1
10 20 30 T 50 0 100 200 300 400 500
200° ] Temperature [°C]

Figure 44. A comparison of the NHC-MOF pre (NHC-MOF3) and post (NHC-MOF3*%*) sonication
via A) PXRD and B) TGA.

In a nutshell, NHC-MOF3 has not only shown a good thermal stability of up to 320 °C in TGA and
was the only NHC-MOF to display an atomic ratio of Cu:Zn as 0.53:1, but it also produced remarkable
results of 25 % conversion when used in investigations of ultrasound-induced mechanochemical
activation in a model benzylazide-phenylacetylene system without any reducing agents. Additionally,
the control experiments showed latency at room temperature and much lower thermal activation (10 %)
at 60 °C. Hence, NHC-MOF3 was chosen to be further embedded in a polyurethane (PU) matrix to
conduct experimentation of mechanochemical activation in bulk.

3.3 Mechanochemically Active Thermoplastic Polyurethane (TPU) Systems

Partially published in “K. S. Shinde, P. Michael, W. H. Binder, Mechanochemical Activation of a
Metal-Organic Framework Embedded within a Thermoplastic Polyurethane Matrix: Probing
Fluorogenic Stress-Sensing. Macromol. Chem. Phys. 2023, 224, 2300297 432
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3.3.1 Synthesis of a Fluorogenic Naphthalene-based Dye
To create TPU foils capable of functioning as stress-sensing systems, a naphthalene-based dye approach
was pursued. The process involved combining 8-azidonaphthalen-2-ol (13) and commercial
3-hydroxyphenylactylene (14) to produce a highly fluorescent 8-(4-(3-hydroxyphenyl)-1,2,3-triazol-1-
yl)naphthalen-2-ol (15) to serve as the sensor dye.
NH, Nj
—_—
U e D

Scheme 15. The synthesis of 8-azidonaphthalen-2-ol (13).

To begin, (13) had to be synthesized as per Scheme 15 with a procedure described in Chapter 5.4.6 by
diazotization of 8-aminonaphthalen-2-ol, generating a diazonium salt that was subsequently substituted
with sodium azide. (13) featured a hydroxyl group that could react with isocyanates, covalently
integrating it into a poly(urethane) network. To obtain the "click" dye (15) needed for system
calibration, (13) and (14) were subjected to a CuAAC reaction which is discussed in Chapter 5.4.7.

3.3.2  Synthesis and Characterization of TPU

HoJ[\/\/O}H TPU Components
(16) n \ OCN (17) NCO H\O(/\/\/O#H \

N
(I) Pre-condensation of L/\O DBU a.o-telechelic bis(hydroxy)
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@HHiOMOg\ HO/\/\/OH /

1, 4-butandiol (18)
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HO O ey NCO
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Scheme 16. Schematic concept for the synthesis of a stress-sensing thermoplastic polyurethane (TPU)
consisting of TPU components and components necessary to conduct a copper-catalysed click
chemistry (CuAAC).
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In an expansion of the previous work, Scheme 16 demonstrates the integration of the
mechanochemically active NHC-MOF3 into a polymeric system of thermoplastic polyurethane (TPU).
The components for the TPU, including the fluorogenic dye precursors, are also depicted. The process
begins with the polyaddition reaction between a,w-telechelic bis(hydroxy) poly(tetrahydrofuran)
(pTHF) (16) with a molecular weight of 2900 g mol™! and 4,4’-methylenebis(phenyl isocyanate) (MDI)
(17) in the presence of catalytic amounts of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU). This reaction
resulted in the formation of pre-condensed soft block segments (Scheme 16, (I)). The subsequent
addition of the chain extender 1,4-butanediol (BDO) (18) led to the formation of hard block segments
and ultimately alternating soft/hard blocks (Scheme 16, (III)). This process creates a supramolecular
crosslinked network based on strong hydrogen bonding among the urethane linkages and pi-pi
bonding.!**!

The process leading up to Scheme 16, (IIT) was conducted during Development Stages 1 and 2 (DS1
and DS2), detailed in Chapters 5.4.2 and 5.4.4, respectively. During DS1, the production of TPU (O-
TPU) was not up to the desired standards. GPC measurements (see Chapter 5.4 for details on how to
calculate) indicated that the molecular weight (M,) (Table 10) was inconsistent. This possibly was due
to the final step of stirring of 15 min after the addition of (18) being fixed but the extent of reaction
completion varying possibly due to factors such as temperature, moisture, and storage of starting
materials. The conversion rate ranged from 95 to 97 %, which is unflattering for a step-growth
polymerization. DSC measurements (Figure A65A) also revealed that the O-TPUs produced were
modestly formed. While a melting point for the soft segment (7msot) Was observed at 23 °C, there was
no melting point for the hard segment (7mnard) €ven for TPUs with higher hard segment ratios (e.g. O-
TPU60 or O-TPU70), calling into question the formation of hard-soft segments.

A modified procedure of DS1, as described in Chapter 5.4.2, was used to conduct a kinetic study of
TPUSO0 in order to understand the kinetics of the polyaddition reaction leading to a TPU. Samples for
GPC measurements (see Chapter 5.4.3 for details) were taken every 5 min in three sections and showed
two peaks (Figure A61). The peak at 7.5 mL shifted to lower retention volumes with an increase of M,,
while the second peak at 9.5 mL with a molecular weight of 280 g mol™!, similar to the molecular weight
of (17) (250.26 g mol ™), decreased in intensity as the reaction proceeded and (17) was consumed.
Despite the addition of catalytic DBU, kinetic studies showed a lack of substantial progress during the
consumption of (17) (Table A3). It was suspected that (17) was undergoing hydrolysis as Karl Fischer
titration revealed that (18) had 4200 ppm of water, leading to the need for DS2 for TPUs.

Two major changes were incorporated in DS2. Firstly, the starting materials were extensively treated to
remove any moisture (see Chapter 5.4.4 for more details). Secondly, the final step after addition of (18)
was changed, i.e., the stirring was continued till the reaction mixture turns viscous, rather than a time-
fixed procedure (15 min in DS1). These changes brought substantial differences in the characterization
results. The GPC measurements of the new TPU showed remarkable molecular weights with consistent
high conversions in the 97-98 % range (Table 10). The DSC measurements also showed Tmnad peaks
at 195 °C from TPU60 onwards in addition to the previously observed Tmson at 23 °C, proving the
existence of hard domains in the TPU (Figure A65B).
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Figure 45. IR(ATR) spectrum of TPUS50 foil synthesized as per procedure of Development Stage 2

(DS2, see Chapter 5.4.4 for more details).

Furthermore, DSC and FTIR spectroscopy were performed on the synthesized TPU50 to confirm the
success of the reaction. DSC (Figure A65) revealed a T of ~23 °C with a melting enthalpy of
AHgon = 37.4 ] g, indicating a degree of crystallization of 22 % (AHmo (pTHF) = 172 J g3 (see
Chapter 5.4.8.2 for crystallinity determination). In Figure 45, the presence of urethane groups was
confirmed by the detection of C=0 stretching and N-H bending bands at 1731 cm™! and 1537 cm ™!,
respectively. The absence of 3450 cm ™' -OH groups and 2257 cm™' -NCO free groups suggested that all
(17) had reacted. The N-H hydrogen-bonding peak at 3326 cm™' was barely detectable as a small
shoulder.

Table 10. Reaction conditions and characterization data of TPU synthesized in Development Stage 1
(DS1) and 2 (DS2).

M,"

Mhard/Sof® Degre‘e Of_ Conversion
Soft/Hard [kDa] PDI Polymerization
fnt TPUEXT (mol ratio) lg mol] (DP)* %]

DS1 DS2 DS1 DS2 DS1 DS2 Ds1 DS2

1 TPU30 70:30 2310 52 76 185 190 23 33 955 970
2 TPU40 60:40 2025 60 60 185 1.85 30 30 965 965
3 TPUS0 50:50 1745 40 60 190 190 23 34 955 970
4 TPU60O 40:60 1465 49 61 190 190 34 2 970 975
5 TPU70 30:70 1185 24 51 190 190 20 43 950 980
6 TPUSO 20:80 902 - 40 - 210 - 44 - 980

Calculated from eq. (5.1). "Measured using GPC with THF as solvent and polystyrene (PS) standards with a molecular weight
range from 1,050 to 115,000 g mol"!. Calculated from eq. (5.2). ¢Calculated from eq. (5.3).
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After confirming the success of DS2, the next phase of development, Development Stage 3 (DS3), was
initiated to incorporate CuAAC components (illustrated in Scheme 16) into the multicomponent
polyaddition reaction of o, -telechelic bis(hydroxy) poly(tetrahydrofuran) (pTHF) (M, = 2900 g mol™)
(16), 4,4’-methylenebis(phenylisocyanate) (MDI) (17), and 1,4-butanediol (BDO) (18). The CuAAC
components included the physically dispersed mechanocatalyst NHC-MOF3 (4.66 % Cu in
NHC-MOF3, 0.06 eq. of Cu) and the covalently linked dye system consisting of
3-hydroxyphenylacetylene (14) and 8-azidonaphthalen-2-ol (13), resulting in an elastomeric
poly(urethane) material that satisfies all requirements for use as a stress-sensing material. To embed the
insoluble NHC-MOF3, a simple dispersion method was used, where it was dispersed into the TPU
solution before it solidified. Three different foils were synthesized using DS3, namely TPUS50 1, 2, and
3 (Table 25). AFM imaging of TPUS50 1 and TPU50 3 (Figure 46) revealed minute particles of
NHC-MOF3 with protruding heights of up to 14 nm for the former and up to 85 nm for the latter,
providing rough estimates of the NHC-MOF size. Gel permeation chromatography (GPC) analysis of
the native TPUS50 without NHC-MOF3 vyielded a molecular weight M, of ~65 kDa, with a
polydispersity index (PDI) of 1.95. Due to the insolubility and small size of the dispersed NHC-MOF3
in the foil causing difficulty in its filtration, GPC of these samples was not possible and it was assumed
that the values were similar to those of native TPU50. The DSC of the foils TPU50 1, 2 & 3 (Figure
A66) did not show any remarkable difference to that of a virgin TPUS50, signalling no effect of the
NHC-MOPF3 on the structural properties of the TPU.

E-— Aii

Figure 46. AFM images of the dispersed NHC-MOF3 within the polyurethane of A) TPU50 1 and B)
TPUS0 3 during i) phase image, and ii) height image in 3D form to better estimate the height of the
NHC-MOPF3 particles.
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3.3.3 Determination of Mechanical Properties

The physical properties of TPU are affected by the ratio of soft/hard blocks.
An increasing percentage of hard blocks leads to an increased tensile strength and Young’s modulus,
thus resulting in an increasing rigidity.**> 331 To examine the material properties of the synthesized
TPUs, dumbbell-shaped samples of dimensions 20 x 4 mm were obtained by cutting foils of the TPUs’
synthesized in DS2 using a sample cutter. Experiments were conducted with extensional rotational
rheology, performed on the samples using the Universal Extensional Fixture (UXF) sample holder
(Figure 48A). For measuring the Young’s (E) modulus, oscillating stress-strain experiments were
conducted with an increase of strain up to 5.00 % (see Chapter 5.4.8.1 for more details). For measuring

tensile storage (E’) modulus, oscillating tensile rheology was conducted over multiple cycles, following
the procedure described in Chapter 5.4.9.1.

3.3.3.1 Investigating TPU30 and TPU70

For virgin TPU30 and TPU70 (virgin = DS2 TPU’s without CutAAC components (Scheme 16)), an E
modulus of 0.002 MPa and 0.033 MPa (Figure A62) was measured, respectively. However, while
conducting oscillating tensile rheology, it was observed that the TPUs composed of a low hard segment
ratio (30 %, TPU30) ruptured almost immediately under force and it was necessary to cool the sample
to 4 °C for approximately an hour to make it rigid enough to mount on the UXF, introducing moisture
to the TPU. Conversely, the high hard segment ratio TPUs (70 %, TPU70) could not be measured
accurately with oscillating tensile rheology due to its rigidity, as seen in Figure 47B. Therefore, a
soft/hard ratio of 50:50 (TPU50) was chosen for the embedding of the components necessary for
CuAAC, which includes the dye system and the mechanochemically active NHC-MOF.
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Figure 47. Determination of the initial and end tensile storage modulus of each cycle of stretching
conducted via Universal Extensional Fixture (UXF) at 25 °C with the strain rate set at 0.5 Hz and the
deformation set at € = 40 % of A) TPU30 and B) TPU70.
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3.3.3.2 Investigating TPU50
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Figure 48. A) Experimental setup of extensional rotational rheology experiments with TPU foils fixed
with the Universal Extensional Fixture (UXF) at 25 °C with the strain rate set at 0.5 Hz and the
deformation set at € =40 %. B) The classification of the linear elastic and plastic region which is then
used to C) determine the Young’s modulus, calculated by using the slope of the linear regression in the
low strain range from 0.01 % to 0.50 %. D) Determination of the initial and end tensile storage modulus
of each cycle over 20 cycles. This graph was generated from an average of two different measurements
to ensure higher accuracy and was used to conduct shape memory and recovery efficiency
measurements (see Chapter 5.4.9).

3.3.3.2.1 Determination of the Youngs (E) Modulus

To ensure accurate measurement of TPUS50, the values of virgin TPUS50, TPUS0 1 and TPUS50 2 was
averaged. Oscillating stress-strain experiments were conducted until strains of up to 5 %. Initially, the
stress increased linearly with the increasing strain, displaying a linear elastic behaviour until about 1 %
strain, after which a plastic behaviour was observed (Figure 48B). The region between 0.01 % to 0.5 %
strain was used to calculate the Young's modulus (Figure 48C), which is the slope of the stress-strain
curve. From this, an E modulus of 0.013 MPa was determined for TPUS50 (Chapter 5.4.8.1 for details).
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3.3.3.2.2 Determination of Shape-Memory Effect (SME)

Hard Segment <+«——— Soft Segment

Deformation Recovery
_— _—
by Force T>T,T,
Original Shape Temporary Shape Original Shape

Figure 49. A pictorial description of soft/hard segments within a TPU and the shape memory effect that
is imparted due to the microphase separation of the segments.

The TPUS0 foils embedded with NHC-MOF3 in dumbbell-shaped samples were subjected to
oscillating tensile rheology, henceforth called stretching experiment (SE). These experiments served a
dual purpose, first to briefly study the shape memory effect (SME) of TPU (measurement is the average
of TPUS0 1 and TPUS50 2), and second to test the mechanochemical activation of NHC-MOF3 within
a TPU-fluorogenic dye system (Chapter 3.3.4). To study the first purpose, it is important to understand
that SME is not an inherent property of any PU, but is a characteristic of segmented PUs like TPU, and
is triggered by various external stimuli.’*) Segmentation is caused by microphase separation which
arises from the incompatibility between internal phases in TPU, resulting in the formation of soft and
hard block segments. In summary, the hard segments serve as pivot points that fix the permanent shape,
while the soft segments absorb the applied external stress and are responsible for the SME when the
deformed materials are heated above the Ty/Thm of the soft block (Figure 49).1381:384]

A single cycle of the stretching experiments (SE) was designed such that the stretching
(stressing/damaging) was conducted for 60 min at 25 °C with a deformation of 40 % and a frequency
of 0.5 Hz. This was followed by 30 min of heating at 50 °C directly inside the oven of the UXF to
recover material properties by melting the soft block of the TPU, triggering shape-memory behaviour.
Subsequently, a waiting period of further 75 min at 25 °C was observed to recover properties of the
TPU. The shape memory efficiency and recovery efficiency were measured over 20 cycles using the
Equations 5.5 and 5.6. Two different samples of TPUS50, namely TPUS50 1 and TPUS50 2, were used.
Each were embedded with the precursor dyes (13) and (14), and NHC-MOF3. The independently
conducted experiments provided two sets of data which were averaged to enhance accuracy. Over 20
cycles, the shape memory efficiency remained in the 90-96 % range (Figure 48D) while the recovery
efficiency remained in the 80-100 % range (Table A4), thus excluding the possibility that the
mechanochemical activation might be induced by any changes of the physical properties of the TPU.
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3.3.4 Mechanochemical Activation Of NHC-MOF3 In TPUs
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Scheme 17. Schematic concept for the mechanochemical activation of a latent NHC-MOF3 within a
solid thermoplastic polyurethane (TPU) to catalyse a subsequent fluorogenic copper-catalysed click
chemistry (CuAAC) to form the highly fluorescent 8-(4-(3-hydroxyphenyl)-1,2,3-triazol-1-
yl)naphthalen-2-ol dye (15).

The second purpose of the SEs was the mechanochemical activation of NHC-MOF3 within a TPU-
fluorogenic dye system. As previously described for NHC-MOF3 in solution (Chapter 3.2.4.2.3),
NHC-MOPF3 should undergo activation to form NHC-MOF3** (Scheme 17, (VII)) on application of
the repeated oscillatory stress. The stretching experiments (SE) were performed using an UXF
instrument by applying stress repeatedly over multiple cycles with each cycle comprised of a 60 min
stretching (damaging) phase at 25 °C with a deformation of 40 % and a frequency of 0.5 Hz, followed
by a 30 min heating phase at 50 °C via the UXF oven to recover material properties by triggering the
shape-memory behaviour. The sample was then left for a further 75 min at 25 °C to recover properties
after which a new cycle would begin. The mechanochemically activated NHC-MOF3** would catalyse
the dye precursors to undergo CuAAC (Scheme 17, (VIII)) to form the highly fluorescent 8-(4-(3-
hydroxyphenyl)-1,2,3-triazol-1-yl)naphthalen-2-ol dye (15), allowing it to be quantified via
fluorescence measurements.
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Figure 50. Illustrative depiction of the stretching regions to describe the areas on which fluorescence
spectrometry was conducted in a dumbbell-shaped TPUS0 sample.

Page | 69



3.3.4.1 Quantification of Fluorogenic “Click” Reaction

For the fluorescence measurements, the excitation wavelength (Acx) of 377 nm was chosen based on
previously conducted optical measurements of the click dye (15) (UV-vis and fluorescence
measurements in solution).!**¥ Based on a calibration of the obtained fluorescence intensity as described
in Chapter 5.4.10.1, an increasing fluorescence at Acn = 458 nm is observed with increasing
concentrations of (15) (Figure 63). This was referenced for the quantification during different stretching
experiments (SE) (Table 11). The Equation 5.7 (Chapter 5.4.10.1) was used to calculate the
conversion % from the measured fluorescence intensity. Each side of the dumbbell-shaped sample
(Front-Side (FS) and Back-Side (BS)) was subjected to fluorescence measurement at different positions
(positions A, B and C) (Figure 50). The labelling of the sides and positions was fixed for all samples,
ensuring uniformity. Figure 50 provides an illustrative representation of the stretching terms used to
describe the different terms of a sample clamped to the rheology system, which consists of two drums,
one stationary and one rotating/pulling.

Table 11. A summary of all the stretching experiments conducted and the type of the conversion % that
is reported (see Chapter 5.4.10.1 for more details).

TPUS0 Sample Tvpe of
Ent SE Code Thickness ype Chapter
Code of Foil Chant [mm] conversion %?
Used apter
1 EXP1 0.71 Estimated 3.3.42
TPU50_1
2 EXP2 0.52 True 3.3.4.3
5.4.5
3 EXP3 0.50 True 3.3.4.3
TPU50 2
4 EXP4 0.72 Estimated 3343
5 EXP5 TPU50 Ref50% 5.4.10.1 0.51 True 3344
6 EXP6 TPU50 3 5.4.5 0.68 Estimated 3.3.45

aFor further details, refer to Chapter 5.4.10.1

3.3.4.2  Stretching Experiment I

For EXP1, a dumbbell-shaped sample with dimensions 20 x 4 x 0.71 mm from the TPU50 1 foil was
selected. As the sample's thickness is 0.71 mm, all calculated conversion percentages in Table 12 are
estimated values (for further details, refer to Chapter 5.4.10.1). The mode of embedding NHC-MOF3
into the TPU proved important: the first attempts used mechanical stirring (refer to Chapter 5.4.5 for
further details), TPUS0 1, to disperse the MOF before introducing within TPUS0, resulting in an
already primordial fluorescence (Figure 51A) of 12 % conversion (Average-Side) (Table 12, Ent 1) at
Aem= 458 nm (at Aex= 377 nm). This is attributed to the methodology of suspending the MOF by stirring,
resulting in the formation of an already activated NHC-MOF3** (Scheme 17), with a visible CuAAC
in the TPU solution. Since TPU foils take at least 5 days to solidify, it remains in a solution, a state
where NHC-MOF3 has already demonstrated CuAAC.14*
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Figure 51. Oscillating tensile rheology of TPUS50 1 in EXP1 resulted in quantifiable fluorescence
intensities, achieved with A= 377 nm and at Acm = 458 nm. These are displayed in the form of a before
and after A) fluorescence spectrum of the stretching experiment, B) graph displaying fluorescence
observed across the different positions on the two sides, and the C) graph displaying fluorescence
intensities. The colours correspond to the colours indicated in stretching terms in Figure 50.

In the conducted SE experiment (EXP1), the mechanophore-containing dumbbell-shaped TPU50 1 was
subjected to oscillating tensile rheology which involved applying defined stress rates and deformations,
as detailed in Chapter 5.4.9.1. On mechanochemical activation, its fluorescence intensities were
measured at Aex of 377 nm and Aem = 458 nm, and the Equation 5.7 (Chapter 5.4.10.1) was used to
calculate the conversion % from the measured fluorescence intensities.

Table 12. Reported values for the estimated conversion % across the two sides (Front-Side (FS) and
Back-Side (BS)) at different positions (A, B, C) after 20 cycles of stretching in EXP1.
Conversion [%]?

Cycle

Ent Front- Back- AVg-
No. FSA FSB F BS A BS B B .
S S S C S S S C Side  Side  Side

1 0 14 12 11 11 11 10 13 10 12
2 20 19 24 26 28 24 21 23 24 24
Difference +5 +12 +15 +17 +13 +11 +10 +14  t12

3As the sample's thickness is 0.71 mm, all calculated conversion percentages are estimated values.
*Colour code as per Figure 50.

Following 20 cycles of stretching, the conversion % showed an increase of 12 percentage points
(Average-Side), as evidenced by the fluorescence intensity which rose from 102 to 172 a.u. (refer to
Figure 51C). However, it was unclear whether this increase could be attributed to the SE or if there
were independent CuAAC reactions occurring within the TPUS0 1, indicated by the initial high
fluorescence intensity. To address this concern, refer to Figure S0 which depicts the arrangement of the
oscillation rheometer’s two drums - one stationary and the other pulling UXF- that clamp the dumbbell-
shaped TPUS50 1. Since the TPUS50 has the most physical contact with the stationary drum, it can be
assumed that the force exerted on FS_C is greater than that on FS_A on the Front-Side. Similarly, on
the Back-Side, the force exerted on BS A is assumed to be greater than that on BS C. It can also be
assumed that BS_A experiences more force than FS_C at the point of the stationary drum as it is in
direct contact with the drum. These assumptions were found to be valid in EXP1 (refer to Figure 51
and Table 12, Ent 2), where after 20 cycles the position FS_C (26 %) showed a higher intensity than
FS A (19 %), while BS_A (28 %) showed a higher intensity than BS C (21 %). Notably, BS A also

Page | 71



displayed a higher conversion than FS_C. These variations in intensities are remarkable if compared to
the intensities before stretching as then the intensities were quite similar (Table 12, Ent 1) and form an
excellent comparable starting point. Thus, this validates the conceptual idea of the impact of stretching
in promoting the mechanochemical activation of NHC-MOF3, within the polyurethane matrix, as
successful.

3.3.4.3  Stretching Experiments 2, 3 and 4

A sample made of TPUS0 1 foil with dimensions of 20 x 4 x 0.52 mm was chosen for EXP2, while for
EXP3 and EXP4, samples made from the TPU50 2 foil with dimensions of 20 x 4 x 0.50 mm and 20 x
4 x 0.72 mm respectively, were selected. It should be noted that since the sample thickness is 0.72 mm
in EXP4, all the conversion percentages calculated for it in Table 13 are estimated values. In contrast,
the conversion percentages for EXP2 and EXP3 are true values (for details, refer to Chapter 5.4.10.1).
During the investigation of reproducibility of EXP1 in EXP2, stretching over 16 cycles of a sample
with thickness 0.52 mm showed, curiously, a decrease of the fluorescence intensity over the many
stretching cycles. Initially neglecting the result as a one-time occurrence, it was decided to synthesize
a new foil, TPU50 2 (see Chapter 5.4.5 for description). Dumbbell samples of thicknesses 0.50 mm
and 0.72 mm from this foil were selected and used to conduct EXP3 and 4, respectively. As TPU 1 had
shown an initial fluorescence before EXP1 (Table 12), the initial fluorescence of EXP 2 with 37 %
conversion (frue conversion %) was expected. However, even the samples from the TPUS0 2 foil,
prepared using a different methodology of NHC-MOF3 suspension before embedding, showed an
initial fluorescence corresponding to 23 % (true conversion %) and 30 % (estimated conversion %)
prior to EXP3 and 4, respectively. In both cases, the results were similar to EXP2, showing a decrease
in fluorescence intensity with an increase in the number of stretching cycles. Figure A63 and Table 13
illustrate that in EXP2, Front-Side experienced a higher decrease in percentage points compared to
Back-Side while the opposite trend was observed in EXP3, and the decrease was similar on both sides
in EXP4. As a result, it was challenging to determine any significant interrelation between the samples
to comprehend the observed trends, although some theories were proposed.
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Figure 52. A) Fluorescence intensities averaged over the two sides to obtain the Average-Side
intensities of the samples in EXP2, 3 and 4 over multiple cycles. The fluorescence intensities were
measured with Aex = 377 nm and at Aem = 458 nm. B) The change in the thickness of the dumbbell
samples after the stretching experiments EXP3 and 4 are displayed.
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Table 13. Reported values for either the frue or estimated conversion % across the two sides (Front-
Side (FS) and Back-Side (BS)) at different positions (A, B, C) after EXP2, 3 and 4.

Conversion [%]

Cycle
kne 1‘§0- FSA FSB FSC BSA BSB BsC Iromt Back .
- Side Side
EXP2?
1 0 41 37 38 34 34 38 39 35 37
2 16 17 15 17 19 21 15 17 18 17
Difference 21 22 21 -15 -13 -23 22 17 20
EXP3?
1 0 24 22 22 25 23 22 23 23 23
2 20 18 18 15 11 10 10 17 10 14
Difference -6 -4 -7 -14 -13 -12 -6 -13 -9
EXP4®
1 0 33 29 29 32 29 28 30 30 30
2 20 7 6 7 4 5 4 7 4 5
Difference -26 23 22 28 24 24 23 26 25

aThe sample thickness for EXP2 and EXP3 were 0.52 and 0.50 mm and therefore the conversion percentages are frue values.
"The sample thickness for EXP4 was 0.72 mm and therefore the conversion percentages are estimated values.
°Colour code as per Figure 50.

A preliminary theory was that the initial high conversion % observed before the SE’s of EXP2, 3 and 4
were the maximum achievable conversions for the samples, and that stretching caused a decrease in
fluorescence intensity due to a change in sample thickness. However, as depicted in Figure 52B, the
thickness of the samples changed only slightly by -3 % and -7.5 % in EXP3 and EXP4, respectively,
and should not realistically affect the fluorescence intensities.

The second theory proposed is that the decrease in fluorescence intensity was due to the ageing of the
system itself, which includes the NHC-MOF3, TPU and the fluorogenic dye precursors. To test this
hypothesis, EXP5 was conducted with TPU50 Ref50% foil which was part of the study for the
fluorescence measurements conducted for the calibration experiment described in Chapter 5.4.10.1.
Hence, it contains only the dye system without the mechanophore NHC-MOF3 (Scheme 16).

3.3.4.4  Stretching Experiment 5

EXP5 was conducted using a dumbbell-shaped sample with dimensions 20 x 4 x 0.51 mm from the
TPUS50_Ref50% foil. As the sample's thickness is 0.5 mm, all calculated conversion percentages listed
in Table 14 are true values (for details, refer to Chapter 5.4.10.1). During EXP5, the dumbbell sample
was subjected to oscillating tensile rheology, which involved applying defined stress rates and
deformations as detailed in Chapter 5.4.9.1. Following mechanochemical activation, the fluorescence
intensities were measured with Aex of 377 nm at Aem = 458 nm. The conversion % was calculated from
the measured fluorescence intensity using Equation 5.7 (Chapter 5.4.10.1).
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Figure 53. Oscillating tensile rheology of TPUS0 Ref50% in EXPS resulted in quantifiable
fluorescence intensities, achieved with A= 377 nm and at Aem = 458 nm. The colours correspond to the
colours indicated in stretching terms indicated in Figure 50. These are displayed in the form of a A)
fluorescence spectrum before and after the stretching experiment and a B) graph displaying the decrease
in fluorescence intensities on both the sides. C) Since the dumbbell sample is from foils used for
calibration of 50 % conversion, it glows under UV light (366 nm). Additionally, the change in the
thickness of the dumbbell sample after the stretching experiment EXP5 ended is displayed.

400

Table 14. Reported values for the true conversion % across the two sides (Front-Side (FS) and Back-
Side (BS)) at different positions (A, B, C) after 20 cycles of stretching in EXP5.
Conversion [%]?

Ent Cycle Front- Back-
No. FS A FSB FS_C BS A BS B BS C ) ) Avg.

= = - = = - Side  Side
1 0 36 37 39 41 46 45 37 44 41
2 20 16 16 28 17 19 12 20 16 18
Difference 20 21 -11 24 27 -33 -17 28 -23

aThe sample thickness for EXP5 was 0.51 mm and therefore the conversion percentages are true values.
*Colour code as per Figure 50.

The change in the sample thickness after 20 cycles of stretching was -3.5 %, comparable to that of EXP3
which had a similar thickness of 0.50 mm. The conversion % decreased by 23 percentage points, with
a more pronounced decrease in Back-Side (-28 %) than in Front-Side (-17 %) (Table 14), although no
effect of the presumed higher force exerted on FS_C or BS_A could be clearly observed.

A couple of observations were made from the results of EXP5. Firstly, with the more obvious effect of
ageing on fluorescence intensities, is the initial conversion % of the dumbbell sample. The sample was
previously used for calibration of a fluorescence intensity having 50 % conversion. However, the sample
exhibited a fluorescence intensity of 41 % before stretching, indicating an impact on the fluorescence
intensity of the TPU foils due to ageing. Secondly, the decrease in fluorescence intensity in EXP5 was
consistent with the trend observed previously, suggesting that the presence or absence of NHC-MOF3
was not the reason for this behaviour of the TPU system, with the effect of stretching being identical in
EXP 2, 3, 4 and 5. Hence, the remaining two components of the system, the TPU and the fluorogenic
dye precursors, were needed to be tested.

3.3.4.5 Stretching Experiment 6

With ageing being the primary suspect for the effect on the fluorescence of the TPU systems, the most
logical step was to synthesize a new TPUSO0 foil, albeit with some more modifications regarding the

Page | 74



methodology of suspension of the NHC-MOF3 before it is added into the TPU solution. Therefore,
another strategy was chosen for dispersion, i.e., by dispersing the MOF via ultrasonication in an
ultrasonication bath for only 10 s (TPUS50 3, see Chapter 5.4.5 for more details). Shorter
ultrasonication times (10 s) resulted in a low level of this primordial activation in the sample TPU50 3.
Hence, the methodology proved to be effective as the initial fluorescence in TPUS50 3 showed a 72 %
decrease over TPUS0 1 (29 a.u. in TPUS50 3). From TPUS0 3, a sample of dimension 20 x 4 x 0.68 mm
was cut to conduct EXP6, conducted from the 7 day onwards, thus negating any ageing effects.

For EXP6, calculated conversion percentages listed in Table 15 are estimated values as the sample's
thickness is 0.68 mm (for details, refer to Chapter 5.4.10.1), which is much more pronounced in this
experiment as the new methodology for NHC-MOF3 dispersal worked. The fluorescence intensities
for the samples for EXP6 showed a very low initial fluorescence intensity compared to any sample from
EXP1-4. This, however, resulted in an unusual initial conversion %, as can be seen in Table 15. Hence,
it becomes more important to remember that the calibration was performed specifically for samples of
thicknesses 0.50 mm (see Chapter 5.4.10.1 for more details). Due to the unusual values of the
conversion %, the difference in the conversion between Cycle 1 to Cycle 20 was focussed on.

Table 15. Reported values for the estimated conversion % across the two sides (Front-Side (FS) and
Back-Side (BS)) at different positions (A, B, C) after 20 cycles of stretching in EXP6.
Conversion [%]?

Ent Cycle Front- Back-
No. FS A FSB FS_C BSA BSB BS_C ) . Avg.
- - - - - - Side Side
1 0 -1 2 2 0 -1 2 2 -1 -1
2 20 -1 0 3 6 2 2 0 2 1
Difference 0 +2 +5 +6 +3 0 +2 +3 +2

2The sample thickness for EXP6 was 0.68 mm and therefore the conversion percentages are estimated values.
"Colour code as per Figure 50.

After 20 cycles of stretching, the thickness of the sample decreased by about 5 % (Figure 54D). The
conversion % showed an increase of 2 percentage points as the fluorescence intensity increased from
29 a.u. to 43 a.u. (Figure 54C). Furthermore, Figure 54A shows that in the case of the Front-Side, the
difference in the conversion % was zero percentage points in the case of FS_A, while FS_C showed an
increase of 5 percentage points. In the case of Back-Side (Figure 54B), BS C showed an increase of
zero percentage while BS_A showed an increase of 6 percentage points. Comparing FS_C and BS_A,
the difference in the percentage point was one higher for BS A. Hence, all assumptions made previously
in Chapter 3.3.4.2 regarding the effect of stretching on the mechanophoric NHC-MOF3-containing
TPU hold their ground. Overall, the effect of increase in fluorescence by an external application of
stress to activate the latent NHC-MOF3 embedded within TPU demonstrated that they can be used as
a fluorogenic stress-sensor. Additionally, the areas of the TPU receiving higher stress showed higher
fluorescence, assisting in pin-pointing specific areas within the TPU with an increased possibility of
material failure.

The variation in the increase of the estimated conversion values after stretching between EXP1 (12 %,
see Table 12) and EXP6 (2 %, see Table 15) may be attributed to the different methods of dispersing
the NHC-MOF in the TPUS50 solution. It resulted in different sizes of the NHC-MOF3 in TPUS0 1
(14 nm, utilized in EXP1) and TPUS0 3 (85 nm, utilized in EXP6), as observed in the AFM
measurement (Figure 46). Since the NHC-MOF3 particles in TPUS0 3 are approximately 6 times
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larger than those in TPUS50 1, they cannot be dispersed as effectively as in the case of TPU50 1.
Consequently, it clearly indicates that TPUS0 3 with its larger particles exhibited a lower initial
catalytic behaviour.[**
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Figure 54. Oscillating tensile rheology of TPU50 3 in EXP6 resulted in quantifiable fluorescence
intensities, achieved with A = 377 nm and at Aem = 458 nm. The colours correspond to the colours
indicated in stretching terms indicated in Figure 50. These are displayed in the form of graphs of A)
three positions on Front-Side, B) three positions on Back-Side, and the C) average increase in
fluorescence intensities across the sample. D) The change in the thickness of the dumbbell sample after
the stretching experiments EXP6 ended is displayed.

3.3.5 Investigations on Sample Ageing

In the case of the TPU, DSC and wide-angle X-ray diffraction (WAXD) measurements were conducted
of the dumbbell sample used in EXP4 and EXP6 to see any changes in the structural properties of the
TPU. In DSC, the crystallinity of the samples was calculated by measuring the area under the curve of
the peak of Tt (AHmo= 172 J g™ for pTHF at 100 % crystallinity!**¥). It did not show any change
before or after the stretching experiments (Table 29). WAXD measurements conducted on the sample
TPUS0_3 before and after a three-month period showed no relevant change in the azimuthal integrated
1D scattering pattern. Two Bragg reflections are observed at q ~14.2 nm™ and 17.3 nm™! superimposed
with diffuse amorphous scattering (Figure 55). The crystallinity is determined using the ratio of the
area of the Bragg reflections Aprage to the total area (Aot = ABrage + Aamorphous) Of the 1D scattering pattern
in the WAXD region (10 nm! < ¢ < 20 nm™). The crystallinity remains nearly constant at 13-15 %,
showing no significant deterioration in the chemical structure of the TPU.
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Figure 55. WAXD measurements conducted for TPUS0 3 before and after a three-month period to
obtain A) 1D scattering intensity as function of scattering vector q and B) 2D scattering pattern.

The final suspect were the precursor dyes, particularly 8-azidonaphthalen-2-ol (13), which had
previously shown deterioration and had also changed colours from brownish-white to dark brown solid
due to improper storage. For this purpose, the TPU50 calibration samples were checked and a visual
deterioration of TPUSO0 calibration samples was noted, as shown in Figure A64. The dumbbell samples
previously were transparent and uncoloured when freshly synthesized, but turned brownish despite
being stored in ideal conditions. The higher colouration of the TPU50 Ref0% with the highest (13)
concentration, and a decrease in colouration with a decrease in (13) concentration, further supported the
theory of deterioration of (13) over time within the TPU samples. In the most basic of cases, the
darkening of a solid sample will cause it to absorb more incident (excitation) light during fluorescence
spectrometry. This reduced transmission of excitation light results in lower excitation intensity reaching
the fluorophores within the sample, leading to reduced fluorescence emission. Hence, a more detailed
study is required into the trends observed in EXP2-5 but is well out of scope of this thesis.

Page | 77



4 SUMMARY

The objective of this thesis was to investigate the catalytic activity and mechanochemical response of
Cu(I) N-heterocyclic carbenes (NHCs). This investigation led to the utilization of Cu(I) NHCs as
catalysts for the cyclopropanation of predominantly cis-1,4-poly(isoprene) (PI) using diazo compounds.
Furthermore, Cu(I) NHCs were employed as mechanocatalytic metal-organic frameworks (MOFs) to
facilitate CuAAC "click" reactions in solution. This approach was later extended to the development of
a three-in-one stress sensing system which would: 1) undergo mechanochemical activation in the
presence of an embedded Cu(l) bis(NHC)-containing MOF, enabling CuAAC within a bulk system,
2) function inside a shape memory TPU material (SMPU), allowing shape recovery upon reheating, and
3) allow the monitoring of the mechanochemical activation process via a fluorogenic dye system that
facilitates early detection of material failure and identifying specific failure areas.
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Figure 56. A summary of cis-1,4-poly(isoprene)s being altered with ester groups via cyclopropanation.
Deprotected esters facilitated supramolecular networks, applicable to tyre industry modifications.

The cyclopropanation of predominantly cis-1,4-poly(isoprene) (PI) was conducted with two
approaches: APPROACH A1 using Cat. 1 [(IPr)CuCl] and APPROACH A2 using Cat. 2 [(IMes)CuCl]
(Figure 56). The modification yield was determined via '"H NMR spectroscopy. The initial experiments
focused on optimizing the reaction parameters such as solvent polarity, catalyst concentration, reaction
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temperature and the PI concentration (solid content) in selected solvents. While probing solvents of
different polarities, the best result was determined with Cat. 2 in DCM with ethyl diazoacetate (EDA)
(Figure 56) with a molar ratio of 0.02:1:2 (catalyst:PI:EDA) per double bond of the PI. The
modification yield in cyclohexane and THF was low with both the catalysts, probably due to their
limited solubility in cyclohexane and the strong coordination of THF with copper. However, even
though weakly coordinating polar solvents like DCM were preferable for cyclopropanation reactions to
minimize solvent effects, cyclohexane was still utilized alongside due to the importance of such non-
polar solvents in industrial PI synthesis via living anionic polymerization. During the optimization of
the catalyst concentration, 0.05 eq. of catalyst to 1 eq. of PI was identified as optimal and used for all
subsequent experiments. The investigation into the influence of the reaction temperatures from room
temperature to 40 °C revealed no significant effect towards the modification yield, leading to the
decision to conduct the reaction at room temperature. Further optimization involved varying the PI solid
content in the solvent. Increasing the solid content up to 15 wt.% in cyclohexane led to a gradual
increase in the modification yield (up to 5 %). In DCM, however, a solid content of 15 wt.% resulted in
a much superior 17 % modification yield using Cat. 2, with limitations on further increment. Based on
the initial experiments, it was determined that the chlorinated solvent DCM was the most effective.
Hence, another chlorinated solvent, 1,2-dichloroethane (1,2-DCE), was also tested with both
approaches, resulting in a modification yield comparable to cyclohexane. Therefore, DCM remained
the most effective solvent for the cyclopropanation (Figure 56).

To further understand the reactivities of Cat. 1 and Cat. 2, kinetic studies of the cyclopropanation of PI
with EDA in cyclohexane were undertaken, displaying a higher activity for Cat. 2. Along with the
mechanistic pathways of Cu(I)-catalysed cyclopropanation reactions, chemical and steric effects of the
catalysts were also considered. The different reactivities of both catalysts could be attributed to the
different donor properties of the NHC ligands. The steric effects could have had more influence on the
reactivities as Cat. 1 is bulkier than Cat. 2, potentially affecting both the coordination of the diazoesters
to the catalyst and the cyclopropanation itself, making Cat. 2 a more effective and efficient catalyst.
To understand as to why the overall modification remained relatively low, experiments were conducted
that showed that one possibility was due to the premature decomposition of the diazo compound.
Although literature reports no decomposition of EDA in the presence of Cat. 1 until an addition of an
unsaturated substrate, experiments showed a dimerization even in the absence of PI. The presence of PI
did not hinder the dimerization, and it was identified as a major factor contributing to the low
modification yields.

The final set of cyclopropanation experiments involved the modification of PI with tert-butyl
diazoacetate (--BDA, (Figure 56)) in DCM, with low modification yields (4-5 %). This difference in
yield compared to an EDA modified PI in DCM could be due to the predominantly cis-polymer nature
of the PI used. This might have hindered modifications in successive repeating units due to the bulkier
tert-butyl groups substituted on the cyclopropane rings. In the case of both the diazoacetates, the M,
values from the GPC generally had increased after modification, while the PDI values remained
constant, suggesting that chain scission had not occurred. The DSC was utilized to study the effect of
the modifications on the glass transition temperature (7). The modifications reduced the segmental
mobility within the cyclopropanated PIs with an increase of the polar ester groups. The 7§ of virgin PI
(-67 °C) increased to -61 °C and -58 °C for 5 % modification with EDA and -BDA, respectively. At
the higher modification yield of 17 %, the T, further increased to -44 °C. The 'H NMR spectroscopy
was utilized to study the regioselectivity of the reaction. The Cu(I) NHC catalysed cyclopropanation
reactions showed no regioselectivity. However, a stereoisomeric effect was observed between the cis-
and trans-1,4-P1. The average ratio of cis/trans isomers decreased from 65 : 25 in virgin PI to 55 : 25
with lower modification, and further decreased to 50 : 25 at 17 % modification yield, indicating a
preference for cyclopropanation of cis-1,4-PL.
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Deprotection experiments were conducted to convert the cyclopropyl esters to carboxylic acid groups,
allowing establishment of ionic interactions or hydrogen bonds. However, the use of NaOH, H3POs, or
TFA resulted in very low yields for PIs modified with EDA. The PIs modified with +-BDA showed the
wanted results with TFA (Figure 56), as these groups could cleave more efficiently in acidic conditions.
GPC analysis confirmed that the obtained powder was the deprotected PI (Figure 56), with M, values
remaining in the range of 2700-3200 g mol!. ATR-FTIR showed the expected differences when
comparing the pre- and post-deprotected samples. Rheology experiments were performed on the
different PIs. The storage modulus of the modified PI was significantly higher than the virgin PI,
indicating a much stiffer material even at low modification yields (5 %). The loss factor tan(d) was
lower for the modified PI, suggesting that the modulus was dominated by the material's viscous
properties. The deprotected PI exhibited a higher loss modulus compared to the protected PI, even at
elevated temperatures of 140 °C, indicating the formation of an internal supramolecular network due to
hydrogen bond dimers. This network resembled the behaviour of high molecular weight PI, making
further modification by cyclopropanation redundant for the tyre industry as it would prevent an
application of the designed material.

|' u Ultrasonication in Solution \:
! i
! N=N i
0] : CuAAC NQ i
H2N4®_< i “click” N !
OH : THF MeOH 9.67:0.33 i
L1” : (12) !
an (10)
Synthesizing :::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
NHC S ' ' N
P i : P
i e o |
H - I e ) 1
Synthesizing o [ SN N S o f W N“/ P |
o} = 0 NHCMOF | & Y el T !
atele¥a A ay)ieg NN SNl tLa 'y
+ 1 i i P
HO * OH | % J\ I 4 A) Ultrasonication L i
Cl i = f ; ‘:N\ nih o B) Tensile Rheology 0>\<\, )“N/\N‘J\.’/‘ o |
\_ | (NHC-MOF3) | (NHC-MOF3*¥) |/

. Tensile Rheology in TPU bulk N \I
H | | Fluorogenic CuAAC l\ll J’Q i
1 ]
H click
: N, /Tm_m\ (15) oL
: Ea 0 ﬁ
i
N o

Figure 57. A summary of the undertaken mechanochemical activation of NHC-MOF3 by A)
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Regarding the aim to ultimately develop a three-in-one stress sensing system by combining
mechanophoric behaviour with CuAAC “click” reaction within a TPU matrix, the first objective
involved the development and characterization of N-heterocyclic carbene based metal-organic
frameworks (NHC-MOFs) that behaved as latent mechanocatalysts. These NHC-MOFs could be
activated under mechanical force through ultrasonication in solution and then by extensional oscillatory
and rotational rheology (tensile rheology) machine in bulk.

Two approaches were undertaken to prepare the NHC-MOFs: bifunctional compounds with -NH, and
-COOH groups were used to form NHCs, which further reacted with metallic components to create
MOFs containing Cu(I) bis(NHC)s within their structure (APPROACH B1). The second approach
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involved protecting the compounds with methylation, synthesizing ester-based Cu(I) bis(NHC)s,
cleaving the ester to obtain carboxylic acid groups, and finally reacting them with Zn(II) to form the
NHC-MOF (APPROACH B2). 4-aminobenzoic acid (L.1”, Figure 57), 4-aminocinnamic acid and
4-(4’-aminostilbene) carboxylic acid were considered as organic linkers to optimize the NHC-MOF
preparation. The variation in organic linkers aimed to achieve a balance between rigid and soft
components to enhance the MOF’s ability to withstand ultrasonication or tensile rheology. In the end,
the L.1”-based NHC (L1, Figure 57) was chosen to synthesize the NHC-MOFs using APPROACH Bl
and analysed using various techniques. The characterization using PXRD (powder X-ray diffraction)
conveyed a rather well-known challenge of MOFs in general, the difficulty of reproducibility. The
NHC-MOFs, all with the same composition and synthetic procedure, did not exhibit any similarity.
Also, as a match could not be established in the Cambridge Structural Database (CSD), the structure
itself could not be identified for the obtained NHC-MOFs. However, comparing the IR of L1 and the
obtained NHC-MOFs indicated the successful formation of a MOF. The TGA (thermogravimetric
analysis) demonstrated a wide range of stability among the NHC-MOFs, with decomposition
temperatures ranging from 245 to 320 °C. Among them, NHC-MOF3 (Figure 57) exhibited better
overall stability. FAAS (flame atomic absorption spectroscopy) analysis provided the Cu:Zn atomic
ratios for the different NHC-MOFs. The atomic ratio of 0.53 : 1, as expected per the literature,*?*! was
demonstrated by NHC-MOF3, with the weight percentage of Cu and Zn determined to be 4.66 % and
8.97 %, respectively. The mechanochemical activation of the synthesized MOFs was accomplished by
subjecting them to ultrasonication in solution containing model CuAAC “click” reaction precursors
phenylacetylene (11) and benzylazide (10) (Figure 57A). The two NHC-MOFs NHC-MOF1 and
NHC-MOF3 exhibited significant mechanochemical activity. After 10 and 20 ultrasonication cycles,
respectively, NHC-MOF1 showed an average conversion of 57 %, while NHC-MOF3 displayed a
conversion of 25 %. Control experiments tracked using '"H NMR spectroscopy demonstrated the true
latent nature of NHC-MOF1 and NHC-MOF3, as minimal conversions were observed at room
temperature. However, thermal activation at 60 °C was observed with conversions of 75 % and 10 %,
respectively. It was hypothesized that a catalytic activity could be gained due to newly formed surfaces
of the cracked MOF by ultrasonication, causing an at least partial destruction of the MOF structure to
obtain Cu(l). This hypothesis was supported by PXRD, revealing a collapse of its crystalline structure
in the case of NHC-MOF1 and the appearance of new peaks at higher 20 values, indicating the
formation of CuH. Due to oxidation over time, the mechanochemical activity of NHC-MOF1 could
not be reproduced until sodium ascorbate, a reducing agent, had been added to the sonication mixture.
As the use of reducing agents in the bulk system was not planned, NHC-MOF1 was excluded from
further consideration and the focus was shifted to NHC-MOF3 (Figure 57).

SEM and AFM images of post-sonicated NHC-MOF3 confirmed the partial destruction of the larger
NHC-MOF structures into smaller, disordered particles. Additionally, the appearance of additional
signals in the '"H NMR spectrum after sonication suggested the decomposition of NHC-MOF3 and
additionally the NHC itself. The TGA before and after sonication showed a significant mass difference
at 500 °C, indicating that the posts-sonication NHC-MOF3 mostly consisted of decomposed organic
material, likely the ligand itself, additionally confirming the hypothesis. Consequently, NHC-MOF3
was selected for further experimentation in a thermoplastic polyurethane (TPU) matrix to investigate
mechanochemical activation in bulk, as it seemed to be the most promising candidate based on its
activation potential (see Figure 57B).

To investigate the mechanochemical activation of NHC-MOF3 in bulk, thermoplastic polyurethane
(TPU) was developed over three stages, enabling a simple tunability of mechanical properties by
varying the hard/soft segment ratios within the TPU. The soft segment consisted of o, w-telechelic
bis(hydroxy) pTHF and half of the added MDI (Msor = 3150.26 g mol ™), while the hard segment
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consisted of BDO as well as the other half of added MDI (Mhara = 340.38 g mol ™). DBU was used as a
catalyst in the polyaddition reaction to form a supramolecular crosslinked network based on strong
hydrogen bonding among the urethane linkages, and pi-pi bonding. With the MDI concentration kept
constant and the tuning of the concentration of pTHF and BDO to have a [OH:NCO] ratio of 1:1,
Young’s moduli ranging from 0.002 MPa to 0.033 MPa were obtained. This offered a possibility to test
different stiffnesses and hence the mobility for subsequent mechanochemical activation of TPU for
tensile rheology. However, the TPU30 and TPU70 proved too soft and too rigid, respectively, to be
handled and utilized. Hence, TPU50 with a Young’s modulus of 0.013 MPa was chosen for all
subsequent experiments.

In the final stage, the components required for the fluorogenic "click" reaction were embedded within
the TPUS0 matrix. The precursor dyes (8-azidonaphthalen-2-ol (13) and 3-hydroxyphenylacetylene
(14), Figure 57B) were covalently linked, while NHC-MOF3 was physically dispersed in the TPU.
This allowed for the formation of a suitable TPU material for a three-in-one approach.

The shape memory effect (SME) of TPUS50 was investigated through oscillating tensile rheology over
20 cycles of stretching. It demonstrated high shape memory efficiency and recovery efficiency,
indicating that mechanochemical activation was not influenced by changes in the TPU's physical
properties as the tensile storage modulus almost regained to its original value before the beginning of a
new cycle. The catalytic activity of NHC-MOF3 was tested within TPUS50 by applying mechanical
force using extensional oscillating rheology. The fluorescence intensity of the highly fluorescent
8-(4-(3-hydroxyphenyl)-1,2,3-triazol-1-yl)naphthalen-2-ol dye (15), formed by the conversion of the
precursor dyes via CuAAC (Figure 57B), was measured with fluorescence spectrometry. Based on
calibrations performed in the absence of NHC-MOF3, a linear fit equation was determined. The
measured fluorescence intensities were then plugged into the equation to calculate the conversion,
taking the sample thickness into consideration as the calibration was performed only for 0.5 mm
thicknesses and the thickness of a sample affects its fluorescence intensities. An initial experiment
showed a successful increase of 12 percentage points. However, subsequent experiments exhibited a
curious trend of decreasing fluorescence after stretching. Changes in sample thickness were ruled out
as a probable cause as the change of thicknesses before and after stretching were only slight and should
not affect the fluorescence intensities.

The ageing of the system was considered as the possible issue, requiring detailed scrutiny. To investigate
the effect of NHC-MOF3, an experiment was conducted with the calibration sample representing 50 %
conversion. However, it showed a similar trend of decreasing fluorescence. Furthermore, it was also
noted that the conversion of the sample had decreased before the stretching, indicating that NHC-
MOF3 was not responsible for the observed trend. Hence, ageing of the TPU or the precursor dyes
became the primary suspects. To address this, a new TPUS50 foil was synthesized, and a stretching
experiment was conducted immediately to negate any ageing effects. After 20 cycles of stretching, an
increase of 2 percentage points was observed. The difference in the increase of percentage points,
compared to the very first stretching experiment, was attributed to the different methods of dispersing
the NHC-MOF. The different dispersion methods caused the NHC-MOF3 particles to be ~6 times
larger than those in the first sample, and hence they could not be dispersed as effectively. Consequently,
the discrepancy in dispersion likely influenced the conversion results. With the ageing question
persisting, DSC was conducted before and after stretching. WAXD measurements were also conducted
for an unstretched foil over a three-month period. However, no changes were observed in the TPU
crystallinity using both methods, and hence ruled out as the problem. The next suspect were the
precursor dyes, particularly (13) (Figure 57B), which had previously shown deterioration when stored
in ambient conditions. A visual observation of the calibration samples (after almost six months from
synthesizing) showed a browning of the samples compared to the fresh foils which were transparent
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and colourless. The higher colouration of the TPU50 foil with the highest concentration of (13) further
supported the theory of deterioration of it over time within the TPU samples. In the most basic of cases,
the darkening of a solid sample causes it to absorb more incident (excitation) light, leading to reduced
fluorescence emission.
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Figure 58. Illustrative depiction of the stretching regions describing the areas on which fluorescence
spectrometry was conducted in a dumbbell-shaped TPU50 sample on A) the Front-Side (FS) and the
B) Back-Side (BS). C) Certain areas of the TPUs showed higher florescence on receiving higher stress,
assisting in pin-pointing specific areas within the TPU with an increased risk of material failure.

Despite the challenges faced, it can be concluded that a successful three-in-one system was achieved.
The TPU displayed shape memory effect, while Cu(l) catalysis occurred within the bulk system, leading
to the formation of the fluorescent dye (15). In terms of achieving a fluorogenic stress sensor system,
stretching experiments demonstrated quantifiable fluorescence upon application of mechanical force.
Furthermore, observations show that stretching experiments not only induced stress which resulted in
an increase of fluorescence, but additionally the areas of the TPU receiving higher stress showed higher
fluorescence, assisting in pin-pointing specific areas within the TPU with an increased risk of material
failure (Figure 58). This supports the use of the tested material as a fluorogenic stress sensor, as the
stress history is stored in the material through the generated fluorescence.
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S EXPERIMENTAL PART

5.1 Methods

Nuclear magnetic resonance (NMR) spectra were measured on a Gemini 2000 FT-NMR spectrometer
by Varian and deuterated solvents were used for the measurements. The chemical shifts are given in
parts per million (ppm) and referred to the remaining solvent signals of THF-ds at 1.73 and 3.58 ppm
('H NMR), DMSO-ds at 2.50 ppm (‘H NMR) and 39.5ppm (**C NMR), CDCl; at 7.26 ppm and
DCM-d; at 5.34 ppm. The obtained spectra were analysed using MestReNova (14.0).

Analytic GPC was performed on a Viscotek GPCmax VE 2002 using a column set of a HurH Guard-
CLM3008 and a GMHpur-N-18055 main column in tetrahydrofuran (THF) with a flow rate of 1 ml min™!
and a column temperature of 22 °C. Detection was accomplished by refractive index with a VE 3580
RI detector of Viscotek at 35 °C. External calibration was done using polystyrene (PS) standards with
a molecular weight range from 1,050 to 115,000 g mol™ were used.

Fourier-transform infrared spectroscopy measurements were done on a Bruker Tensor VERTEX 70
spectrometer and Opus 6.5 was used for data analysing. For attenuated total reflection-infrared (ATR-
FTIR), a Golden Gate Heated Diamond ATR Top-plate was equipped while in the case of KBr
measurements (FT-IR-KBr), the KBr pellet method of preparation was used.

Differential scanning calorimetry (DSC) was performed on a differential scanning calorimeter
204F1/ASC Phoenix from Netzsch (Selb, Germany). Crucibles and lids made of aluminium were used.
Measurements were performed in a temperature range of —100 °C to 180 °C from using a heating rate
of 10 K min™'. As purge gas, a flow of dry argon or nitrogen was used. For evaluation of data, the Proteus
Thermal Analysis Software (Version 5.2.1, NETZSCH-Geraetebau GmbH, Selb, Germany, 2011) was
used.

ESI-ToF MS measurements were performed using a Bruker Daltonics microTOF. The sample was
dissolved in HPLC grade solvents. All spectra were obtained by means of direct injection with a flow
rate of 180 uL h! in either the positive or negative mode with an acceleration voltage of 4.5 kV.
Thermogravimetric Analysis (TGA) measurements were performed on a TGA Netzsch T210.
Measurements were done under a flow of nitrogen (20 mL min') and a heating rate of 10 K min'in
the range 40-600 °C.

Atomic force microscopy (AFM) measurements were performed using a nanosurf CoreAFM with
Tap190AI-G Cantilevers in the phase-contrast mode. The samples were dispersed in milipore water at
concentrations of 50 ug mL™. The dispersion was dropped on the mica surface, incubated for 60 s and
removed with a soft tissue before measurements. Images were created using Gwyddion 2.53
(freeware, http://gwyddion.net/).

Scanning electron microscopy (SEM) measurements were performed with Zeiss Gemini 500.
Ultrasonication experiments were conducted in a 10 mL reaction vessel with two additional side necks
attached to a VCX 500 ultrasonic processor (Sonics & Materials, CT, USA) equipped with a long full-
wave solid probe and an internally threaded stainless-steel adapter. To the mixture, successive cycles of
pulsed ultrasound with a frequency of 20 kHz using 30 % of the maximal amplitude of 125 um was
applied, thus applying an energy of 20 kJ per sonication cycle, which corresponded to a sonication
intensity of 8.34 W ¢cm™. This was accomplished with a sequence of 5 s pulse and 10 s break for 30 min
were applied (90 min total). Each cycle was followed by a rest time of 45 min.

Powder X-Ray Diffraction (PXRD) measurements were carried out on a STOE STADI-P
diffractometer equipped with a sealed Cu X-ray tube, a germanium (111) monochromator crystal (A(Cu-
Kal) = 154.060 pm) and a Dectris MYTHEN 1k detector. Samples were grinded with a agate mortar,
filled in glass capillaries (Hilgenberg, outer diameter 0.5 mm) and measured in Debye-Scherrer mode.
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Data handling was done with STOE WinXpow software [STOE & Cie GmbH, WinXpow Version
3.5.0.2, Darmstadt 2018.]

Flame Atomic Absorption Spectrometry (FAAS) measurements were carried with Analytik Jena
novAA® 350 atomic absorption spectrometer (Analytik Jena GmbH, Jena, Germany) with a slit width
of 1.4 mm for Cu, with a 5 mA Cu hollow cathode lamp (Heraeus, Hanau, Germany) operating at 324.8
nm. Slit width for measurement of Zn was 0.5 mm using a 5 mA Zn hollow cathode lamp at 213.9 nm.
Samples were atomized using an acetylene/air gas mixture (C/O ratio 0.075) with a constant flow of 50
L h''. For sample preparation, exactly weighed catalyst powders were reduced to ashes at 550 °C for 20
h. Residues were taken up in 10 mL of 20 % nitric acid, transferred into a 100 mL volumetric flask and
filled up using double-distilled water. Resulting samples were directly injected in the AAS or if
necessary, after dilution with 2 % nitric acid. Quantitation was realized via external calibration. Here,
stock solutions between 1.0 and 5.0 mg L' were evaluated in triplicate (AAS standard solution, Rotistar,
Carl Roth GmbH, Karlsruhe, Germany). Calibration curves were generated by linear regression.
Rheology was performed on an oscillatory plate rheometer MCR 301/SN 80753612 from Anton Paar
(Graz, Austria). All measurements were performed using a PPO8 measuring system (parallel plated,
diameter 8 mm). Oscillatory frequency sweep was conducted with 5 % strain and frequency range from
100 to 0.1 Hz with a decadal logarithmic ramp of 5 pt/dec.

Extensional oscillatory and rotational rheology experiments of thin films were conducted on Anton
Paar (Physica) MCR 101/SN 80753612 via Universal Extensional Fixture (UXF) at 25 °C. Therefore,
the films were cut into a dumbbell shape (containing Cu = 6 mol% of 8-azidonaphthalen-2-ol (13)/3-
hydroxyphenylacetylene (14)) were fixed in the UXF sample holder and subjected to oscillating stretch
experiments. To investigate the shape memory effect of the TPU and the mechanochemical activation
of the Cu(I) bis(NHC) catalysts within TPU,**?! the frequency was set at 0.5 Hz while keeping the
deformation at € = 40 %.

Fluorescence measurements were carried out in the bulk state on a Cary Eclipse fluorescence
spectrometer of Agilent, fixing the samples with a solid sample holder. Emission spectra were recorded
in fluorescence mode after excitation at 377 nm and collecting between 390 nm to 650 nm with a
maximum at 458 nm and repeated at least three times at different positions per side. The selected voltage
was 585 V.

Sample Cutting of the TPU films into dumbbell shaped samples was done with hydraulic cutting press
in accordance with DIN 53504 type 3a/ISO 37 type 3.

Wide-angle X-ray diffraction (WAXD) measurements were performed in transmission mode using a
SAXSLAB laboratory setup (Retro-F) equipped with an AXO microfocus X-ray source and an AXO
multilayer X-ray optic (ASTIX) as monochromator for Cu Ka radiation (A = 1.54 A). A DECTRIS
PILATUS3 R 300K detector was used to record the 2D scattering patterns. The 2D WAXD pattern were
integrated via SAXSGUI in order to obtain 1D WAXD pattern. The sample to detector distance was
about 10 cm. A twin pinhole system was used for the measurements with an aperture size of about 0.9
mm and 0.4 mm.

5.2 Cu(I) NHCs as Catalysts for Cyclopropanation
5.2.1 Cu(l)-Catalysed Cyclopropanation of Poly(isoprene) with Diazoacetates

All reactions were carried out under inert conditions using common Schlenk techniques and all solvents
were degassed freshly by at least three freeze-pump-thaw cycles prior use. Poly(isoprene) (6 g;
corresponding to 88.0 mmol functional groups; M; Grc.cor = 2900 g mol™!, DP = 42) were dissolved in
dry solvents (1,2-DCE, cyclohexane, DCM or THF). The copper(I) catalysts (Cat. 1/2) (0.05 eq. per
double bond (DB), 4.5 mmol) were added as a solution. If the reaction solvent was cyclohexane, the
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catalysts were added in DCM (minimum volume required to solubilize the catalyst) which was later
removed by vacuum. Subsequently, the diazoacetate (DA) (EDA (4)/+-BDA (5), 2 eq. per DB, 180
mmol) was added as diluted solution in the appropriate solvent (either 1,2-DCE, DCM, THF or
cyclohexane) by a dropping funnel over a period of 4 h. A water bath at RT was used to keep the
exothermicity in check. The final total volume of the solvents was based on the concentrations of 1.3
wt.%, 10 wt.%, 15 wt.% or 20 wt.% of PI, as desired. The reaction was stirred for 48 h at room
temperature. Unless the reaction was conducted in cyclohexane, the solvent was removed under vacuum
and the contents of the flask were re-solubilized in cyclohexane. The crude product was purified by
precipitating thrice in cold methanol (-50 °C), collected, and dried in high vacuum giving (6/7) in 60-
65 % yields.

For EDA modified PI (6) =

PDI=1.1.

'"H NMR (400 MHz, CDCl;) 6 5.10 (dt, /= 15.0, 6.4 Hz, 29H), 4.80 — 4.63 (m, 7H), 4.09 (dqt, J=9.7,
7.2,3.1 Hz, 17H), 2.03 (q, J = 15.7, 12.3 Hz, 110H), 1.67 (d, J = 7.6 Hz, 69H), 1.58 (s, 15H), 1.28 —
1.18 (m, 32H), 0.88 (t, J = 6.6 Hz, 3H).

For +~-BDA modified PI (7) =

M, Grccorr = 3200 g mol ™!, PDI = 1.1.

'"H NMR (400 MHz, CDCls) 6 5.11 (dt, J = 14.9, 6.4 Hz, 37H), 4.79 — 4.63 (m, 8H), 2.12 — 1.94 (m,
151H), 1.68 (s, 74H), 1.64 (d, J=11.8 Hz, 13H), 1.44 (s, 17H), 0.88 (t, J = 6.7 Hz, 3H).

ATR-FTIR: v (cm™) = 2960 (s), 2925 (s), 2853 (s), 1720 (m, vco), 1645 (w), 1445 (s), 1375 (s), 1145
(s), 1085 (w), 858 (m), 836 (m), 672 (m), 625 (s), 534 (s), 464 (s).

5.2.2  Determination of Percentage Modification of Cyclopropanation

Virgin PI
2

5.10 ppm
1
4.80 - 4.63 ppm
2

Modified PI COLCHCH; 3 H

n

3 l]U ppm h m cis-1,4-poly(isoprene)

CO,CH,CHs 1.68 ppm
4.09 ppm 3 &
3

m

4.80—4.63 ppm trans-1,4-poly(isoprene)
1.60 ppm

2

5.2 5.0 4.8 4.6 4.4 4.2 4.0 3.8 1.72 1.69 1.66 1.63 1.60 1.57 1.54

Figure 59. '"H NMR spectra of A) a virgin predominantly cis-1,4-PI (3) and a modified PI (6), and B)
peaks assigned to cis-1,4-PI and frans-1,4-PlL.

The percent modification of all cyclopropanations was determined using the relative integrals in

"H NMR spectra as indicated in Figure 59, which show the modification of PI (3) with EDA (4). The
spectra show the changes before and after modification, with the peaks at 5.10 ppm and 4.80-4.63 ppm
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assigned to 1,4-poly(isoprene) and 3.,4-poly(isoprene), respectively, as well as the new peak at 4.10 ppm
after modification belonging to the methylene protons of the -CO,CH>CH; moiety of the
cyclopropane.['?!]

5.2.3 Cu(l)-Catalysed Decomposition of Ethyl Diazoacetate (EDA)

All reactions were carried out in a glovebox and the DCM-d, was opened and used as obtained inside
the glovebox. The Cu(l) catalyst (Cat. 1 = 10.8 mg/ Cat. 2 = 9 mg) (1 eq.) was added to a glass vial
and dissolved in DCM-d> (0.2 mL). Subsequently, the EDA (4) (40 eq.) was added dropwise. The
reaction was stirred for 24 h at room temperature after which samples were collected and sent for NMR.
For Cat. 1 - '"H NMR (400 MHz, DCM-d5) & 6.82 (s, 1Hyuns), 6.23 (s, 1Heis), 4.22 (dq, J =9.7, 7.1 Hz,
4H), 1.36 — 1.16 (m, 6H).

For Cat. 2 - 'H NMR (400 MHz, DCM-d) § 6.81 (s, 1Hyans), 6.23 (s, 1Hai), 4.22 (dq, J=9.8, 7.1 Hz,
4H), 1.36 — 1.14 (m, 6H).

5.2.4  Deprotection of Cyclopropanated Poly(isoprene)

The deprotection of (7*) (0.2 g; 0.0625 mmol; M, Grccor = 3200 g mol!, DP = 42; corresponding to
3 mmol functional groups) was accomplished treating a solution of (7*) in DCM (5 mL) with
trifluoroacetic acid (TFA) (8) (30 mmol) under vigorous stirring for 24 h. The solvent and remaining
TFA were removed under vacuum. The crude product was dissolved in cyclohexane and precipitated
into cold methanol (-50 °C) for at least three times. The final product (9*) was obtained after drying in
high vacuum.

ATR-FTIR: v (cm™) = 3370 (w, von), 2925 (s), 2865 (s), 1778 (m), 1700 (m, vco), 1455 (m), 1375 (m),
1217 (m), 1167 (m), 1026 (m).

5.3 Cu(I) NHCs as Mechanocatalysts within Metal-Organic Frameworks (MOFs)
5.3.1 Synthesis of N,N-Bis(4-carboxyphenyl)ethylenediimine (L1”)

The synthesis was conducted according to the described literature with slight modifications. 4"

NH,
40% Glyoxal 0 e}
i @N\ /N©_<
Formic Acid (Cat.) HO 7 OH
0O~ OH

Scheme 18. Synthesis of N, N'-bis(4-carboxyphenyl)ethylenediimine (L1°).

In 30 mL methanol, 4-aminobenzoic acid ((LL1”), 10 g, 2.0 eq.) was dissolved. To this solution, 10 drops
of formic acid were added, followed by a dropwise addition of glyoxal (40 % aqueous solution, 4 mL,
1.0 eq.). After stirring the solution for 48 h at room temperature, the formed precipitate was collected
using vacuum filtration. It was then washed with cold methanol (stored at 2 °C for 60 min) and dried,
first in air and then under high vacuum to obtain the product (yield: 6.53 g, 63 %). It was used as
obtained without further purification.
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5.3.2  Synthesis of 1,3-Bis(4-carboxyphenyl)imidazolium chloride (L1)

The synthesis was conducted according to the described literature with slight modifications. 4"

0 0 Paraformaldehyde O =\ 0
O - OO

12N HCI
Scheme 19. Synthesis of 1,3-Bis(4-carboxyphenyl)imidazolium chloride (L1).

Paraformaldehyde (635 mg, 21.16 mmol,1.25 eq.) was dissolved in 12 N HCI (2.1 mL, 25.33 mmol,
1.5 eq.) in dioxane (4 mL). This solution was added dropwise to a solution of L1’ (5 g, 16.9 mmol)
dissolved in anhydrous THF under argon atmosphere at 0 °C. The reaction mixture was then stirred at
room temperature for 24 h. The precipitated light pink solid was collected by vacuum filtration, washed
with THF and then with diethyl ether, and subsequently dried in vacuum (yield: 3.5 g, 67 %).

'H NMR (500 MHz, DMSO-d;, 8): 13.31 (s, 2H), 10.62 (s, 1H), 8.69 (d, J = 1.7 Hz, 2H), 8.22 (d, J =
8.3 Hz, 4H), 8.08 (d, J = 8.2 Hz, 4H).

13C NMR (126 MHz, DMSO-ds, 8): 166.60, 138.14, 135.92, 132.57, 131.62, 131.57, 122.59, 122.41.
ESI-TOF m/z: (positive mode, MeOH, m/z) [M]" calc. for Ci7H3N204, 309.0870; found 309.0821.
IR (KBr): v=>521 cm™ (w), 626 cm™ (w), 652 cm™ (w), 690 cm™ (w), 769 cm™! (m), 793 cm™ (w), 850
cm! (m), 895 cm™ (w), 952 cm™! (w), 1015 cm™ (w), 1069 cm™! (w), 1112 cm™ (w), 1176 cm! (m), 1236
cm! (s), 1337 ecm! (w), 1392 cm™ (m), 1432 cm™ (w), 1553 cm™! (m), 1609 cm™! (m), 1710 cm! (s),
2364 cm! (w), 2458 cm™ (w), 2598 cm™! (w), 2822 cm™! (m), 2975 cm! (m), 3122 cm™! (m), 3433 cm’!
(w).

5.3.3  Synthesis of Methyl 4-Aminobenzoate (Me-L1”)

5.3.3.1 Using Methanesulfonic Acid

Q
HO-S—CHj

o i 0
OH MeOH, 80 °C 0—
reflux

Scheme 20. Synthesis of methyl 4-aminobenzoate (Me-L1”) using methanesulfonic acid.

4-Aminobenzoic acid (5.0 g, 36.46 mmol) was dissolved in MeOH (50.0 mL) and subsequently catalytic
amounts of methanesulfonic acid were added. The mixture was refluxed for 48 h at 80 °C after which
a white powder could be seen deposited on the walls of the flask. The powder was then vacuum filtered
and washed with cold MeOH to obtain methyl 4-aminobenzoate (Me-L1”) in 46 % yield. Though the
synthesis was successful, the low yield motivated a change of acid and hence another synthesis with
concentrated H,SO4 was attempted.

5.3.3.2  Using Concentrated H>SOq

0 Conc. HySO4 0
—>
H,N H2N—©—/<
OH MeOH, 80 °C 0O—
reflux

Scheme 21. Synthesis of methyl 4-aminobenzoate (Me-L1”) using concentrated H,SOs.
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The synthesis was conducted according to the described literature with slight modifications.[**!

To a solution of 4-aminobenzoic acid (10 g, 0.073 mol) in methanol (160 mL), H>SO4 (21.45 g, 0.218
mol) was added dropwise. The reaction mixture was stirred at 80 °C for 24 h under argon atmosphere
after which white solid could be observed deposited on the flask walls. After the reaction mixture was
cooled to room temperature, it was neutralized with 10 M NaOH solution until neutral pH was observed
on pH strips. The solid was filtered and washed with methanol. The filtrate was concentrated under
reduced pressure. The crude product was diluted with water and the aqueous layer was extracted three
times with ethyl acetate. The combined organic layers were washed with brine, dried over MgSO4 and
filtered. Solvent was removed under reduced pressure to afford the product in 94 % yield.

'H NMR (400 MHz, DMSO-ds)  7.65 — 7.62 (m, 2H), 6.58 — 6.55 (m, 2H), 5.95 (s, 2H), 3.73 (s, 3H).
13C NMR (101 MHz, DMSO-ds) § 166.34, 153.47, 131.05, 115.73, 112.65, 51.10

ESI-TOF m/z: (positive mode, MeOH (1 mL) + formic acid (1 pL), m/z) [M+H]" calc. for CsHoNO,,
152.0706; found 152.0705.

IR (KBr): v=508 cm™ (w), 613 cm™ (w), 639 cm™ (w), 700 cm™ (w), 771 cm™ (m), 843 cm™ (w), 973
cm! (w), 1118 cm™ (m), 1175 cm™ (m), 1199 cm™! (m), 1287 cm! (s), 1315 cm™! (m), 1436 cm™ (s),
1514 cm™ (m), 1598 cm™! (s), 1638 cm™! (m), 1686 cm™! (s), 2942 cm! (w), 3228 cm™! (m), 3340 cm’!
(m), 3411 cm™ (m).

5.3.4 Synthesis of Dimethyl 4,4'-(((1E,2E)-ethane-1,2-diylidene) Bis(azaneylylidene)) Dibenzoate

(Me-L1%)
NH,
40% Glyoxal : :
Formic Acid (Cat y —©O
o~ o 35°C

I
Scheme 22. Synthesis of dimethyl 4,4'-(((1E,2E)-ethane-1,2-diylidene) bis(azaneylylidene))
dibenzoate (Me-L1°).

In 15 mL methanol, methyl 4-aminobenzoate ((Me-L1”), 0.5 g, 3.3 mmol, 2.0 eq.) was dissolved. To
this solution, 10 drops of formic acid were added, followed by a dropwise addition of glyoxal (40 %
aqueous solution, 0.2 mL, 1.7 mmol, 1.0 eq.). After stirring the solution for 48 h at 35 °C, the formed
precipitate was collected using vacuum filtration. It was then washed with cold methanol (stored at 2 °C
for 60 min) and dried, first in air and then under high vacuum to obtain the product (yield: 0.38 g, 68 %).
It was used as obtained without further purification.

5.3.5 Synthesis of 1,3-Bis(4-(methoxycarbonyl)phenyl)-1H-imidazol-3-ium Chloride (MeL1)

0 0 Paraformaldehyde 0 /\ 0
_OH:} { >—/< g T}v“% Ho_
Cl

12N HCl
Scheme 23. Synthesis of 1,3-bis(4-(methoxycarbonyl)phenyl)-1H-imidazol-3-ium chloride (MeL1).
Paraformaldehyde (21.0 mg, 0.70 mmol, 1.25 eq.) was dissolved in 12 N HCI (72.0 uL, 0.83 mmol,
1.5 eq.) in dioxane (0.15 mL). This solution was added dropwise to a solution of Me-L1” (0.18 g,
0.55 mmol) dissolved in anhydrous THF (3.5 mL) under nitrogen atmosphere at 0 °C. The reaction
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mixture was then stirred at room temperature for 48 h. The precipitated solid was collected by vacuum
filtration, washed with THF and then diethyl ether, and then dried under vacuum (yield: 0.11 g, 61 %).

'H NMR (500 MHz, DMSO-ds) § 10.76 (s, 1H), 8.74 (d, J = 1.5 Hz, 2H), 8.28 — 8.22 (m, 4H), 8.19 —
8.13 (m, 4H), 3.94 — 3.90 (m, 6H).

13C NMR (126 MHz, DMSO-ds) 6 164.22, 137.05, 134.71, 130.08, 129.88, 121.34, 120.99, 51.609.
ESI-TOF m/z: (positive mode, MeOH (1 mL), m/z) [M]" calc. for C1oH;7N204, 337.1183; found
337.1234.

IR (KBr): v =508 cm™ (w), 622 cm™ (w), 688 cm™ (w), 766 cm’! (s), 829 cm™! (w), 862 cm™! (m), 965
cm! (m), 1016 cm™ (m), 1070 cm™ (m), 1121 cm™ (s), 1195 ecm™ (m), 1258 cm™ (s), 1305 cm™! (s),
1436 cm™ (m), 1554 cm™! (s), 1607 cm™ (m), 1702 cm! (s), 1724 cm! (s), 1943 cm™! (w), 2149 cm’!
(w), 2853 cm! (m), 2893 cm™! (m), 2954 cm™ (m), 3106 cm! (m), 3168 cm™ (m), 3408 cm™ (w)

5.3.6  Synthesis of 4-Aminocinnamic Acid (L2”) from 4-Nitrocinnamic Acid

02N~©—\\_<o Zn dust, MeOH H2N<©_\\_<O
%

OH Hydrazine Hydrate OH

Scheme 24. Synthesis of 4-aminocinnamic acid (L2”) from 4-nitrocinnamic acid.!*”)

A suspension of 4-nitrocinnamic acid (1.93 g, 10 mmol) and Zn dust (11.3 g, 20 mmol) in methanol
(10 mL) was stirred under N, with hydrazine hydrate (55 %, 10 mL) at RT. After 10 h of reaction, it was
filtered through celite. The organic layer was evaporated, and the residue was dissolved in CHCls. It
was then washed with brine (saturated NaCl) to remove excess hydrazine hydrate. The organic layer
was evaporated and dried to try to obtain the desired product. However, no product was obtained.

5.3.7 Synthesis of (2E,2'E)-3,3'-((((1E,2E)-ethane-1,2-diylidene) Bis(azaneylylidene)) Bis(4,1-
phenylene))diacrylic Acid (L2”)

40% Glyoxal
O
O o OO
oH Formic Acid (Cat ) HO OH

Scheme 25. Synthesis of (2E,2'E)-3,3'-((((1E,2E)-ethane-1,2-diylidene) bis(azaneylylidene)) bis(4,1-
phenylene))diacrylic acid (L2”).

In 10 mL methanol, 4-aminocinnamic acid ((L2”), 3.0 g, 2.0 eq.) was dissolved. To this solution, 10
drops of formic acid were added, followed by a dropwise addition of glyoxal (40 % aqueous solution,
1.1 mL, 1.0 eq.). After stirring the solution for 48 h at room temperature, the formed precipitate was
collected using vacuum filtration. It was then washed with cold methanol (stored at 2 °C for 60 min)
and dried, first in air and then under high vacuum to obtain the black solid product (yield: 0.98 g, 47 %).
It was used as obtained without further purification while showing major solubility issues.

IR (ATR): v =535 cm™ (w), 674 cm™ (w), 828 cm™ (w), 981 cm™ (w), 1017 em™ (w), 1177 cm™ (s),

1264 cm™ (m), 1307 cm™ (m), 1379 ecm™ (m), 1418 cm™ (m), 1514 cm™ (s), 1598 cm! (s), 1631 cm’!
(s), 1686 cm™ (s), 2583 cm™ (w), 2926 cm™! (m), 3036 cm™ (m), 3398 cm™! (m)
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Table 16. The solubility status of L2’ tested with different solvents.

Solubility
Ent Solvent Solubility Status Ent Solvent Status
1 THF No 7 H,0 No
2 MeOH No 8 DCM No
3 CHCL; No 9 HFIP No
4 DMSO Yes, partially 10 EtAc No
5 DMF No 11 Hexane No
6 Toluene No
5.3. Synthesis of 1,3-Bis(4-((E)-2-carboxyvinyl)phenyl)-1H-imidazol-3-ium Chloride (L2)
>\_/_©, \ Q_Paraformaidehyde o >_//_©,+NC_/\N4©_\\_/<O
12N HCI HG Cl OH

Scheme 26. Synthesis of 1,3—bls(4—((E)—2—carb0xyv1nyl)phenyl)—1H—imidazol—3—ium chloride (L2).

Paraformaldehyde (33.0 mg, 1.13 mmol, 1.25 eq.) was dissolved in 12 N HCI (45 pL, 1.36 mmol,
1.5 eq.) in dioxane (80 pL). This solution was added dropwise to a solution of L2’ (0.32 g, 0.91 mmol)
dissolved in anhydrous THF under argon atmosphere at 0 °C. The reaction mixture was then stirred at
room temperature for 24 h. The precipitated brownish-black powder was collected by vacuum filtration,
washed with THF and then diethyl ether, and then dried in vacuum. However, the powder was insoluble
in most solvents and hence characterization with NMR or ESI-TOF was not possible.

IR (KBr): v= 1589 cm™ (w), 671 cm™ (w), 802 cm™ (w), 872 cm™! (w), 1024 cm™ (w), 1097 cm™ (w),
1158 cm™ (w), 1262 cm! (w), 1402 cm™ (w), 1459 cm™ (m), 1509 cm™! (m), 1542 cm™ (m), 1560 cm’!
(m), 1636 cm™ (m), 1870 cm™ (w), 2342 cm! (m), 2364 cm™! (m), 2853 cm! (m), 2923 cm! (m), 2960
cm’! (m), 3434 cm’! (s).

5.3.9 Synthesis of Methyl (E)-3-(4-aminophenyl)acrylate (Me-L2")

TMSCI
HZ“%;>_\\_/<O - HZNO_\\_{O
oH MeOH, RT o
Scheme 27. Synthesis of methyl (E)-3-(4-aminophenyl)acrylate (Me-L2").

The synthesis was conducted according to the described literature with slight modifications.[**®!

L2” (5.00 g, 30.64 mmol) was mixed in methanol (50 mL) in a two-neck flask round bottom flask under
nitrogen, to obtain a mixture in suspended state. TMSCI (7.6 mL, 60 mmol, 2 eq.) was added dropwise
with constant stirring at room temperature. The mixture became clear after complete addition of TMSCI
and after some time the solid started separating out. The mixture was stirred for 24 h at room
temperature. The solvent was evaporated, and crude sample was dried under vacuum. Thus, prepared
compound was treated with ammonia and the compound was extracted with ethyl acetate. The collecting
ethyl acetate organic layer was dried over MgSQy, and it was then evaporated. Thus, compound obtained
was found to be Me-L2” (yield: 5.3 g, 97 %). TLC analysis (CH.Cl,/MeOH, 13:1)
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'H NMR (400 MHz, DMSO-ds)  7.48 (d, J= 15.8 Hz, 1H), 7.41 — 7.33 (m, 2H), 6.60 — 6.49 (m, 2H),
6.22 (d,J=15.8 Hz, 1H), 5.75 (s, 2H), 3.67 (s, 3H).

13C NMR (101 MHz, DMSO-ds) 6 167.38, 151.57, 145.54, 130.19, 121.22, 113.53, 110.56, 50.96.
ESI-TOF m/z: (positive mode, MeOH (1 mL) + formic acid (1 pL), m/z) [M+H]" calc. for CioH1iNO»,
178.0863; found 178.0859.

IR (KBr): v =520 cm! (m), 579 cm™ (w), 825 cm™ (m), 978 cm™ (m), 1012 cm™ (w), 1173 cm! (s),
1307 em™ (s), 1328 cm™ (m), 1434 cm! (s), 1515 ecm™ (s), 1594 cm™ (s), 1625 cm! (s), 1690 cm™! (s),
2948 cm! (w), 3222 cm™! (w), 3355 cm’! (s), 3444 cm™! (m)

5.3.10 Synthesis of Dimethyl 3,3'-((((1E,2E)-ethane-1,2-diylidene) bis(azaneylylidene)) bis(4,1-
phenylene))(2E,2'E)-diacrylate (Me-L2”)

40% Glyoxal
OM_Q " //NO_\\_.{O
_ Formic A01d (Cat.) -G o—
35°C

Scheme 28. Synthesis of dimethyl 3,3'-((((1E,2E)-ethane-1,2-diylidene) bis(azaneylylidene)) bis(4,1-
phenylene))(2E,2'E)-diacrylate (Me-L2’).

In 15 mL methanol, methyl-4-aminocinnamate ((Me-L2), 0.5 g, 3.0 mmol, 2.0 eq.) was dissolved. To
this solution, 10 drops of formic acid were added, followed by a dropwise addition of glyoxal (40 %
aqueous solution, 0.16 mL, 1.5 mmol, 1.0 eq.). After stirring the solution for 48 h at 35 °C, the formed
precipitate was collected using vacuum filtration. It was then washed with cold methanol (stored at 2 °C
for 60 min) and dried, first in air and then under high vacuum to obtain product (yield: 0.37 g, 66 %).
It was used as obtained without further purification.

ESI-TOF m/z: (positive mode, THF, m/z) [M] calc. for C22H20N2Os, 376.1418; found 376.2739.

IR (KBr): v=516 cm™ (w), 821 cm™ (s), 859 cm™ (w), 981 cm! (s), 1066 cm™ (s), 1168 cm™! (s), 1267
cm’! (s), 1365 cm™ (s), 1435 cm™ (s), 1516 cm™ (s), 1600 cm! (s), 1709 cm™! (s), 2363 cm™ (w), 2838
cm! (w), 2947 cm! (m), 2993 cm! (m), 3357 cm™! (m)

5.3.11 Synthesis of 1,3-Bis(4-((E)-3-methoxy-3-oxoprop-1-en-1-yl)phenyl)-1H-imidazol-3-ium
chloride (Me-L2)

=\
Paraformaldehyde fe) N._N 0]
O>_//_Q Ny //NQ_MO — C Y \

—0 oO— 12N HCl1 —O0 Cl o—
Scheme 29. Synthesis of 1,3-bis(4-((E)-3-methoxy-3-oxoprop-1-en-1-yl)phenyl)-1H-imidazol-3-ium
chloride (Me-L2).

Paraformaldehyde (15.0 mg, 0.6 mmol, 1.25 eq.) was dissolved in 12 N HCI (0.06 mL, 0.7 mmol,
1.5 eq.) in dioxane (150 pL). This solution was added dropwise to a solution of Me-L2’ (0.15 g,
0.4 mmol) dissolved in anhydrous THF under argon atmosphere at 0 °C. The reaction mixture was then
stirred at room temperature for 24 h. The precipitated solid was collected by vacuum filtration, washed
with THF and then diethyl ether, and then dried in vacuum (yield: 0.12 g, 77 %).

'H NMR (400 MHz, DMF-d>) 5 10.93 (t, J = 1.7 Hz, 1H), 8.83 (d, J = 1.6 Hz, 2H), 8.29 — 8.20 (m,
4H), 8.18 — 8.10 (m, 4H), 7.83 (d, J = 16.1 Hz, 2H), 6.85 (d, J = 16.1 Hz, 2H), 3.82 (s, 6H).
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13C NMR (101 MHz, DMF-d;) & 166.89, 142.98, 136.45, 136.33, 135.51, 130.36, 122.84, 122.44,
120.49, 51.65.

ESI-TOF m/z: (positive mode, MeOH, m/z) [M] calc. for C23H21N2Os, 389.1496; found 389.1512.
IR (KBr): v =523 cm! (w), 821 cm™ (w), 983 cm™ (w), 1173 cm™ (s), 1203 cm™ (s), 1327 cm! (m),
1435 cm! (m), 1512 ecm! (m), 1549 cm! (m), 1600 cm™! (s), 1637 cm™ (s), 1709 cm™! (s), 2948 cm™!
(m), 3415 cm™ (s)

5.3.12 Synthesis of 4-(4’-Aminostilbene) Carboxylic Acid (L3”)

OH
0 Pd(OAc),, EtsN, PhsP O
O = g = /N
/ HO 2

DMF
Scheme 30. Synthesis of 4-(4’-aminostilbene) carboxylic acid (L3”).14*

4-Vinyl aniline (90 %, 3.5 g, 26.0 mmol) and 4-iodobenzoic acid (6.5 g, 26.0 mmol) were dissolved in
DMF (30.0 mL) and triethylamine (30.0 mL). The solution was refluxed in the presence of
triphenylphosphine (70.7 mg, 0.25 mmol) and palladium(II) acetate (58.32 mg, 0.25 mmol) for 48 h.
After removing the solvent, ethyl acetate (200 mL) was added, and the soluble part was extracted with
2 M hydrochloric acid solution (100 mL x 3). Neutralizing the aqueous layer with an aqueous sodium
hydroxide solution yielded a precipitate of 4-(4’-aminostilbene) carboxylic acid (yellow powder, 2.08 g,
33.0 %), while showing major solubility issues.

'H NMR (400 MHz, DMSO-d5) & 7.84 (d, J = 7.8 Hz, 2H), 7.40 (d, J = 7.9 Hz, 2H), 7.27 (d, J = 8.1
Hz, 2H), 7.10 — 6.83 (m, 2H), 6.56 (d, J = 8.1 Hz, 2H), 5.32 (s, 2H).

13C NMR (101 MHz, DMSO-ds) § 170.90, 149.28, 138.91, 129.93, 129.66, 128.08, 125.07, 123.18,
114.36.

ESI-TOF m/z: (negative mode, MeOH, m/z) [M-H] calc. for CisH13NO», 238.0863; found 238.0781.

IR (ATR): v=>531 cm™ (w), 648 cm™ (w), 697 cm™ (w), 781 cm! (w), 818 cm™! (m), 850 cm™! (m), 895
cm! (w), 962 cm™ (w), 1015 cm™ (w), 1180 cm™! (m), 1280 cm™ (m), 1386 cm™ (s), 1518 cm’! (s), 1540
cm! (s), 1574 cm! (s), 1681 cm™! (w), 2850 cm™ (w), 2923 cm™! (w), 3354 cm™! (s)

Table 17. The solubility status of L3 tested with different solvents.

Solubility
Ent Solvent Solubility Status Ent Solvent Status
1 THF No 7 1,4-dioxane No
2 MeOH Yes, partially 8 DCM No
3 CHCl; No 9 Et,0 No
4 DMSO Yes, partially 10 EtAc No
5 DMF No 11 Hexane No
6 Toluene No 12 ACN No
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5.3.13 Synthesis of 4,4'-((1E,I'E)-((((1E,2E)-ethane-1,2-diylidene) bis(azaneylylidene)) bis(4,1-
phenylene))bis(ethene-2,1-diyl))dibenzoic acid (L3’)

HzNO 40% Glyoxal o] / Q Ny NO
— PO - W
o OH

OH Formic Acid (Cat.) H
Scheme 31. Synthesis of 4,4'-((1E,1'E)-((((1E,2E)-ethane-1,2-diylidene) bis(azaneylylidene)) bis(4,1-
phenylene))bis(ethene-2,1-diyl))dibenzoic acid (L3’).

The 4-(4’-aminostilbene) carboxylic acid (L3”) was insoluble in different solvents (see Table 17) other
than in MeOH in which the solubility was partial. After making solubility tests, the solubility of L3” in
MeOH was ascertained to be 1 g per 150 mL. Hence, in 15 mL methanol, 1.3 (0.1 g, 0.4 mmol, 2.0 eq.)
was dissolved. To this solution, 10 drops of formic acid were added, followed by a dropwise addition
of glyoxal (40 % aqueous solution, 21 puL, 0.2 mmol, 1.0 eq.). After stirring the solution for 48 h at RT,
the formed precipitate was collected using vacuum filtration. It was then washed with cold methanol
(stored at 2 °C for 60 min) and dried, first in air and then under high vacuum to obtain product (yield:
0.02 g, 10 %).

'H NMR (400 MHz, DMSO-d) & 12.82 (s, 2H), 7.90 (d, J = 8.4 Hz, 4H), 7.67 (d, J = 8.5 Hz, 4H),
7.57 (d, J= 8.7 Hz, 4H), 7.35 (d, J = 16.3 Hz, 2H), 7.12 (q, J = 7.2 Hz, 4H), 4.99 (s, 3H).

13C NMR (101 MHz, DMSO-ds) § 204.15, 167.55, 149.53, 131.16, 130.20, 128.34, 126.55, 117.34,
111.57, 84.86, 54.86.

IR (ATR): v =537 cm™ (w), 597 cm™ (w), 769 cm™ (w), 815 cm™ (w), 930 cm™ (m), 1056 cm™! (m),
1182 cm™ (m), 1287 cm! (m), 1513 ecm™ (m), 1595 cm! (s), 1674 cm™ (s), 2530 cm™! (w), 2825 cm!
(w), 2931 em™ (w)

5.3.14 Synthesis of Methyl (E)-4-(4-aminostyryl)benzoate (Me-L3”)

HoN O O TMSCI HoN Q o)
2 ) - O
OH MeOH, RT o—
Scheme 32. Synthesis of methyl (E)-4-(4-aminostyryl)benzoate (Me-L3”).

The synthesis was conducted according to the described literature with slight modifications.**®!

L3” (0.5 g, 2.1 mmol) was mixed in methanol (10 mL) in a two-neck flask round bottom flask under
nitrogen, to obtain a mixture in suspended state. TMSCI (0.53 mL, 4.2 mmol, 2 eq.) was added dropwise
with constant stirring at room temperature. The stirring was continued for 5 days during which some of
the solid started separating out. The solvent was evaporated, and crude sample was dried under vacuum.
Though the compound obtained was found to be Me-L3”, the prepared compound needed further
purification. (yield: 5.3 g, 97 %). TLC analysis (CH.Cl,/MeOH, 13:1).

"H NMR (400 MHz, DMSO-ds) 6 7.92 — 7.85 (m, 2H), 7.61 (d, J = 7.9 Hz, 2H), 7.36 — 7.26 (m, 6H),
7.21 (s, 1H), 6.96 (d, J=16.6 Hz, 1H), 6.67 (s, 5H), 6.58 (s, 2H), 5.43 (s, 2H), 3.96 — 3.74 (m, 3H).
3C NMR (101 MHz, DMSO-ds) 6 171.43, 149.40, 142.98, 132.17, 129.55, 128.20, 125.69, 121.36,
113.84,51.92.

ESI-TOF m/z: (positive mode, THF:MeOH 9:1 + 1 pL formic acid, m/z) [M+H]" calc. for CicHisNO»,
254.1176; found 254.1170.
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IR (KBr): v=>572 cm™ (w),814 cm™ (w), 964 cm™ (w), 1111 cm™ (w), 1177 em™ (w), 1284 cm™ (w),
1399 cm™! (w), 1434 cm™ (w), 1514 cm! (w), 1668 cm™ (s), 2282 cm™! (w), 2852 cm™ (w), 2923 cm™!
(W), 3207 cm! (m), 3364 cm’! (s), 3436 cm™! (s)

L3” | + °
Me-L3” | T L L

Figure 60. TLC analysis of the L.3” (R¢= 0.44) and the obtained Me-L3” (R;=0.82) (CH,Cl,/MeOH,
13:1)

5.3.15 Synthesis of the NHC-based MOF

The NHC-MOFs were synthesized as per literature**! with slight modifications.

Describing Table 18, Ent 3 as an example, in a headspace vial (10 mL), L1 (120 mg, 0.35 mmol),
Zn(NO3),6H,0 (104 mg, 0.35 mmol), and [Cu(CH3CN)4]PFs (65 mg, 0.175 mmol), were combined
and dissolved in dry DMF (3 mL) in the glovebox. The vial was sealed, and the mixture was heated at
120 °C for 10 d. After 10 days, the mixture was cooled slowly (10 °C hr) till room temperature, after
which the precipitated powder was washed with fresh DMF and methanol, and then dried under vacuum
to obtain the NHC-MOF3 (Yield: 235 mg).

For Ent 6 and 7, the reaction was conducted in Teflon-lined autoclaves with procedure as described
above for Ent 3.

IR (KBr, NHC-MOF3): v = 484 cm™! (w), 523 cm™ (w), 584 cm™ (w), 624 cm™! (w), 696 cm™! (w), 725
cm! (w), 750 em™ (w), 783 cm™! (m), 844 cm™! (w), 866 cm™ (w), 951 cm™! (w), 1017 cm™! (w), 1072
cm! (w), 1184 cm™ (w), 1258 cm™ (m), 1383 cm! (s), 1553 cm! (s), 1622 cm™ (s), 2362 cm™! (w), 3091
cm! (m), 3429 cm! (m).

Table 18. Reaction conditions for the synthesis of the different NHC-MOFs.

L1 Zn H H PFs DMF .
Ent NHg(;Z/iOF Moles  Weight Mo(lle\IsOS)z\i’eizg(l)lt [E/Il:)(lfs 3‘CI:I’z’A'ezigh: Volume ‘[{;le;(]l
[mmol] [mg] [mmol] [mg] [mmol] [mg] [mL]

1 NHC-MOF1 0.580 200 0.580 173 0.290 108 5 157
2 NHC-MOF2 0.580 200 0.580 173 0.290 108 5 183
3 NHC-MOF3 0.350 120 0.350 104 0.175 65 3 235
4 NHC-MOF4 0.350 120 0.350 104 0.175 65 3 56
5 NHC-MOF5 0.350 120 0.350 104 0.175 65 3 67
6  NHC-MOFI*  0.300 100 0.300 87 0.145 54 5 68
7 NHC-MOFI*  0.580 200 0.580 173 0.290 108 5 70

aSynthesis of the NHC-MOFI and NHC-MOFII was conducted separately by research partners from the group of Prof. Dr.
Harald Krautscheid at the Institute of Inorganic Chemistry, Universitét Leipzig, who carried out the NHC-MOF preparation
using Teflon-lined autoclaves (see Chapter 7.2.13 for more details).

5.3.16 Identifying the Metal Contents via FAAS

For sample preparation, exactly weighed NHC-MOF powders were reduced to ashes at 550 °C for 20 h.
The residues were taken up in 10 mL of 20 % nitric acid, transferred into a 100 mL volumetric flask
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and filled up using double-distilled water. The resulting samples were directly injected in the AAS or if
necessary, after dilution with 2 % nitric acid and quantitation was realized via external calibration.

Table 19. Atomic ratio of Zn and Cu in NHC-MOFs determined by FAAS.

NHC-MOF Copper (Cu) Zinc (Zn) Cu:Zn Atomic
Ent Code Wt.% Atomic Ratio Wt.% Atomic Ratio Ratio
1 NHC-MOF1 3.75 0.13 11.75 0.39 0.33:1
2 NHC-MOF2 3.84 0.13 10.85 0.36 037:1
3 NHC-MOF3 4.66 0.16 8.97 0.30 0.53:1
4 NHC-MOF4 5.14 0.18 10.49 0.35 0.51:1
5 NHC-MOF5 2.12 0.07 8.97 0.30 024:1
6 NHC-MOFI? 2.80 0.10 9.20 0.31 031:1
7 NHC-MOFII? 2.40 0.08 10.50 0.35 0.24:1

aSynthesis of the NHC-MOFI and NHC-MOFII was conducted separately by research partners from the group of Prof. Dr.
Harald Krautscheid at the Institute of Inorganic Chemistry, Universitit Leipzig, who carried out the NHC-MOF preparation
using Teflon-lined autoclaves (see Chapter 7.2.13 for more details).

5.3.17 Sonication Thermal Control

An ultrasonication reaction vessel was dried overnight in an oven at 120 °C and attached to the
sonicator, followed by the addition of THF:MeOH (9.67:0.33, 10 mL). The reaction vessel was
immersed in a beaker with ice cold water depending on the method of cooling. A single sonication cycle
ran for 90 min so cooling was conducted via two methods, Ice cool, i.e., cooled at the very beginning,
and 2ce cool, i.e., cooled once at the beginning and once after 45 min. The average room temperature
(RT) was 22 °C. Sonication was conducted in cycles with the following conditions: 5 s Pulse, 10 s Pause
for 30 min (actual sonication time = 90 min) at amplitude of 30 %. After the end of a cycle, a digital
thermometer was dipped into the solvent mixture to ascertain the solvent temperature. For our
experiment, 10 such cycles were conducted each with /ce cooling and the 2ce cooling and the
temperature recorded.

f=—1ce Cool
28 —a— 2ce Cool
5}
Ol_‘
2
L T [ S VU Avg. RT
5% =22.0°C
—
g
=]
o 20 19.7
i - 19.3
- 188,
P e oy Y, - Avg. =
18| = o - - /’{ 191 185°C
168 /184 e
184 S By .
R 1 17.3
1 i 7 5 B 10
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Figure 61. Control sonication conducted in the presence of solvent THF to ascertain temperature
changes on multiple cycles of sonication.
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5.3.18 Mechanochemical Activation of NHC-MOFs by Ultrasonication
5.3.18.1 'H NMR Investigations of Ultrasound-Induced Mechanochemical Activation

Table 20. Reaction conditions for the ultrasonication experiments conducted with different NHC-

MOFs.

NHC-MOF NaAsc Phenylacetylene Benzylazide Son

SonX Code Weight Moles  Weight Moles Weight Moles Weight Cycles
[mg] [mmol] [mg] [mmol] [mg] [mmol] [mg]

Sonl  NHC-MOFI 20 - - 0.76 77 0.76 103 10
Son2  NHC-MOFI 20 - - 0.76 77 0.76 103 10
Son3  NHC-MOFI 10 0.024 5 0.39 39 0.39 52 15
Son4  NHC-MOF3 20 - - 0.76 77 0.76 103 20
Son5  NHC-MOFII® 10 - - 0.39 39 0.39 52 20
Son6  NHC-MOF5 10 - - 0.39 39 0.39 52 25

aSynthesis of NHC-MOFII was conducted separately by research partners from the group of Prof. Dr. Harald Krautscheid at
the Institute of Inorganic Chemistry, Universitdt Leipzig, who carried out the NHC-MOF preparation using Teflon-lined
autoclaves (see Chapter 7.2.13 for more details).

An ultrasonication reaction vessel was dried overnight in an oven at 120 °C and attached to the
sonicator. After 3x cycles of vacuum and flushing with N, the synthesized NHC-MOF (~10 wt.% of
total weight of benzylazide (10) and phenyacetylene (11)) was added to the vessel in counterflow of N,
followed by the addition of THF-ds:MeOH (9.67:0.33, 10 mL). In the cases in which sodium ascorbate
(NaAsc) was required, it was added at this point (3 eq. of Cu in NHC-MOF) in the counterflow of Na.
This mixture was then degassed with N for 15 min to dispel any presence of O,. Using an Eppendorf
pipette, (10) and (11) (Table 20) were added to the flask under a counterflow of N, and the reaction
vessel was then immersed in a beaker with ice cold water. Sonication was conducted in cycles with the
following conditions: 5 s Pulse, 10 s Pause for 30 min (actual sonication time = 90 min) at amplitude
of 30 %. With inclusion of a 45 min rest time, the total time of a single cycle of sonication was 135 min.
For our experiment, up to 25 such cycles were conducted (Table 20) with 'H NMR conducted at regular
intermediate cycle. The ultrasonication experiment conducted used the 2ce cooling system. The peak at
4.34 ppm (marked by the red box) belonging to the -CH»- of the benzylazide was used as the reference
and the percent conversion was calculated by utilizing the ratio of the integral of the reactant and the
product peaks (5.58 ppm (green box) and 8.11 ppm (blue box)) (see Appendix).

For product: 1-benzyl-4-phenyl-1H-1,2,3-triazole (12):
'"H NMR (400 MHz, THF-ds, 8): 8.11 (s, 1H), 5.58 (s, 2H).

5.3.18.2 'H NMR Investigations of Control Experiments

For control experiments, a two-necked flask attached to a reflux condenser was subjected to 3x cycles
heating under vacuum and flushing with N,. The peak at 4.34 ppm (marked by the red box) belonging
to the -CHa»- of the benzylazide (10) was used as reference and the percent conversion was calculated
by utilizing the ratio of the integral of the reactant and the product peaks (5.58 ppm (green box) and
8.11 ppm (blue box)) (see Appendix).

For product: 1-benzyl-4-phenyl-1H-1,2,3-triazole (12):
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'H NMR (400 MHz, THF-d;, 8): 8.11 (s, 1H), 5.58 (s, 2H).

5.3.18.2.1 In the Presence of NHC-MOF

For controls in the presence of NHC-MOF, the synthesized NHC-MOF (10 wt.% of total weight of
benzylazide (10) and phenylacetylene (11)) was added to the flask in counterflow of N, and was
followed by the addition of THF-ds:MeOH (9.67:0.33, SmL). This was then degassed with N> for 15 min
to dispel any presence of O,. Using an Eppendorf pipette, (10) and (11) (Table 21) were added to the
flask under the counterflow of N,. The reactions were conducted at RT (SonX.Cont.RT) and at 60 °C
(SonX.Cont.60C).

Table 21. Reaction conditions for the control experiments for the conducted ultrasonication experiments
with different NHC-MOFs.

HC-
1:/[ OCF Phenylacetylene Benzylazide
SonX Control Cod Time
on ontrot -ode Weight  Moles  Weight  Moles  Weight
[mg] [mmol] [mg] [mmol] [mg]
Son1.Cont.60C 50 h
Sonl 20 0.76 77 0.76 103 & ——
Sonl.Cont.RT 7d
Son4.Cont.60C 55h
Son4 5 0.19 19 0.19 26 @ @—
Son4.Cont.RT 50 h
Son5.Cont.60C 50 h
Son5 10 0.39 39 0.39 37—
Son5.Cont.RT 65h

5.3.18.2.2 In the Absence of Any NHC-MOF

For control experiment at 60 °C without any NHC-MOF, THF-ds:MeOH (9.67:0.33, SmL) was
degassed with N for 15 min to dispel any presence of O;. Using an Eppendorf pipette, phenylacetylene
(38.5 mg, 0.375 mmol) (11) and benzylazide (51 mg, 0.375 mmol) (10) were added to the flask under
the counterflow of N,. The reaction was then conducted at 60 °C and a sample was collected at 25 h
(see Figure AS2D).

5.4 Mechanochemically Active Thermoplastic Polyurethane (TPU) Systems
5.4.1 Calculation of GPC for TPU

GPC was performed in tetrahydrofuran (THF) with an external calibration of polystyrene (PS) standards
with a molecular weight range from 1,050 to 115,000 g mol™'. The prepared samples had a concentration
of 1-5 mg (sample) mL™! (THF). From the GPC, the M, and PDI of the samples were found and the rest
calculated as follows:

Calculating Mhardssoft

Muardssot = (Xsoft-Msoft + Xhard-Mhard) / (Xsoft + Xhard) eq. (5.1)
where Mo = 3150.26 g mol™!, Mpara= 340.38 g mol™! and Xsofvhara is ratio of hard and soft segments, i.e.,
for TPU70, Xsott= 0.3 and Xhara= 0.7.
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» Calculate Degree of Polymerization (DP)
MyGrey= DP * Mparassott eq. (5.2)

» Calculate Conversion (p)
DP =1 (1-p)!, since [OH]=[NCO] (1:1) eq. (5.3)

5.4.2 Development Stage 1

Bis(hydroxy)-telechelic poly(tetrahydrofuran) pTHF (M, = 2900 g mol') (16) was weight directly
(Table 22) into a 100 mL two-necked round bottom flask equipped with a big egg-shaped magnetic
stirrer. Subsequently, the flask was attached to a high vacuum line and heated to 50 °C with a water bath
for at least 1 hour. A second two-necked round bottom flask was heated under vacuum and purged with
N, three times, after which dry THF was collected in the flask from the SPS (Solvent Purification
System). Likewise, two 10 mL Schlenk tubes equipped with magnetic stirrer (long cylindrical) were
also purged with N». 4,4’-methylenebis(phenylisocyanate) (MDI) (17) (Table 22) was weighed directly
into one Schlenk tube and was subjected subsequently to vacuum/N, cycle for at least three times
(without heating). The MDI was then dissolved in 3 mL THF by stirring. In parallel, 1,4-butanediol
(BDO) (18) (Table 22) was placed in the second Schlenk tube via Eppendorf pipette and subjected to
three vacuum/N; cycles (without heating). The (18) was then dissolved in 1 mL THF by stirring. Once
the components were ready, the flask containing (16) was removed from vacuum and placed under N,
environment. The (17) from the Schlenk tube was added to the pTHF flask and stirred for 5 min.
Afterwards, an additional portion of 15 mL dry THF was added carefully by rinsing on the glass wall
(to avoid bubbles) and the mixture stirred for 15 min at RT. Subsequently, two drops of 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU) were added and the reaction mixture was stirred at room
temperature. After 15 min, (18) is added to the reaction flask. The mixture was then allowed to stir for
another 15 min before pouring into a Petri dish (if the mixture is too viscous, additional THF was added).
The Petri dish was covered by its top and stored for minimum 5 d.

Table 22. Reaction conditions for the synthesis of thermoplastic polyurethane (TPU) as per
Development Stage 1 (DS1).

pTHF MDI BDO
Soft/Hard
Ent (mol ratio) Moles Weight Moles Weight Moles Weight  Volume

(mmol) (mg) (mmol) (mg) (mmol) (mg) (nL)
O-TPU30 70:30 2.19 6400 3.13 784 0.94 85 83
O-TPU40 60:40 2.14 6208 3.57 893 1.43 129 126
O-TPU50 50:50 2.07 6000 4.14 1036 2.07 186 183
O-TPU60 40:60 1.97 5727 4.94 1236 2.96 267 263
O-TPU70 30:70 1.83 5315 6.11 1529 427 385 379

5.4.3 Kinetic Experiment

The kinetic experiment was conducted according to the procedure described in Development Stage 1
for O-TPUS50 (see Table 22). It was divided into three synthesis stages (see Table 23) with each part
consisting of 15 min of experimental time. Samples were collected thrice from every synthesis stage
under the counterflow of N», placed in a vial and methanol was added to extinguish the reaction. The
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vial was then kept overnight to ensure removal of the solvents before preparation of GPC samples in
THF.

Table 23. Detailing of sample collection for understanding the kinetics of a O-TPUS50 synthesis as per
procedure of Development Stage 1 (DS1, Chapter 5.4.2).

) Sample Time pass?d inthe . ght of Sample
Ent TPU Synthesis Stage Collected reac.tlon [mg]
[min]
K i a 5.58
! Addition of 15 mL THF K-TPU50-1 5

2 after addition of MDI K-TPU50-2 10 4.34
3 (17) to pTHF (16) K-TPUS0-3 15 167
4 K-TPU50-4 20 4.66
K i 4.88

> Addition of DBU K-TPUS0-5 25
6 K-TPU50-6 30 5.38
7 K-TPU50-7 35 N/A
K-TPU50- 4 4.90

8 Addition of BDO (18) Us0-8 0
9 K-TPU50-9 45 4.93

aThe first sample collection occurs at the 5™ minute, immediately after the addition of the 15 mL THF to the reaction mixture
as the waiting time after addition of MDI (17) to the pTHF (16) flask is 5 min before the THF is added.

5.4.4 Development Stage 2

Before the synthesis of the thermoplastic polyurethane (TPU), multiple preparatory steps were required.
A day before, bis(hydroxy)-telechelic poly(tetrahydrofuran) pTHF (16) (M, = 2900 g mol™', Table 24)
was heated to 50 °C with a water bath and dried using the high vacuum line for at least 24 h in a two-
necked flask. Previous to the synthesis, the commercially obtained 1,4-butanediol (18) (BDO, b.p. =
230 °C)! 4% was freshly distilled in the presence of CaH, at 110 °C and 0.1 mbar pressure. Two Schlenk
tubes were prepared in parallel with multiple cycles of heating under vacuum and purging with N». In
one of the tubes, 4,4’-methylenebis(phenylisocyanate) (MDI) (17) (Table 24) was added and subjected
subsequently to vacuum (without heating) and N> cycle for at least three times before the addition of
3 mL dry THF and stirring to dissolve the (17). In the other tube, the freshly distilled BDO was placed
with an Eppendorf pipette and was also subjected subsequently to vacuum (without heating) and N,
cycle for at least three times before the addition of 1 mL dry THF and stirring. Now that all components
were ready, the synthesis of TPU could be initiated. The flask containing the (16) was purged with N»
and (17) was added to this by the means of a syringe. After 5 min of stirring, an additional portion of
15 mL dry THF was added carefully by rinsing on the glass wall (to avoid bubbles). This reaction
mixture was further stirred for 15 min. Subsequently, three drops of 1,8-diazabicyclo[5.4.0]undec-7-
ene (DBU) were added to the reaction mixture and stirred for further 15 min. To this reaction mixture,
(18) was added. The reaction mixture was stirred further till the mixture turned viscous enough that the
magnetic stirrer stopped rotating, before pouring into a Petri dish (if the mixture is to viscous, additional
THF can be added). The Petri dish was covered and stored in the dark for a minimum of 5 d.
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Table 24. Reaction conditions for the synthesis of thermoplastic polyurethane (TPU) as per procedure
of Development Stage 2 (DS2).

pTHF MDI BDO
Soft/Hard
Ent (mol ratio) Moles Weight Moles Weight Moles Weight ~ Volume

(mmol) (mg) (mmol) (mg) (mmol) (mg) (uL)
TPU30 70:30 2.19 6400 3.13 784 0.94 85 83
TPU40 60:40 2.14 6208 3.57 893 1.43 129 126
TPU50 50:50 2.07 6000 4.14 1036 2.07 186 183
TPU60 40:60 1.97 5727 4.94 1236 2.96 267 263
TPU70 30:70 1.83 5315 6.11 1529 427 385 379

5.4.5 Development Stage 3

Before the synthesis of the thermoplastic polyurethane (TPU), multiple preparatory steps were required.
A day before, bis(hydroxy)-telechelic poly(tetrahydrofuran) pTHF (6.0 g, 2.06 mmol, M, =
2900 g mol™) (16) was heated to 50 °C with a water bath and dried using the high vacuum line for at
least 24 h in a two-necked flask. Previous to the synthesis, the commercially obtained 1,4-butanediol
(18) (BDO, b.p. = 230 °C)*% was freshly distilled in the presence of CaH, at 110 °C and 0.1 mbar
pressure. Two Schlenk tubes were prepared in parallel with multiple cycles of heating under vacuum
and purging with N. In one of the tubes, 4,4’-methylenebis(phenylisocyanate) (MDI) (17) (1036 mg,
4.14 mmol) was added and subjected subsequently to vacuum (without heating) and N, cycle for at least
three times before the addition of 3 mL dry THF and stirring to dissolve the (17). In the other tube, the
freshly distilled (18) was added along with 3-hydroxyphenylacetylene (14) (8.5 mg, 0.0723 mmol) and
8-azidonaphthalen-2-ol (13) (13.4 mg, 0.0723 mmol), and subjected subsequently to vacuum (without
heating) and N cycle for at least three times before the addition of 1 mL dry THF and stirring.
Additionally, the synthesized NHC-MOF3 was transferred from the inside of the glovebox to the
outside in a headspace vial, to which 2 mL dry THF was added. Now that all components were ready,
the synthesis of TPU could be initiated. The flask containing the (16) was purged with N, and (17) was
added to this by the means of a syringe. After 5 min of stirring, an additional portion of 15 mL dry THF
was added carefully by rinsing on the glass wall (to avoid bubbles). This reaction mixture was further
stirred for 15 min. Subsequently, three drops of 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) were added
to the reaction mixture and stirred for further 15 min. To this reaction mixture, the contents of the second
Schlenk tube ((13), (14) and (18)) were added. After 7 min, the NHC-MOF3 (6 mg, 4.66 % Cu in
NHC-MOF3, 0.06 eq. of Cu) which was suspended in the THF by either of the three methods, i.e.,
stirring for 15 min, placed in an ultrasonic bath for 10 min or placed in an ultrasonic bath for 10 s (see
Table 25), was added to the reaction mixture, which was stirred further till the mixture turns viscous
enough that the magnetic stirrer stopped rotating, before pouring into a Petri dish (if the mixture is to
viscous, additional THF can be added). The Petri dish was covered and stored in the dark for a minimum
of 5d.
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Table 25. Detailed description of the TPUS0 foils made according to the procedure of Development
Stage 3 (DS3).

Conducted
Entry Code TPUS0 Code Stretching
Ent (Long (Short Description Experiment
Version) Version) Code
The TPU50 was made according to the
| TPUS0 TPUSO 1 procedure described in DS3 with the NHC- EXP1
Stirl Smin - MOF3 suspended in the THF inside a EXP2
headspace vial by stirring for 15 min.
The TPUS50 was made according to the
TPUSO0 procedure described in DS3 with the NHC- EXP3
2 - TPUS50 2 MOF3 suspended in the THF inside a EXP4
USB10min - . L .
headspace vial by placing in an ultrasonic bath
for 10 min.
The TPU50 was made according to the
procedure described in DS3 with the NHC-
TPUS0 : - EXP6
3 - TPUS0 3 MOF3 suspended in the THF inside a
USB10sec . . .
headspace vial by placing in an ultrasonic bath
for 10s.

5.4.6  Synthesis of 8-Azidonaphthalen-2-ol (13)
NH, Nj
—_—
T - 0D
Scheme 33. The synthesis of 8-azidonaphthalen-2-ol (13).
The synthesis was conducted according to the described literature with slight modifications. 24
To a suspension of 8-amino-2-naphthol (2.00 g, 12.5 mmol) in distilled water (70 mL), HCI (8 mL,
36 %) was added dropwise. The reaction mixture was then cooled and maintained at -5 °C till stated
differently. A solution of NaNO; (1.30 g, 18.75 mmol) was prepared in ice-cold distilled water (10 mL),
added dropwise, and the mixture was stirred for 30 min. To this, a solution of NaN3(1.21 g, 18.75 mmol)
in ice cold water (15 mL) was added over a period of 40 min using a control syringe pump. The reaction
mixture temperature was then raised to RT and stirred for a further 1 h. Afterwards, the solution was
extracted with Et;O and washed with water. The organic layers were dried via Na,SO, and the solvent

was evaporated under reduced pressure. After purification via flash chromatography on silica
(n-hexane/ethyl acetate 5:1), the compound (1.33 g, 58 %) was obtained as a pale brownish-white solid.

'"H NMR (400 MHz, CDCl3) 6 7.74 (d, J = 8.8 Hz, 1H), 7.57 (m, 1H), 7.39 (d, J = 2.6 Hz, 1H), 7.32
(dd, J=8.2,7.4 Hz, 1H), 7.22 (dd, J= 7.4, 1.0 Hz, 1H), 7.15 (dd, /= 8.8, 2.6 Hz, 1H), 5.11 (s, 1H).
3C NMR (101 MHz, CDCl3) & 153.75, 134.94, 129.85, 127.54, 124.57, 123.34, 118.69, 114.51,
104.74,77.32, 77.21, 77.00, 76.69.

ESI-TOF m/z: (negative mode, THF:MeOH 99:1, m/z) [M-H] found 184.0543, simulated 184.0505
for CioH7N3Or.

IR (KBr) 521 (w), 556 (w), 668(w), 740 (w), 830 (m), 860 (w), 916 (w), 1013 (w), 1138 (w), 1176 (m),
1201 (w), 1235 (m), 1297 (s), 1355 (w), 1395 (w), 1467 (m), 1524 (w), 1595 (m), 1631 (w), 2124 (s),
2362 (w), 3310 (m)
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5.4.7 Synthesis of 8-(4-(3-hydroxyphenyl)-1,2,3-triazol-1-yl)naphthalen-2-ol (15)

Ns 1) CuSO,-5H,0 T OH
OH - N
OO + 2) NaAsc
OH

Scheme 34. The synthesis of 8-(4-(3-hydroxyphenyl)-1,2,3-triazol-1-yl)naphthalen-2-ol (15).

The synthesis was conducted according to the described literature with slight modifications. 2%

A stock solution of CuSO4-5H>0 (54.0 umol, 13.4 mg in 0.5 mL water) and a stock solution of sodium
ascorbate (NaAsc) (80.0 pmol, 16.1 mg in 0.5 mL water) were added to a mixture of (13) (100.0 mg,
0.54 mmol) and (14) (67.1 mg, 0.54 mmol) in EtOH (4 mL), and the resultant solution was stirred
overnight at RT. The reaction mixture was diluted with 15 mL water, extracted with CHCl3 (3 x 10 mL),
dried over Na,SOs, and the solvent evaporated under reduced pressure. After purification via column
chromatography (CHCI3:MeOH 20:1), (15) (121.0 mg, 0.4 mmol, 74 %) was obtained as a brownish-
yellow solid.

'H NMR (500 MHz, , DMSO-d;) § 10.02 (s, 1H), 9.59 (s, 1H), 9.00 (s, 1H), 8.05 (d, J = 8.3 Hz, 1H),
797 (d, J=8.9 Hz, 1H), 7.67 (d, J= 6.1 Hz, 1H), 7.47 — 7.42 (m, 2H), 7.39 (d, J= 7.7 Hz, 1H), 7.28
(t,J=7.8 Hz, 1H), 7.19 (d, /= 11.2 Hz, 1H), 6.79 (d, J = 6.8 Hz, 2H).

13C NMR (126 MHz, , DMSO-ds) 6 158.32, 157.56, 147.08, 132.09, 130.50, 128.92, 124.69, 124.47,
122.34, 120.29, 116.76, 115.66, 112.58, 103.54.

ESI-TOF m/z: (negative mode, THF:MeOH 99:1, m/z) [M-H] found 302.0960, simulated 302.0924
for CigHi3N30..

IR(KBr): 538 (w), 694 (m), 716 (m), 738 (m), 772 (m), 787 (m), 827 (s), 877 (m), 968 (w), 1047 (m),
1077 (w), 1189 (s), 1230 (s), 1247(s), 1266 (m), 1298 (s), 1381 (w), 1431 (m), 1452 (s), 1481 (s), 1522
(s), 1585 (s), 1623 (m), 2590 (m), 3066 (m), 3343 (m)

5.4.8 Mechanical Properties of TPU
5.4.8.1 Calculation of Young's (E) Modulus

The Young’s moduli of the TPU foils were determined via extensional rotational rheology with
oscillating stress-strain experiments. The experiment was conducted with TPU30, 50 and 70 with an
applied strain ranging from 0.01 % to 5.00 %. The strain determined stress values which established
elastic and plastic regions (see Figure A62Ai and Bi, and Figure 48B). The Young’s moduli were
calculated by using the slope of the linear regression in the low strain range from 0.01 % to 0.50 % (see
Figure A62Aii and Bii, and Figure 48C).

Table 26. The calculated values of Young’s (E) modulus of TPU30, 50 and 70.

Ent TPU”X” Young’s (E) Modulus [MPa]
1 TPU30 0.002
2 TPU50 0.013
3 TPU70 0.033
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5.4.8.2  Determination of Crystallinity (DSC analysis)

The crystallinity of the TPU foils was calculated by measuring the area under the curve of the peak of
Tnsoft (<23 °C) to obtain the AHmsont. The crystallinity was calculated by using the formula:

o = (AHmsot / AHmo) eq. (5.4)
where, AHmo= 172 J g for pTHF at 100 % crystallinity.*¥

Table 27. Melting enthalpy AHmsor and calculated crystallinity of TPU30-80 of Development Stages 1
(DS1) and 2 (DS2).

Development Stage 1 Development Stage 2
Soft/Hard O-TPU”X” TPU”X”
Ent TPU“X” (mol

ratio) Tm,soft AHm,soft o Tm,soft AHm,soft 00’
[°C] [Jg] [%] [°C] [Jg7] [%e]

1 TPU30 70:30 25 53.04 31 26 41.23 24
2 TPU40 60:40 22 48.20 28 24 43.18 25
3 TPU50 50:50 27 54.00 31 22 37.38 22
4 TPU60 40:60 21 36.65 21 21 36.52 21
5 TPU70 30:70 23 55.08 32 19 26.97 16
6 TPUS0 20:80 - - - 17 18.01 11

Table 28. Melting enthalpy AHm s and calculated crystallinity of TPUS50 1, 2 and 3 of Development
Stage 3 (DS3).

Soft/Hard Tm soft AHm soft o
Ent TPU“X” ’ :
n (mol ratio) [°C] gl [%]
1 TPU50 1 50:50 23 46.58 27
2 TPU50 2 50:50 22 42.75 25
3 TPU50-3 50:50 23 41.06 24

Table 29. Melting enthalpy AHmson and calculated crystallinity of TPU50 1 and 3 before and after
stretching experiment (SE).

SOft/Hard Tm soft AHm soft a
w“x” SE Stat ’ ’
Ent TPU“X (mol ratio) atus [OC] [J g'l] [%]
Before SE 22 42.75 25
1 TPU50 2 50:50
After SE 21 43.14 25
Before SE 23 41.06 24
2 TPU50 3 50:50
After SE 23 41.91 24
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5.4.9 Mechanochemical activation of PU-Networks
5.4.9.1  Stress experiments via Tensile Rheology

To conduct the stress experiments, the obtained TPU films were cut into dumbbell shaped samples with
hydraulic cutting press in accordance with DIN 53504 type 3a/ISO 37 type 3 with thicknesses
0.5-0.9 mm, of which the 0.7 or 0.5 mm samples were used for extensional oscillatory and rotational
rheology experiments (henceforth called as stretching experiments (SE)) which were conducted on
Anton Paar (Physica) MCR 101/SN 80753612 via Universal Extensional Fixture (UXF) at 25 °C. The
selected samples were fixed in the UXF sample holder and subjected to oscillating stretching
experiments. Based on previous experimentational knowledge, the strain rate was set at 0.5 Hz while
the deformation was set at ¢ = 40 % to investigate the mechanochemical activation of the
Cu(l) bis(NHC) within the synthesized NHC-MOF3, embedded in a TPU matrix. The points at which
the sample holder clamped the sample were marked so as to have uniform clamping points in case the
sample needed to be removed for any reason. A single cycle of measurement is divided into three
segments: the stretching experiment lasting 60 min, heating at 50 °C for 30 min to initiate shape-
memory and then recovering at 25 °C for 75 min.

Cycle 1
Virgin sample
-

w
3
1

©
o
2,
2
=
=
B30+
E AE’ recovery
g ______________________________ E’,q4(Cycle1)
» L --- E’ ,q(Cycle 2)
) Virgin sample Damaged
@ after initial sample after
ﬁ 25 damage Cycle 2
T T T T T T r T ' T
0 50 10 150 200 250
Time [min]

Heating at 50°C for 30 mins Recovering at 25°C for 75 mins

Scheme 35. A schematic concept describing the meaning of a cycle as mentioned. A typical single cycle
consists of the stretching experiment lasting 60 min, heating at 50 °C for 30 min to initiate shape-
memory and then recovery at 25 °C for 75 min. The scheme also exhibits the terms necessary to
calculate the shape memory and recovery efficiency.

5.4.9.2  Shape Memory and Recovery Efficiency

The shape-memory and the recovery efficiency can be measured from such obtained measurements
using the following formula:

Shape Memory Efficiency: How much of the initial value was reached after X" cycle.

E it (X1 h Cycle)

U classic o
E’ it (Virgin)
eq. (5.5)
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Recovery Efficiency: How much of the damage of the previous run was recovered.

E i (X Cycle) - E’q (X—1 Cycle)

UI'QCOTQIIT =
E’yitia (X™ Cycle) - E 'y (X™ Cycle)
eq. (5.6)
5.4.10 Fluorescence Measurements

5.4.10.1 Fluorescence Calibration

|| OH

N
OH N
“|OO N
OH

Figure 62. The components of the dye system: the precursors (13) and (14), and the “click” dye (15).

The fluorescence spectrometer's dye system calibration involved embedding the click dye in varying
ratios in a TPUS0 polyurethane matrix. To avoid potential internal quenching effects, the total
concentration of (13) and (14) (in mmol) was kept constant at 10 umol g of TPU, where the total
weight of TPU was ~7.23 g from its components (16), (17), and (18). A slightly modified synthetic
procedure of DS3 was used to add the click dye into the same Schlenk flask as that of the dye precursors
in different ratios corresponding to the amounts mentioned in Table 30. The resulting TPU50 foils were
cut into dumbbell-shaped samples (20 x 4 x 0.5 mm) for fluorescence emission spectra measurement.
The UV-vis and fluorescence measurements in solution were previously conducted and published.*%*!
Accordingly, the excitation wavelength of 377 nm was thus chosen, and an emission spectrum ranging
from 390 nm to 650 nm was collected. Each measurement was performed at least three times per side.
The voltage selected was 585 V.

In Table 30, Ent 1, only the dye precursors (13) and (14) were present at a concentration of 10 pmol g
of TPU, and none of the fluorescent dye (15) was present. Therefore, ideally, no fluorescence should
have been observed. However, fluorescence was recorded at approximately 438 nm and was attributed
to precursor (13) (Figure 63A). As the concentration of (15) varied (Table 30, Ent 2-4), increasing
fluorescence at A.m = 458 nm was observed (Figure 63A), which was attributed to the fluorescent dye
(15). The fluorescence was plotted against the conversion, calculated based on the concentrations of
dye, and linear fitting was performed (Figure 63B) to obtain a calibration equation (see Equation 5.7)
for calculating the ‘true’ conversion % of the mechanochemically triggered "click" reaction based on
the measured fluorescence.

Although the calibration equation is based on samples of thickness 0.5 mm and is intended for use on
similarly thick samples to obtain accurate conversion values, it is extended to other thicknesses
(~0.7 mm) to quantify all samples uniformly and observe trends. In such cases, however, the conversion
% was reported as ‘estimated’ conversion % instead of ‘true’ conversion %.

y=5.77x+36 eq. (5.7)
where y = fluorescence intensity measured and x = conversion % achieved.
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Table 30. Reaction conditions for the TPUS0 foils synthesized with varying concentrations of dye
precursors (13) and (14) along with fluorescent dye (15) embedded within the TPU50 and used to
conduct fluorescence test measurement with A.x = 377 nm to observe the subsequent emission spectra
at Aem = 458 nm for calibration experiments.

Ent TPU50 Code Conversion  Moles (13) Mass (13) Moles (14) Mass (14) Moles (15) Mass (15)
[%6] nay [pmol]  mas [mg]  nas [pmol]  mas [mg]  nas) [pmel]  Mas) [mg]
1 TPU50 Ref0% 0 723 13.4 723 8.5 0.0 0.0
2 TPU50 Ref25% 25 54.0 10.0 54.0 6.4 18.0 5.5
3 TPU50 Ref50% 50 36.2 6.7 36.2 43 36.2 11.0
4 TPU50 Ref75% 75 18.0 3.3 18.0 2.1 54.0 163
—— 0% Conversion 500
o e 75 %
400 ’f\/f/\\' 75% Conversion z 400
f‘" :

N w
S &
5] 5}

=]
5]
L

Fluorescence Intensity [a.u.] .
2
=
‘

o
L

Fluorescence Intensit

Wavelength [nm]

w
=3
=

200

y=577x + 36

Conversion [%]

25 %

0%

Under UV at 366 nm

Figure 63. A) The fluorescence test measurement samples conducted with preparing TPUSO0 foils with
different concentrations of (13), (14) and (15) without NHC-MOF3 to measure the fluorescence
emission behaviour with Aex= 377 nm over the range Aem = 390-650 nm. B) The fluorescence intensities
at Aem = 458 nm were plotted against the conversion % to obtain a linear fit. C) The different TPU
samples with different concentrations of the dye system as per Table 30 under a UV lamp at 366 nm.
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7 APPENDIX

7.1 Cu(I) NHCs as Catalysts for Cyclopropanation
7.1.1  Kinetic Studies of the Cyclopropanation of PI

15 Bl Cat. 1 [ cCat.2

% Maodification

0 hrs 24 hrs 48 hrs 72 hrs 96 hrs
Reaction Time [hrs]

Figure Al. Kinetic approach to study the active reaction times. The solid content (wt.%) of PI (3) is
20 wt.% and the Cat:PI:EDA per double bond ratio is 0.05:1:2 with cyclohexane as the solvent.

Table A1. Time-dependent kinetic investigations of the cyclopropanation of PI.
% Modification®

Ent Solvent Solid Content Variables
Cat. 1 Cat. 2
)0h 0 0
ii)24 h 1.2 4.0
6 Cyclohexane 20 wt.% (iii) 48 h 1.5 4.0
(iv) 72 h 1.5 4.0
(v)96 h 1.5 4.0

aCalculated according to the ratio of the signals at the peaks at 5.10 ppm and 4.80-4.63 ppm belonging to 1,4- and 3,4-
poly(isoprene) respectively as well as the new peak after modification at 4.10 ppm belonging to the methylene protons of the
-CO2CH2CH3 moiety of the cyclopropane appearing in 'H NMR spectroscopy (for details see Chapter 5.2.2).
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7.1.2

Investigation Into the Limited % Modification

A PI3) 5.15 |‘

EDA (4)

| . L

L.

Cat. 1+ PI + EDA
|

6.23 ‘I

ppm

6.82 [

ppm ﬁ L
T e T N T S RN Ll}
D [Cat. 2 + PI + EDA

| H

H\ \u

TV ul M W L.J..J“U‘

At e

7.0 6.6 6.2 5.8 5.4 5.0 4.6 4.2 3.8 3.4 3.0 2.6 2.2 1.8 1.4 1
f1 (ppm)

Figure A2. NMR spectra for EDA (4) in the presence of A) PI (3), C) Cat. 1 + PI and D) Cat. 2 + PI
The spectrum B) is of EDA. All NMR are measured in the solvent DCM-d..

7.1.3  Rheology Experiments
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Figure A3. Frequency sweep of the deprotected sample (9%) at different temperatures.
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Table A2. Frequency vs. loss factor tan() for virgin, 5 % modified and 5 % deprotected Pls.

Loss Factor (tan(d))
Ent Freauency Virgin PI Virgin PI
(rad/s) (3000 g mol') (150,000 g mol") 5% modified PI  Deprotected PI
1 100 20000 0.163 0.729 4.004
2 63.1 20000 0.177 3.158 4.544
3 39.8 20000 0.199 3.612 5.021
4 25.1 20000 0.227 6.108 5.477
5 15.8 20000 0.26 6.682 5.958
6 10 20000 0.3 11.086 6.487
7 6.31 20000 0.35 9.01 7.103
8 3.98 20000 0.417 6.289 7.845
9 2.51 20000 0.508 7.551 8.67
10 1.58 20000 0.639 6.85 9.535
11 1 20000 0.834 5.709 10.117
12 0.631 20000 1.125 3.394 10.687
13 0.398 20000 1.56 2.135 10.752
14 0.251 2.329 2.202 1.54 10.085
15 0.158 1.731 3.113 1.068 9.039
16 0.1 1.328 4.329 0.703 8.015

7.2 Cu(I) NHCs as Mechanocatalysts within Metal-Organic Frameworks (MOFs)

7.2.1  Characterization of N,N'-Bis(4-carboxyphenyl)ethylenediimine (L.1%)

0 0
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Figure A4. "H NMR spectrum of L1’ in DMSO-ds.

50 4.0 3.0 2.0

1.0 0.0

Page | 136



o)
\ /N i ) :
7 OH

@) :
N
HO
Lm-—- WW:O

-100C
:800
_ 600
400

200

f1 (ppm)
Figure A5. C NMR spectrum of L1’ in DMSO-ds.

7.2.2  Characterization of 1,3-Bis(4-carboxyphenyl)imidazolium chloride (L.1)
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Figure A6. "H NMR spectrum of L1 in DMSO-db.
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Figure A7. 3C NMR spectrum of L1 in DMSO-ds.

. : ; : ; ‘ . . ; . , ‘ , : : : ~--200
160 140 120 100 80 60 40 20 0

Page | 137



Intens.
«10%) Measured
125 309.0821
1.00 }'\‘
0.75 I“
050 I
\ 1+
025 \ 3100850 W
|\ I\ 311,0031
3090 3095 3100 3105 3t1o miz
Intens. . CisHiaNz04, M, 309.0870|
Simulated
2000 309.0870
1500
1000
1+
500 310§901
f\ 3111(;926
3090 3095 3100 ﬂih 5 3110 miz
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Figure A9. IR(KBr) spectrum of L1.
7.2.3  Characterization of Methyl 4-aminobenzoate (Me-L1")
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Figure A10. "H NMR spectrum of Me-L1” in DMSO-ds.
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Figure A11. °*C NMR spectrum of Me-L1” in DMSO-ds.
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Figure A12. ESI-ToF MS spectrum of Me-L1”.

1.0
0.9
0.8
0.7

0.6

Transmittance

0.5

0.4

M T T T T T T T T T M T T T T 1
0 500 1000 1500 2000 2500 3000 3500 4000
Wavenumber [cm!]

Figure A13. IR(KBr) spectrum of Me-L1”.
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7.2.4 Characterization of

(Me-L1)

1,3-Bis(4-(methoxycarbonyl)phenyl)-1H-imidazol-3-ium

chloride
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Figure A14. "H NMR spectrum of Me-L1 in DMSO-ds.
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Figure A15. C NMR spectrum of Me-L1 in DMSO-dj.
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Figure A16. ESI-ToF MS spectrum of Me-L1.
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Figure A17. IR(KBr) spectrum of Me-L1.

7.2.5

Characterization of (2E,2'E)-3,3'-((((1E,2E)-ethane-1,2-diylidene) bis(azaneylylidene))
bis(4,1-phenylene))diacrylic acid (L2)
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Figure A18. '"H NMR spectrum of L2’ in DMSO-ds.
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Figure A19. IR(ATR) spectrum of L2’.
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7.2.6  Characterization of 1,3-Bis(4-((E)-2-carboxyvinyl)phenyl)- 1 H-imidazol-3-ium chloride (L2)
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Figure A20. IR(KBr) spectrum of L2.

7.2.7  Characterization of Methyl (E)-3-(4-aminophenyl)acrylate (Me-L2")
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Figure A21. '"H NMR spectrum of Me-L2” in DMSO-ds.
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Figure A22. °C NMR spectrum of Me-L2” in DMSO-d.
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Figure A24. IR(KBr) spectrum of Me-L2”.
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7.2.8 Characterization of Dimethyl 3,3'-((((1E,2E)-ethane-1,2-diylidene) bis(azaneylylidene))

bis(4,1-phenylene))(2E,2'E)-diacrylate (Me-L2")
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Figure A25. "H NMR spectrum of Me-L2’ in DMSO-ds.
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Figure A26. *C NMR spectrum of Me-L2’ in DMSO-ds.
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Figure A27. ESI-ToF MS spectrum of Me-L2’.
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Figure A28. IR(KBr) spectrum of Me-L2’.

7.2.9  Characterization of 1,3-Bis(4-((E)-3-methoxy-3-oxoprop-1-en-1-yl)phenyl)-1H-imidazol-3-
ium chloride (Me-L2)
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Figure A29. '"H NMR spectrum of Me-L2 in DMF-d-.
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Figure A30. °C NMR spectrum of Me-L2 in DMF-d.
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Figure A31. ESI-ToF MS spectrum of Me-L2.
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Figure A32. IR(KBr) spectrum of Me-L2.
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7.2.10 Characterization of 4-(4’-Aminostilbene) Carboxylic Acid. (L3”)
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Figure A33. '"H NMR spectrum of L3” in DMSO-db.
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Figure A34. 3C NMR spectrum of L3” in DMSO-d.
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Figure A35. ESI-ToF MS spectrum of L3”.
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Figure A36. IR(ATR) spectrum of L3”.

7.2.11 Characterization of  4,4'-((1E,1'E)-((((1E,2E)-ethane-1,2-diylidene) bis(azaneylylidene))
bis(4,1-phenylene))bis(ethene-2,1-diyl))dibenzoic acid (L3”)
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Figure A37. "H NMR spectrum of L3’ in DMSO-ds.
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Figure A38. 3C NMR spectrum of L3’ in DMSO-ds.
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Figure A39. IR(ATR) spectrum of L3’.

7.2.12 Characterization of Methyl (E)-4-(4-aminostyryl)benzoate (Me-L3”)
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Figure A40. "H NMR spectrum of Me-L3” in DMSO-d.
3 7 5| 2 3
8 4 HoN Q NP o)
| RO
2 3 5 9 o)

w'WLWWWWWm*M 7 8 n

132.0 131.0 130.0 129.0 128.0 127.0 126.0 125.0 124.0 123.0 122.0 121

o

180 160 140 120 100 80 60 40 20 O
f1 (ppm)
Figure A41. C NMR spectrum of Me-L3” in DMSO-dj.
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Figure A42. ESI-ToF MS spectrum of Me-L3”.
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Figure A43. IR(KBr) spectrum of Me-L3”.

7.2.13 Synthesis of NHC-MOFI and II

The synthesis of NHC-MOFI and NHC-MOFII were conducted separately by research partners from
the group of Prof. Dr. Harald Krautscheid at the Institute of Inorganic Chemistry, Universitit Leipzig,
who carried out the NHC-MOF preparation using Teflon lined autoclaves. The autoclaves were filled
with the components as described in Table 18, Ent 6 and 7. The information given further was provided
by the working group of Prof. Dr. Krautscheid (slightly modified for better understanding):

The products seem to be the same in all the reactions (visually). The products obtained were crystalline
while the solution was a deep green in colour. It means copper(ll) was formed during this reaction
instead of copper(l). After washing the crystals with DMF and methanol, greenish-brown product was
obtained. The crystals were in the form of thin plates which stuck together. Single crystal structure
analysis was attempted unsuccessfully but the unit cell parameters were obtained as hexagonal
primitive, a = 17.06, b = 17.06, ¢ = 11.9 (90°, 90°, 120°). This was not the same as per the unit cell
published in the referenced literature.>*¥ It was also not found in the Cambridge Structural Database
(CSD), so it seems to be an unknown structure.
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7.2.14 Characterization by IR
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Figure A44. Individual IR(KBr) spectrum of A) NHC-MOF1, B) NHC-MOF3, C) NHC-MOFII and

D) NHC-MOFS.
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7.2.15 Characterization by TGA

004 e - LI 1004 w0 Ll
— — —  NHC-MOF] T —  NHC-MOF3
90 T \ 90 - ~—
. T
. A ~
80 4 N \ 80 -| N \
&, 704 < 704 N
" ‘ \ r \
% 60 \ @ \
g \ % 60 ‘.s
50 | = 50 4 \
\ |
40 | N \ 40 i -
~ A\ '\\ T
30 4 \\
—— 30 4 \\\_7
20 T T T T T 1 20 T T T T T 1
0 100 200 300 400 500 600 0 100 200 300 400 500 600
0,
Temperature [°C] Temperature [°C]
D]
—_ 1004 — —
004 o L1 N T -
~ — ——  NHC-MOFII e \ = NHC-MOF5
90 A - iy
~ \ 80 - e SN
80 - N \ \
2 704 Y = Voo
2n \ = 60 \
2 | % *
5 60 \ < \
= «. = Lo
50 - \ 40 \ \
N \ S
40 e vy,
~ IR
30 4 \\\‘ 20 4
20 T T T T T ! 0 100 200 300 400 500 800
0 100 200 300 400 500 600

Temperature [°C]

Temperature [°C]

Figure A4S5. Individual TGA of A) NHC-MOF1, B) NHC-MOF3, C) NHC-MOFII and D) NHC-

MOFS.

7.2.16 Calibration for FAAS

f=1
i~
w

Cu- Kalibration

=
o

y

o
=
w

o~

=
g

A

¢ Seriesl

Absorbtion

o
o
G

o

—Linear (Series1)

¥

o

y=0.0413x +0.0028

; : ) =
3 4 6 R#=0.9977
Konzentration Cu [mg/I]

0.8
0.7
0.6
205
§ 0.4

203
L4

0.1

Zn-Kalibration

Pass

&

¥

4 Seriesl

v

——Linear (Series1)

y=0.1243x +0.0597

R?=0.9946

2 4 6
Konzentration Zn [mg/I]

Figure A46. Calibration for linear fitting for Cu and Zn for the measurement of FAAS of
(NHC-MOF3). The correlation coefficient, R?, was 0.9977 and 0.9946, while the relative standard
deviation, % RSD, was 1.1 % and 1.6 % for Cu and Zn respectively.
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7.2.17 Investigations of Ultrasound-Induced Mechanochemical Activation

7.2.17.1 'H NMR Investigations of NHC-MOF1
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Figure A47. Monitoring of the coupled catalytic CuAAC of benzylazide (10) and phenylacetylene (11)
to form 1-benzyl-4-phenyl-1H-1,2,3-triazole (12) due to the mechanochemical activation of
NHC-MOF1 by ultrasound with selected NMR spectra of A) Son1 at Cycles 0, 1, 5 and 10, B) Son2 at
Cycles 0, 3, 7and 9, and C) Son3 at Cycles 0, 5, 10 and 15.
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7.2.17.2 PXRD of NHC-MOF1 Before and After Sonication
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Figure A48. PXRD patterns (Cu-Kg; radiation, A = 154.060 pm) of the native NHC-MOF1 as well as
the NHC-MOF after sonication (NHC-MOF1*%),

The initial PXRD analysis of NHC-MOF1 revealed both crystalline peaks and amorphous regions (see
Figure A48). However, after subjecting the reaction mixture to 20 cycles of sonication (Sonl) and
collecting the resulting NHC-MOF powder, a new measurement was taken. The absence of the
previously observed crystalline peaks indicated that the sonication had successfully disrupted the crystal
structure, supporting the hypothesis presented in Chapter 2, resulting in the formation of new surfaces
of the NHC-MOF1 and making it suitable for conducting mechanophoric reactions.

7.2.17.3 The “Copper(ll)/Ascorbate” System

0 0 0
HO /F‘) on  cul HO\iSJOH HoﬁJOH
- ~ \ ~ > fn -

C( o OH .o/ O OH O oH

ascorbate radical

cu()) RN
RNy + =—R ——————>
CuAAC
Scheme A1. The synthesis of a 1,2,3-triazole compound by CuAAC while using a copper(II)/ascorbate
system. Adapted from literature.[**!!

In a CuAAC (copper-catalysed azide-alkyne cycloaddition) reaction, the “copper(Il)/ascorbate system”
is widely used in which the active catalyst for CuAAC, i.e., Cu(l), is generated in situ from Cu(Il) salts
by using sodium ascorbate as a reducing agent.[**?! The reduction reaction occurs via electron transfer
from a sodium ascorbate to Cu(Il), reducing the Cu(Il) to Cu(I) and oxidizing the sodium ascorbate in
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the process. This conversion from Cu(II) to Cu(I) is essential for the CuAAC reaction to occur, as Cu(I)
serves as a critical intermediate in the cycloaddition step that results in the formation of the triazole
product (see Scheme A1).[443 444]

7.2.17.4 'H NMR Investigations of NHC-MOF3
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Figure A49. Monitoring of the coupled catalytic CuAAC of benzylazide (10) and phenylacetylene (11)
to form 1-benzyl-4-phenyl-1H-1,2,3-triazole (12) due to the mechanochemical activation of
NHC-MOPF3 by ultrasound with selected NMR spectra of Son4 at Cycles 0, 4, 8, 15 and 20.

Page | 155



7.2.17.5 'H NMR Investigations of NHC-MOFII and NHC-MOF5

Cu(l) - Cu(l)
mechanocalalyst E/@ mechanocatalysl E/@
THF/MeOH W THFIMeOH O/%

Cycle 5 ] ‘ . Cycle 5 ] l
1 ’ IL,i._M u'- o ||L_‘_,‘*_,||J¥L, |L_ Y

Cycle ‘ . Cycle 10 J |
E—-z‘oo —M O N S — Y . e }W _A_]H_,_/
Cyele 15 | | Cycle 20 / |

566 (L. 0.‘\.!1 ‘ _n" \ | ﬂl[ . ZJJ\‘}U ll LJ Jl |1_L.-‘-
‘
Cycle 20 | | Cycle 25 |
l |
| : . g i M .. |
0/03 0/06 oo i S — M 2o} e
7.5 6.5 5.5 4.5 3.5 2.5 1.5 0.5 80 75 7.0 65 6.0 55 50 45 4.0 3.5 3.0 2.5 2.0 1.5
f1 (ppm) f1 (ppm)

Figure A50. Monitoring of the coupled catalytic CuAAC of benzylazide (10) and phenylacetylene (11)
to form 1-benzyl-4-phenyl-1H-1,2,3-triazole (12) due to the mechanochemical activation by ultrasound
with selected NMR spectra of A) NHC-MOFII in Son5 at Cycles 5, 10, 15 and 20, and B) NHC-MOF5
in Son6 at Cycles 5, 10, 20 and 25.

7.2.17.6 PXRD of NHC-MOF3 After Sonication

m 104 | m— Simulated CuH m + CH;0H
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Figure AS1. A) a close-up comparison of the additional peaks observed in PXRD after sonication of
NHC-MOF3 in Son4 to that of simulated peaks of CuH. B) A schematic presentation of the possible
reaction pathway to the formation of the observed CuH.

PXRD measurements before and after sonication were conducted to probe the structure of the MOF. On
sonication, multiple new peaks were seen at higher 2theta (260) values in the sonicated NHC-MOF3
(NHC-MOF3**) which are also not visible in the case of the MOF that underwent thermal control at
60 °C (Figure 44). The PXRD measurements were conducted by using the capillary method where the
samples are inserted into capillaries to measure and hence, there should be no influence from the sample
holder. The multiple new PXRD peaks at higher 2theta (20) were investigated and attributed to the
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formation of copper(I) hydride (CuH) (Figure A51A), a phenomenon which has been observed
previously to obtain the metal hydride by sonochemistry as per the reaction pathway stated in Figure
A51B,1*#] albeit the doubtful stability of CuH. This possibly occurred due to the release of copper by
the destruction of the MOF by many continuous cycles of sonication. The presence of methanol in the
THF-ds/MeOH solvent mix for sonication further promotes the formation of CuH as the highly volatile
MeOH can enter the cavitation bubbles during sonication and scavenge ‘OH radicals while also
generating additional hydrogen species (radicals or molecules) due to the thermal reforming of the

MeOH.*¥] Either way, the yield of CuH would increase.

7.2.18 "H NMR Investigations of Control Experiments
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Figure A52. Monitoring of the coupled catalytic CuAAC of benzylazide (10) and phenylacetylene (11)
to form 1-benzyl-4-phenyl-1H-1,2,3-triazole (12) as part of control experiments conducted at room
temperature (RT) and 60 °C of A) Sonl.Cont., B) Son4.Cont. and C) Son5.Cont. D) is the control

conducted with no NHC-MOF catalyst at 60 °C.

Page | 157



7.3 Mechanochemically Active Thermoplastic Polyurethane (TPU) Systems

7.3.1  Synthesis of 8-Azidonaphthalen-2-o0l (13)
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Figure A54. 3C NMR spectrum of (13) in CDCl;.
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Figure A56. IR(KBr) spectrum of (13).

7.3.2  Synthesis of 8-(4-(3-hydroxyphenyl)-1,2,3-triazol-1-yl)naphthalen-2-ol (15)

10
11 9
N
N\”IQ\OH 12
N—7

6.78

1 6 oHz g
, T, |
3 4 (=3 A A
8 g o £l
S’ : ‘ 3 7.2 7.1 7.0 6.9 6.8 6.7
|
13 12
R
o O X \D_UILF
[ e B e B en B e B an B ]
‘ ‘ ‘—4 oS '—i‘.—c — i . ‘
11.0 10.0 9.0 8.0 1.0 0.0

Figure A57. "H NMR spectrum of (15) in DMSO-db.
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Figure A60. IR(KBr) spectrum of (15).
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7.3.3 Kinetic Measurement of the Synthesis of TPUS50

Table A3. GPC analysis for understanding the kinetics of O-TPUS50 synthesis as per procedure of
Development Stage 1 (DS1, Chapter 5.4.2).

Sample My
Ent TP thesis St PDI
n U Synthesis Stage Collected (2 mol]
1 K-TPU50-1 6800 1.75
2 Addition of MDI (17) to K-TPU50-2 6800 1.80
3 pTHE (16) K-TPU50-3 6900 175
4 K-TPU50-4 6700 1.80
i ] 1.85
> Addition of DBU K-TPUS0-5 6800
6 K-TPU50-6 7200 1.80
7 K-TPU50-7 7900 1.75
K-TPUS50- 1.70
8 Addition of BDO (18) Us0-8 8900
9 K-TPU50-9 10000 1.75
PlTTTTTTT N
—— K-TPUS50-1
——— K-TPUS50-3
—— K-TPU50-6

1
1
1
1
:
——— K-TPU50-9 :
:
1
1
1
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o

M, gpc = 280 g mol!
MDlyy, = 250.26 ¢ mol!

:‘%
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Figure A61. GPC analysis of the kinetics of an O-TPUS50 synthesis as per procedure of Development
Stage 1 (DS1, Chapter 5.4.2).
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7.3.4 Mechanical Properties of TPU30 and 70
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Figure A62. The experiment was conducted with extensional rotational rheology with TPU30 or 70 foil
fixed with the Universal Extensional Fixture (UXF). The hence obtained extensional stress vs.
extensional strain graphs for A) TPU30 and B) TPU70 provided information about i) the classification
of the linear elastic and plastic region which is then used to ii) determine the Young’s modulus,
calculated by using the slope of the linear regression in the low strain range from 0.01 % to 0.50 %.
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7.3.5 Shape-Memory Effects of TPUS50

Table A4. The calculated shape memory and recovery efficiency is based on the values obtained from
Figure 48D and the Equation 5.5 and 5.6. The measurements here and graph (see Figure 48D) were
generated from an average of two different measurements to ensure higher accuracy.

Shape Memory Efficiency

Recovery Efficiency

Cycle No. (%] [%]
1 - -
2 94 81
3 95 ~100
4 95 ~100
5 94 99
6 94 ~100
7 95 98
N 96 ~100
9 92 86
10 92 90
11 90 98
12 93 ~100
13 91 97
14 99 ~100
15 90 55
16 92 ~100
17 91 ~100
18 91 ~100
19 93 ~100
20 91 90

aThe entries 14 and 15 were excluded while reporting on both the efficiencies as the sample had slipped from the UXF and

needed to be clamped back in the right position which was corrected from Cycle 16.
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7.3.6
Stretching Experiments 2, 3 and 4.

Quantification of Fluorogenic “Click” Reaction During Mechanochemical Activation in
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Figure A63. The oscillating tensile rheology of A) EXP2, B) EXP3 and C) EXP4 resulted in
quantifiable fluorescence intensities, achieved with Aex = 377 nm and at Aem = 458 nm. The colours
correspond to the colours indicated in stretching terms indicated in Figure 50. These are displayed in
the form of a i) fluorescence spectrum before and after the stretching experiment and ii) graph
displaying the decrease in fluorescence intensities on both the sides.
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Figure A64. The samples used for calibration of TPU50 fluorogenic system as per Chapter 5.4.10.1
showed deterioration by ageing as the samples turned brown over the months despite storage in ideal
conditions.

7.3.7 DSC Measurements of TPU
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Figure A65. DSC measurements conducted on thermoplastic polyurethane (TPU) foils from A)
Development Stage 1 and B) Development Stage 2.
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Figure A66. DSC measurements conducted on thermoplastic polyurethane (TPU) foils embedded with
NHC-MOF3 as per procedure of Development Stage 3 to synthesize A) TPUS50 1, B) TPUS0 2 and C)

TPUS0 3.
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