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1 Abstract

The introduction of nitrogen-rich heterocyclic groups (i.e., quinoline, triazole, tetrazole) into
polymer structures, either as side groups or integrated within the main structure, presents
innovative avenues for generating novel polymer architectures. Of particular importance in the
domain of organic chemistry is the tetrazole family (e.g., 1H-tetrazole, 5H-tetrazole 2,5
disubstituted tetrazoles). For many years, tetrazoles have been widely utilized across multiple
disciplines of chemistry, such as materials science and medicinal chemistry. Particularly, 1,5
disubstituted tetrazoles (1,5 DSTs) offer a rich playground for scientific exploration, enabling
the development of new compounds and materials with diverse applications. Especially, high
thermal and chemical stability of 1,5 DST, fluoresce/phosphorescence property beside
bioisosteric nature to amide bond are the most important properties to pave the way towards
diverse applications (e.g., energy systems, nanomaterials, metal-organic frameworks and
medicinal compounds). Nevertheless, the translation of the distinct molecular characteristics of
1,5 DSTs into new polymeric materials poses a formidable obstacle due to the limited synthetic
methods, as evidenced by the scarcity of comprehensive literature on the subject matter.
Therefore, the primary objective of this thesis is to contribute to the progress of the scientific
discipline by creating and examining 1,5 DST-containing innovative polymers within various
chemical architectures. Consequently, three separate projects have arisen within this framework
and are outlined in the subsequent chapters.

In the first part of the thesis, the first-ever synthesis of main chain 1,5 DST-based compounds
was investigated to showcase the possibility of polymer formation by using the Ugi-azide-four-
multicomponent polymerization (UA-4MCP) strategy. Particularly, UA-4MC polymers were
designed with various side groups (e.g., aliphatic or aromatic). In this regard, aliphatic substituted
polymers demonstrated a moderate degree of thermal stability, with a slightly higher degradation
temperature compared to their aromatic substituted counterparts. Furthermore, aliphatic
substituted polymers displayed enhanced tendency for crystallization, concurrently accompanied
by a decrease in the values of glass transition temperature (7z) compared to the polymers with
aromatic substituted counterparts. In addition, all polymers showed a unique emission
characteristic (i.e., cluster-triggered emission, (CTE)), which is occurring through-space
conjugation (TSC) obtained as a result of the clusterization of non-conventional chromophore-
forming clusteroluminogens with extended electron delocalization and a rigid conformation
between 1,5 DST units.

In the second project, the synthesis of pendant chain 1,5 DST-decorated polymers was targeted.
For this purpose, the synthesis of 1,5 DST-decorated monomers with varying lengths of olefin
handles has been accomplished through the Ugi-azide four-multicomponent reaction (UA-
4AMCR). Subsequently, the obtained monomers have been polymerized with dithiol derivatives
of different lengths via the atom efficient thiol-ene chemistry. The investigation delved into two



aspects. Firstly, it was explored how the polymerization process is influenced by the length of a,
o-diene monomer olefin segments. Secondly, the impact of the thiol structure on the synthesis
efficiency and final properties of the polymers was investigated. Accordingly, it has been
observed that longer alkyl chain monomers (with a chain length of (CHz)9) showed more
tendency to form polymers, compared to the short chain derivatives which presumably underwent
cyclic oligomerization rather than polymerization. Additionally, it is found that all polymers had
moderated thermal stability regardless of thiol derivatives. In addition, 1,5 DST-decorated
polymers demonstrated 7 values below ambient temperature, providing enhanced
processability, thereby broadening their potential applications. Last but not least, 1,5 DSTs-
decorated polymers revealed CTE property as well.

In the third project, an advanced strategy for the synthesis of 1,5 DST-decorated polymers is
described by utilizing post-polymerization modification method. A comprehensive view is
provided with series of three different degrees of modification of poly (pentafluorophenyl
acrylate), p(PFPA), parent polymer with 1,5 DST unit to understand the post-modification degree
effect of 1,5 DST unit on the thermal properties of polymers. Subsequently, in-situ crosslinking
formation was performed to construct a polymeric network, i.e., hydrogel, for the investigations
of material properties. It was observed that the thermal stability has increased (from 192 °C value
to 204 °C value) with the incensement of 1,5 DST content (from 20% to 60%, by weight).
Moreover, the glassy-to-rubbery transition (i.e., 7y), which is an intrinsic property of any
polymer, has been explored for the obtained hydrogels. An increased water uptake capacity was
also demonstrated, with the incensement of 1,5 DST content within the network. In similar
manner to the previously explored DSTs polymeric derivatives, the florescence properties in
correlation with 1,5 DST content for hydrogels was represented.

Overall, in this thesis, the feasibility of various approaches, including direct polymerization,
monomer synthesis followed by polymerization, and post-polymerization modification method,
for the synthesis of novel containing 1,5 DSTs polymers is highlighted strategically. A
comprehensive exploration was carried out to thoroughly understand the correlation between the
positioning of 1,5 DST units -whether integrated into the main polymer chain or appended as
pendant chains - and the subsequent properties. Beyond this, an advanced approach for the
synthesis of 1,5 DST-containing polymeric network (i.e., hydrogels) with moderate thermal and
optical properties was elaborated. Overall, all approaches to obtain 1,5 DST-containing polymers
exemplify a milestone in polymer chemistry. The demonstrated versatility, structural robustness,
and tunability of physical properties make 1,5 DST polymers promising candidates for various
cutting-edge applications. Especially their fluorescent properties can play a crucial role in
advancing scientific research, medical diagnostics, and technological applications.



Zusammenfassung

Die Einfiihrung von stickstoffreichen heterocyclischen Gruppen (z.B. Chinolin, Triazol,
Tetrazol) in Polymerstrukturen, entweder als Seitenketten oder integriert in die Hauptstruktur,
eroffnet innovative Moglichkeiten zur Generierung neuer Polymerarchitekturen. Besondere
Bedeutung in der Organischen Chemie kommt dabei der Tetrazolfamilie zu (z.B. 1 H-Tetrazol,
SH-Tetrazol, 2,5-disubstituierte Tetrazole). Tetrazole werden seit vielen Jahren in verschiedenen
Disziplinen der Chemie, wie Materialwissenschaften und Medizin, weitreichend eingesetzt.
Insbesondere 1,5-disubstituierte Tetrazole (1,5 DSTs) bieten einen reichen Forschungsbereich
fiir wissenschaftliche Erkundungen und erméglichen die Entwicklung neuer Verbindungen und
Materialien mit vielfédltigen Anwendungen. Die hohe thermische und chemische Stabilitidt von
1,5 DSTs, ihre Fluoreszenz-/Phosphoreszenzeigenschaften sowie ihre bioisosterische Natur im
Vergleich zur Amidbindung sind die wichtigsten Eigenschaften, die den Weg fiir vielfdltigen
Anwendungen (z.B. Energiesysteme, Nanomaterialien, Metall-organische Geriiste und
medizinische Verbindungen) ebnen. Dennoch stellt die Ubertragung der spezifischen
molekularen Merkmale von 1,5 DSTs in neue polymere Materialien aufgrund begrenzter
Synthesemethoden ein erhebliches Hindernis dar, wie durch die begrenzte Literatur zu diesem
Thema belegt wird. Daher besteht das Hauptziel dieser Arbeit darin, zum Fortschritt der
wissenschaftlichen Disziplin beizutragen, indem innovative Polymere mit 1,5 DSTs in
verschiedenen chemischen Architekturen geschaffen und untersucht werden. Daraus ergeben
sich innerhalb dieses Rahmens drei separate Projekte, die in den folgenden Kapiteln erldutert

werden.

Im ersten Teil der Arbeit wurde die erstmalige Synthese von 1,5-DST in dem Polymerriickgrat
untersucht, um die Moglichkeit der Polymerbildung mithilfe der Ugi-Azid-Vier-
Mehrkomponenten-Polymerisation (UA-4MCP)-Strategie zu demonstrieren. Insbesondere
wurden UA-4MC-Polymere mit verschiedenen Seitenketten entworfen (z.B. aliphatische und
aromatische). In diesem Zusammenhang zeigten aliphatisch substituierte Polymere eine maflige
thermische Stabilitit, mit einer leicht hoheren Zersetzungstemperatur im Vergleich zu ihren
aromatisch substituierten Gegenstiicken. Des Weiteren wiesen aliphatisch substituierte Polymere
eine erhohte Neigung zur Kristallisation auf, begleitet von einer Abnahme der
Glasiibergangstemperatur (7)) im Vergleich zu den Polymeren mit aromatisch substituierten
Gegenstiicken. Dartliber hinaus zeigten alle Polymere eine einzigartige Emissionseigenschaft
(d.h. clusterausgeloste Emission, cluster-triggered emission (CTE)), die durch Konjugation im
Raum (through-space conjugation, TSC) aufgrund der Clusterbildung von nicht konventionellen
Chromophor-bildenden Clusteroluminogenen mit erweiterter Elektronendelokalisierung und

einer starren Konformation zwischen den 1,5-DST-Einheiten erfolgte.



Im zweiten Projekt wurde die Synthese von 1,5 DST-Seitenkettenpolymeren angestrebt. Zu
diesem Zweck wurde die Synthese von 1,5 DST-verzierten Monomeren mit unterschiedlichen
Lingen von mittels der Ugi-Azid-Vier-Multikomponentenreaktion (Ugi-azide four-
multicomponent reaction; UA-4MCR) durchgefiihrt. Anschliefend wurden die erhaltenen
Monomere mittels der atomokonomischen Thiol-En-Chemie mit Dithiol-Derivaten
unterschiedlicher Langen polymerisiert. Die Untersuchung konzentrierte sich auf zwei Aspekte.
Erstens wurde erforscht, wie der Polymerisationsprozess von der Lénge der a, w-Dienmonomer-
Olefinsegmente beeinflusst wird. Zweitens wurde der Einfluss der Thiolstruktur auf die
Syntheseeffizienz und die endgiiltigen Eigenschaften der Polymere untersucht. Es wurde
beobachtet, dass Monomere mit langeren Alkylketten (mit einer Kettenldinge von (CHz)o) eher
zur Bildung von Polymeren neigten im Vergleich zu den kurzkettigen Derivaten, die
wahrscheinlich eine zyklische Oligomerisierung statt einer Polymerisierung durchliefen.
Dariiber hinaus wurde festgestellt, dass alle Polymere eine moderate thermische Stabilitét
aufwiesen, unabhingig von den Thiol-Derivaten. Aullerdem zeigten 1,5 DST-verzierte Polymere
Ty,-Werte unterhalb der Raumtemperatur, was die Verarbeitbarkeit verbessert und somit ihr
Anwendungspotenzial erweitert. Nicht zuletzt wiesen 1,5 DST- Seitenkettenpolymeren auch
CTE-Eigenschaften auf.

Im dritten Projekt wird eine fortgeschrittene Strategie zur Synthese von 1,5-DST
Seitenkettenpolymeren unter Verwendung einer Methode zur Post-Polymerisationsmodifikation
beschrieben. Poly(pentafluorphenylacrylat), p(PFPA), wird mit verschiedenen Graden an 1,5-
DST-Einheiten substituier, um den Einfluss der 1,5-DST-Einheiten auf die thermischen
Eigenschaften zu untersuchen. AnschlieBend wurde eine in-situ-Vernetzung durchgefiihrt, um
ein polymeres Netzwerk, d.h. ein Hydrogel, fiir die Untersuchung der Materialeigenschaften zu
konstruieren. Es wurde beobachtet, dass die thermische Stabilitdt mit zunehmendem Gehalt an
1,5-DST (von 20% auf 60% nach Gewicht) gestiegen ist (von 192 °C auf 204 °C). Dariiber hinaus
wurde der Ubergang von die glasiibergangstemperatur (7;), die eine intrinsische Eigenschaft
jedes Polymers ist, fiir die erhaltenen Hydrogele untersucht. FEine erhdhte
Wasserabsorptionsfiahigkeit wurde ebenfalls gezeigt, mit zunehmendem Gehalt an 1,5-DST im
Netzwerk. Auf dhnliche Weise wie bei den zuvor erforschten DST-Polymerderivaten wurden die

Fluoreszenzeigenschaften in Bezug auf den 1,5-DST-Gehalt fiir die Hydrogele analysiet.

Ubergreifend wird in dieser Arbeit die Durchfiihrbarkeit verschiedener Ansitze, einschlieBlich
der direkten Polymerisation, der Monomersynthese gefolgt von der Polymerisation und der
Methode zur nachtriglichen Polymermodifikation, fiir die Synthese neuartiger Polymere mit 1,5-
DST-Einheiten strategisch hervorgehoben. Es wurde eine umfassende Untersuchung
durchgefiihrt, um das Wechselspiel zwischen der Positionierung der 1,5-DST-Einheiten - ob sie
in die Hauptpolymerkette integriert oder als Seitenketten angefligt wurden - und den

darauffolgenden Eigenschaften griindlich zu verstehen. Dariiber hinaus wurde ein



fortschrittlicher Ansatz zur Synthese von 1,5-DST-haltigen. Hydrogele mit moderaten
thermischen und optischen Eigenschaften gezeigt. Insgesamt repriasentieren alle Ansdtze zur
Gewinnung von 1,5-DST-haltigen Polymeren einen Meilenstein in der Polymerchemie. Die
gezeigte Vielseitigkeit, strukturelle Robustheit und Anpassbarkeit der physikalischen
Eigenschaften machen 1,5-DST-Polymere zu vielversprechenden Kandidaten fiir verschiedene
hochmoderne Anwendungen. Insbesondere ihre fluoreszierenden Eigenschaften konnen eine
entscheidende Rolle bei der Forderung wissenschaftlicher Forschung, medizinischer Diagnostik

und technologischer Anwendungen spielen.
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1 Introduction

Tetrazoles are specifically a five-membered aromatic ring containing four nitrogen atoms and
one carbon atom.[!! Especially, 1,5-disubstituted tetrazoles (1,5 DSTs) and their respective
analogues have garnered special attention. This is due to the presence of two nitrogen atoms in
the 1,5 DST ring, which imparts stability by allowing nitrogen to delocalize electron density and
distribute the charge.?! Recently it has been shown that the nitrogen atoms of 1,5 DST act as
electron-rich sites, forming strong bonds with metal centres, and is utilized in coordination
chemistry as well as catalysis.3-%1 Furthermore, 1,5 DSTs possess desirable properties for
energetic materials, such as high energy content, good thermal stability, low sensitivity to impact
and friction, and controlled burn rates.!> 781 Additionally, 1,5 DST unit in medical chemistry as
small molecules drug derivatives have been extensity used due to their remarkable biological
activities (e.g., antiviral, anti-inflammatory, antibacterial, and antifungal) beside ability to target
specific diseases, and potential use as diagnostic tools.[”l Nonetheless, 1,5 DST have not been
explored inclusively in the realm of polymer chemistry that constitute a new domain with largely
unstudied potential. Several methods have been utilized to produce 1,5 DSTs containing
polymers, including the synthesis of appropriate monomers followed by a polymerization (either
radical 1% or anionicl''l) depending on the nature of the monomers. Furthermore, a post-
polymerization modification approach has been employed to convert reactive groups (such as
azide or alkyne) through the Huisgen 1,3-dipolar cycloaddition reaction.[>-13] Nevertheless, the
knowledge transfer of 1,5 DST moieties from organic chemistry into polymer chemistry still
poses challenges, thereby the restricting the application of 1,5 DST moieties in the field of

polymer science to only a few instances.

Importantly, the existing literature is restricted because of certain disadvantages of synthesizing
1,5 DST-containing polymers concerning toxicity, side reactions, low selectivity, complex
reaction conditions or synthetic challenges in multi-step sequences. Hence, it is necessary to
employ novel approaches to achieve a more concise comprehension of the synthesis and
characteristics of 1,5 DST containing polymeric structures, whether utilized as the main chain or
as pendant groups, since they possess potential as an attractive alternative to traditional synthetic

polymers due to their exceptional thermal stability, coordination capacity and biological activity.

Therefore, the research presented within this thesis is focused on the development of a framework
to investigate the synthesis of 1,5 DST-containing polymeric structures. In this content, the

design of the research scope has considered the following objectives:

Objective 1. Exploring of the alternative synthesis pathway of main chain 1,5 DST-based

polymeric structure
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Objective 2 Investigating of innovative synthetic routines for the design of 1,5 DST-decorated

polymers

Objective 3 Evaluating the feasibility of integrating a 1,5 DST unit into the pre-existing polymers

to create polymeric networks adorned with 1,5 DST decorations.

In accordance with the objectives, a broad analysis toolbox has been undertaken to establish a
detailed understanding of the chemical, thermal, and optical properties of these novel polymers

for possible applications.

Accordingly, to ensure a comprehensive understanding of the research, a detailed exposition of
the theoretical background will be provided in the following chapter, encompassing the following
key points: a) an overview of the general properties and synthesis methods of tetrazole and its
derivatives; b) a literature survey of tetrazole-containing polymers; c) an examination of the
current state of 1,5-disubstituted tetrazole derivatives and their applications beside a summary of
1,5 tetrazole-containing polymeric systems in literature. Moreover, a brief summary of the
methods employed for the synthesis of 1,5 DST-containing polymeric structures will be
provided. Additionally, driving motivation of the research and the key aspects of the present

thesis pertaining to 1,5 DST-containing polymeric systems will be highlighted.

II



3 Theoretical Background

The current chapter provides the essential background information to understand better the
concepts, methods, and reaction mechanisms used in this work. For this purpose, some general
information on tetrazoles, followed by 1,5-disubstitute tetrazoles (1,5 DST) and, accordingly,
their application in polymer chemistry is first given. In addition, some synthetic tools, e.g., Ugi-
azide four- multicomponent reaction (UA-4MCR) or Ugi- azide four- multicomponent
polymerization (UA-4MCP), besides post-polymerization modification reaction and thiol-ene

chemistry are described for the developing tetrazole-containing polymeric materials.

3.1 Tetrazoles

3.1.1 Fundamental aspects and history

Tetrazoles are a class of doubly unsaturated heterocyclic compounds consisting of a five-
membered ring containing four nitrogen atoms and one carbon atom.['*] They do not exist in
nature. Tetrazole itself may exist in three different tautomeric forms i.e., 1H-tetrazole (a), 2H-
tetrazolium (b) and 5H-tetrazole the position of the hydrogen atom attached to nitrogen being
indeterminate as can been seen in Figure 2.1.[15 While 1H-tetrazole (a) tautomer is predominant,
2H-tetrazolium (b) tautomer is stable in the gas phase.!'®] Nonetheless, 5H-tetrazole tautomer is

not a stable member of this family, as it does not possess aromatic character.

H
a) H b) <z’>,{J ° L H
Ny ON] N e
N R e o
N—N H N—-N
@) @) ® @

Figure 2. 1 Structure of regioisomeric tetrazole ring; a) 1H-tetrazole, b) 2H-tetrazolium, and c) SH-
tetrazole, respectively.

Tetrazoles can be classified into three main types; mono-(i.e., 1-substituted, 5 substituted), di-
(i.e., 1,5-disubstituted), tri-(1,3,5 trisubstituted). In terms of composition, the 5-substituted
tetrazole derivatives dominate the group with a majority representation of 58%, flowed by 1-
monosubstituted and 1,5 DSTs behind at 18% and 14%, respectively as depicted Figure 2.2. The
position number in each substitution class refers to the nitrogen atom that is substituted in the
tetrazole ring as shown in Figure 2.3.
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B 5-monosubstituted tetrazoles « 1-substituted tetrazoles
= 1,5-disubstituted tetrazoles #® 2-substituted tetrazoles

: 2,5-disubstituted ® tetrazolium salt

Figure 2. 2 Classification of the cocrystal structures of tetrazole derivatives from the Protein Data Bank
(PDB).l'¥!

The substituent on the tetrazole ring can be any organic or inorganic group, and the properties of
the tetrazole molecule can vary depending on the type and position of the substituent. It is known
that 1-substituted compounds have higher melting points compared to 2-substituted compounds
due to inductive effects. In similar manner, when substituents are present at positions 1 and 2,
the resulting derivatives exhibit significantly higher melting points compared to 1,5 DST and
2,5-disubstituted (2,5 DST) compounds, primarily because of the formation of hydrogen bonds.
Furthermore, at ambient temperature, most tetrazoles with substitutions at positions 1,5 and 2,5
are stable crystalline materials.['”] Indeed, tetrazoles are highly polar compounds and typically
demonstrate outstanding solubility in polar solvents.['l The solubility of tetrazole derivatives is
highly dependent on the substituents at the ring moiety. Their enthalpies of formation are also
relatively high, with 1H-tetrazole exhibiting a value of 28.1 eV (648 kcal mol!), which is
consistent with the calculated value of 27.7 eV.[18] Thus, tetrazoles are considered energy-rich
molecules. Furthermore, tetrazole and its 5-substituted derivatives display a spectrum of weak
acidity, with pK. values ranging from 1.1 to 6.3, and interestingly, this range is comparable to
that of carbonic acids.l'”! In addition, tetrazole ring exhibits lower basicity than aniline, with
typical pKp values ranging from 9.7 (1-methyl-1H-tetrazole) to 12.9 (5-amino-1-phenyl-1H-
tetrazole). A protonation usually occurs at N(4) position 2% (see Figure 2.1.) and electrophiles
tend to attack tetrazoles at one of the ring nitrogen atoms.[?!l While acylation!*?! of 5-
monosubstituted tetrazoles selectively proceeds at N(2) in most cases, alkylation is non-selective
and resulting in mixes of 1,5 and 2,5 DSTs.[?3] Therefore, it is obvious that the position of the
electrophile attack strongly depends on the substituent at C(5), the reaction conditions, and the
reagent. In addition, the presence of sp? hybridization and a conjugated 7 system in tetrazole
enables the electrons to be spread out across the ring, promoting intermolecular interactions

between nitrogen atoms.
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Figure 2. 3 Classification of tetrazoles based on the number of substituents and their position.

This interaction plays a crucial role in enhancing the thermal stability of tetrazoles. However, it
should be noted that their stability is often limited, and they have a tendency to decompose around
or near their melting point (i.e., 110-130 °C).I>4] The type and position of substituents on the
tetrazole ring greatly affect both the quantity and characteristics of the degradation products. The
diverse stability levels of tetrazoles at different temperatures also lead to the expectation of
various decomposition pathways. For instance, 1,5 DST undergo thermolysis by ring opening to
form a-azido-imines and loss of N(2), which leads to the creation of an imino nitrene as depicted
in Scheme 2.1.a. Yet, there are two pathways that can result from 5-substituted tetrazoles
degradation; first pathway leads to the corresponding nitrile and HN3, while the second pathway
results in the formation of nitrilimine and nitrogen (N2) (Scheme 2.1.b) In addition,
photodegradation of tetrazoles is also possible.l?>26] The result of photolysis using UV light on
tetrazoles is the creation of reactive intermediates, but molecular nitrogen formation is also
observable. Afterward, these intermediates undergo stabilization through fragmentation and

isomerization as also represented in Scheme 2.1.c. [?7]

Actually, discovery of tetrazoles dates back to the late 19th and early 20th centuries. The first
tetrazole derivative was reported by J. A. Bladin in 1885.[28] Like other azole compounds which
are nitrogen-rich heterocyclic rings, tetrazoles received little interest; almost a century later only
just 300 tetrazole derivatives were known.[°l During the mid-20t century, the potential of the
azoles in explosives, photography and agriculture gained importance as key building blocks for

the synthesis of a wide range of organic compounds.['> 2% Particularly, around the sixties, the
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discovery of their biochemical and pharmaceutical activities e.g. antiallergicB%, anti-
inflammatoryl®!'l, antibioticl*2], anti-hypertensive®3] and anti-tubercular agents(**33] drew the
attention back to them. More importantly, tetrazoles have been reported to exhibit fluorescence
properties in certain conditions due to capability of delocalizing charges within their unsaturated
n-system.[36] The fluorescence emission of tetrazoles can be influenced by factors such as pHI[37],
solvent polarity[®8], and the presence of certain metal ions[**! and exhibit a unique form of
luminescence, known as cluster-triggered emission luminescencel*’l, which is associated with
unconventional chromophores. Up to now over 25K tetrazole chemistry researches, such as
publications, reviews, and book chapters, have been found in the Scifinder database, exploring
advancements in synthesis methods. Accordingly, the next sections will provide a brief
introduction to classical synthesis strategies and green routes for tetrazoles and its disubstituted

derivatives.
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Scheme 2. 1 Schematic representation of the diverse decomposition pathways of a) 1,5-disubstituted
tetrazoles, b) 5-substituted tetrazoles, and c¢) possible photolysis patterns for several tetrazole derivatives,
respectively.

3.1.2 Synthesis of tetrazole and its derivatives

One of the well-established classical synthesis methods for the synthesis of monosubstituted-
tetrazoles is reacting substituted amines with triethyl orthoformate and sodium azide in water(4!]
or dimethylsulfoxide (DMSO)*? (Scheme 2.2.a). In the next breath, an effective pathway is
developed by utilizing [3+2] cycloaddition reaction between hydrazoic acid (HN3) and
cyanide.3] Likewise, other synthesis methods are shown in Scheme 2.2.b. In principle,
isocyanides can be reacted with azidotrimethylsilane in methanol (MeOH) in the presence of a
catalytic amount of hydrochloric acid (HCI) at 60 °C to obtain mono substituted tetrazoles.*4]

Commonly used method for preparing 5-substituted tetrazoles involves reacting isocyanide,
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sodium azide (NaN3), ammonium chloride (NH4Cl), and lithium chloride (LiCl) in
dimethylformamide (DMF) at 110 °C.[% 45-46]

NaNj3
CH(OEt); NZ=\
a) R=NH, — 35 1| N=R

b)

NH, TMSN;
(CH3),NH MeOH

Scheme 2. 2 Some classical synthesis routes of monosubstituted tetrazoles in the presence of a) amine
(R-NH») with triethyl orthoformate (CH(Ot)3;) and sodium azide (NaN3) and b) isocyanide (R-CN) with
dimethylamine ((CH3).NH) and (NHj3); azidotrimethylsilane (TMSN3); sodium azide (NaNs) in the
presence of ammonium chloride (NH4Cl), and lithium chloride (LiCl).

On the other side, there are several classical methods to prepare disubstituted (e.g., 2,5 and 1,5
DST) tetrazoles as shown in Scheme 2.3. The synthesis of 2,5 DSTs is known to be considerably
challenging.*’l One of the most effective routes for synthesizing 2,5 DST uses lithium
trimethylsilyl diazomethane (generated from trimethylsilyl diazomethane (TMSCHN2) and
lithium diisopropylamide (LDA)) to react with methyl esters of carboxylic acids at 0 °C, resulting
in good yields of the tetrazoles (Scheme 2.3.a).[*¥] Apart from that, an oxyphosphonium salt
(C3H9N3Si) can be prepared under mild, neutral conditions at 0 °C from amide, followed by
reaction with trimethylsilyl azide, leading to the desired 1,5 DST (Scheme 2.3.b).l*°! However,
classical methods are often multistep reactionsi%-2] and pose potential hazards due to their
harmful and explosive nature, alternative and more environmentally friendly homogenous

catalytic methods are currently being introduced to the literature.

)j\ C3HgN3Si NZ=
Risy —— | _N=R,

Scheme 2. 3 Some classical synthesis routes of a) 2,5 DST and b) 1,5 DST.
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In this regard, recent researches mostly focus on the synthesis of mono substituted tetrazoles in
the presence of heterogeneous and homogeneous catalysts (e.g. ZrP207/ZnSP31, NiFe 04154,
Pd/Coll, gold*¢] nanoparticles, PdB7l, L-prolinel®l) by using [3+2] cycloaddition or
multicomponent reactions via microwave/ultrasound-assisted synthesis methods.['®) For
instance, 2,5 DST can be synthesized by utilizing a CuxO-catalyzed aerobic oxidative protocol,
which allows to directly cross-couple N-H free tetrazoles with low toxic boronic acids.l*7! Also,
2,5 DSTs can be obtained by subjecting one-pot sequential reactions of aryldiazonium salts with
amidines to treatment with Io/KI under basic conditions.!5% This methods allows for the synthesis
of 1,5 DST with high efficiency and structural diversity. Upon the exploration of advantages of
using catalyst containing systems for the facile synthesis of 1,5 DST, some of catalyst such as
ZnCl,[%, FeCl3-SiO,%11 CuCl,l%2 and CuO-NiO-ZnO[®3] have been also employed.

However, despite their application in the literature, the various approaches for synthesizing
tetrazoles have their own limitations. One major drawback is the significant reaction time
involved (that varies from hours to days), which renders the process impractical for numerous
synthetic applications. Additionally, these methods heavily depend on the utilization of costly
metals, thereby inflating the overall expenses associated with the process. Hence, alternative
strategies have been explored to overcome these shortcomings and achieve the synthesis of
tetrazoles. One example is a technique that utilizes microwaves to irradiate a reaction of primary
alcohols and aldehydes in the presence of iodine and ammonia solution, all in a single vessel
(Scheme 2.4.a).1%4 This resulted in the production of intermediate nitriles, which then underwent
[3+2] cycloaddition with dicyandiamide and sodium azide. In similar manner, a range of primary
amines with different substitutions were used in a chemical reaction with sodium azide and ethyl
orthoformate, which led to the production of 1-monosubstituted tetrazoles (Scheme 2.4.b).[63]
Due to the diversity of tetrazoles derivatives, there is broad spectrum of method which have been
applied. Besides the aforementioned synthesis approaches, one significant approach is the multi-
component reaction (MCR), which will be discussed in the following section. Specifically, a
comprehensive literature review on the synthesis of 1,5 DSTs via MCR, such as the Ugi-
multicomponent reaction (Ugi-MCR), will be presented.

a)
HC(OEt), A\ _R
neNH2 | NaNO, ———» HN” "N
b)
|2,NH3,MW NaN3, ZnBrz, MW N R
rd
R NOH ——— R-ON > HNT S
60°C, 15-30 min 80°C, 10-45 min N=N

Scheme 2. 4 Some green approaches for the synthesis of tetrazoles.



Theoretical Background

3.1.3 Characteristics and applications

The increasing demand for environmentally friendly alternatives arises from the toxic nature of
existing energetic materials upon decomposition. In this regard, tetrazoles offer a promising
solution as they generate only molecular nitrogen and CO/CO: as by-products when are
decomposed. Consequently, tetrazoles serve as a viable alternative due to their ability to produce
decomposition products limited to molecular nitrogen and CO/CO». Moreover, tetrazole groups
hold great importance in the pharmaceutical industry worldwide, particularly in medications that
utilize them as active pharmaceutical ingredients. Furthermore, the field of medicinal chemistry
related to tetrazoles is advancing rapidly as new compounds with diverse biological properties
and potential therapeutic applications are being discovered. In relation to the topic of the thesis,
this section aims to provide a concise overview of the distinctive features of tetrazole and its
derivatives, such as their energetic capacity and ability to form metal-ion complexes.
Additionally, it will examine their biological aspects, including bioisosterism and various

biological activities.

Energetic capacity: Nitrogen-rich heterocyclic compounds with fused rings and conjugated
structures are considerably stable and mechanically less sensitive. Therefore, they are ideal for
creating new high-performance energetic materials.l%! Indeed the molecular structure of
energetic materials determines their enthalpy properties. The incensement of the nitrogen content
from imidazole (with a heat of formation of 14.0 kcal mol )71, 1,2 4-triazole (with a heat of
formation of 26.1 kcal mol-!), to tetrazole (with a heat of formation of 56.7 kcal mol-') shows an
obvious trend in heats of formation. Thereof, tetrazoles are popular choices among chemists as
building blocks for high-performance energetic materials.[®] Their nitrogen-rich properties
enhance explosive performance and gas production, while their low carbon-hydrogen content
results in cleaner combustion products that reduce environmental harm. Additionally, the energy
of tetrazole derivatives can be improved by increasing the number of N=N and N-N bonds.[6°]
For examples, 5-aminotetrazoles!’] been studied as a potential gas-generating compound for use
in gas generators’?l and inflators!’!] for airbags due to its high gas yield and low toxicity,
Similarly, nitro functional groups containing bis/di tetrazole compounds have investigated to

discover their potential replacement for the traditional energetic materials.[7%]

Metal-ion complexes ability: 1t has been a long-established fact that the tetrazole ring possesses
the capability to form stable chelate complexes with transition metal ions (i.e. Col73], Ptl74-73],
Nil4). They can bind to metal ions in different ways, including as monodentate, bidentate, or
tridentate ligands.[’0! Thus, they have been used in various applications, such as catalysis,
sensing, and biological studies. Some example of the use of tetrazoles (e.g., 5-(azulen-1-
yldiazenyl)-1H-tetrazole,l’”] pyridyl-triazole-tetrazole[’®) with complexes of Pb, Co revealed

their magnetic and catalytic properties which have been used in the design of highly selective
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sensors for biological environmentally applications.’””! Also, Ni metal complexes of some
tetrazole derivatives have been reported to possess potential antimicrobial activity against various
bacterial and fungal strains.[®%] Last but not least, one of the use of tetrazoles (i.e., 2,5 DSTs)
complexes with cadmium (Cd),!8! zinc (Zn)B7) have shown fluorescence and phosphorescence
which can be utilized in the design of luminescent metal complexes for various applications such

as sensing, imaging, and lighting.[8?]

Bioisosterism: Bioisosterism refers to the chemical phenomenon of replacing one functional
group or atom with another while retaining the biological activity of the original compound. The
concept of bioisosterism is widely used in drug design to improve the pharmacokinetic and
pharmacodynamic properties of drugs.[®3-841 This concept initially defined by Friedman, provides

support for the effective integration of tetrazoles as constituents of medicinal materials.[3>]

On the one side, the carboxylic acid functional group plays a crucial role in the pharmacophores
of various therapeutic agents. Drugs containing carboxylic acid (e.g., antibiotics, anticoagulants,
and statins) have been widely marketed globally due to their acidity, strong electrostatic
interactions, and ability to form hydrogen bonds.[®] However, carboxylic acids have certain
disadvantages, including metabolic instability, toxicity, and limited ability to cross biological
membranes, meaning they have low lipophilicity.[®”] Thus, in the search for alternatives to
carboxylic acids, chemists have turned to tetrazoles as effective bioisosteres.®8] Particularly 5-
substituted tetrazole is the best known and the most frequently used bioisosteres of a carboxylic
acid functionality.®] Indeed, tetrazoles and carboxylic acids exhibit planar characteristics;
however, tetrazoles possess both aliphatic and aromatic properties and share similar pK, values
(4.5-4.9) compared to carboxylic acids (4.2-4.4). At physiological pH (around 7.4), 5-substituted
tetrazoles become ionized and demonstrate 10 times greater lipophilicity than carboxylates
(Figure 2.4).['4] This increased lipophilicity aids in their binding affinities and enables easier
passage through cell membranes. The nitrogen-rich nature of tetrazoles allows for the formation
of more hydrogen bonds with receptor recognition sites, thereby enhancing their binding
affinity.[90-1]

On the other side, amide functional group (-C(O)NH-) is a very important functional group in
biochemistry because of its unique ability to form hydrogen bonding interactions.®?! Hence
amide bonds (cis or trans) is present in many biomolecules, including amino acids, peptides,
proteins, nucleotides, and many clinically approved drugs. Despite its valuable role, amides
possess limited proteolytic stability. Consequently, researchers have explored the potential of the
tetrazole ring as a bioisostere for amides. As a result, the tetrazole ring has gained recognition as
a viable substitute for amide bonds.[*3-%°] Particularly, capability of 1,5 DSTs examined as an
amide bioisostere, and subsequently, tetrazole gained attention due to its viability for amide bond
replacement (Figure 2.4).°61 1,5 DST ring has a dipole moment to the cis-amide bond. It also

8
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has a similar ability to form hydrogen bonds and to participate in hydrophobic interactions with
other molecules. These similarities make 1,5 DSTs attractive non-classical bioisosteres of the

cis-amide bond.7]

rs
HN =\ ,‘* i /k?..-N AP
N ( L\ R
R‘?’*N’ \H\EOH \(IK*NfN R( NH
R R \<
carboxylicacid  5-tetrazole 1,5-tetrazole cis-amide bond

Figure 2. 4 Conformational representation of S-tetrazole (left-side) and 1,5-tetrazole (right-side)
bioisosteres for carboxylic acid and cis-amide bond, respectively.

Biological activities: Surprisingly, the rapid advancement of tetrazole chemistry is fuelled by the
extensive research conducted in the field of developing new pharmaceuticals.®®l In recent
decades, there has been a significant increase in published studies focusing on the biological
activity of compounds containing the tetrazole ring. In particular, some derivatives of tetrazoles
have been the subject of numerous studies, which reveals their antibacterial and antifungal
properties, as well as their potential for anti-inflammatory, analgesic, anticancer, anticonvulsant,
antihypertensive, hypoglycemic, antiparasitic, and antiviral activities.[%% %1 Additionally,
significant progress has been made in medicinal chemistry with the development of tetrazole-
based antifungal drugs.!'®] For instance, 1-monosubstituted tetrazole containing drugs (e.g.,
Oteseconazole, Quilseconazole) have high selectivity and broad-spectrum antifungal capacity.
They also possess high activity as anticoagulants due to low lipophilicity and affinity to
thrombin's active centres.l!%! In recent times, the most remarkable breakthrough in medicinal
chemistry concerning 2-monosubstituted tetrazoles is the identification of Cenobamate as an
antiepileptic medication which accelerates the inactivation of sodium channels and suppresses
the constant component of sodium current and is also a positive allosteric modulator of gamma-
aminobutyric acid (GABA) receptors.[!92] Additionally, the widespread use of 2-monosubstituted
tetrazole as a bioisostere of the carboxyl group is attributed to the success in developing
antihypertensive drugs like Losartan and its analogues.[®] Besides, the successful substitution of
a carboxyl group with a 5-substituted tetrazole fragment has led to the development of a drug
that displays antiarrhythmic activity in both in vitro and in vivo experiments.[!%3] Aside all these
properties, anti-inflammatory effect of 5-substituted tetrazole play an important role in medical
biology.’l Moreover, an increasing number of articles have documented the replacement of an
ester group with a 2,5 DST moiety since they have significantly higher metabolic stability in
comparison with the ester group.!'4 Despite attempts to replace the carboxylic acid ester
component with the 2,5 DST structure as a potential treatment for enhancing cognitive function

in Alzheimer's disease, the desired efficacy has not been adequately demonstrated. Nevertheless,
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the replacement of the 2,5 DST ring resulted in a 20-50 times improvement in effectiveness,
greater metabolic stability, improved bioavailability after oral administration, and a significant
increase in the duration of action.['%] On the flip side, 1,5 DST moiety exhibited significant
biological activities as well (i.e., antibacterial antifungal etc.) which will be discussed in

following section in detail.

3.1.4 Reactions of tetrazoles

Tetrazoles are reactive compounds. The reactivity of tetrazoles is a result of their electron-rich
nature, aromaticity, resonance effects of multiple nitrogen atoms in the ring. These factors allow

tetrazoles to engage in a variety of reactions. Some common reactions of tetrazoles include:

Nucleophilic Substitution Reactions: Tetrazoles can react with nucleophiles, such as amines or
alkoxides, to undergo nucleophilic substitution reactions.[1%] Additionally, in some cases,
tetrazoles can undergo aromatic nucleophilic substitution reactions, where the nucleophile
attacks the tetrazole ring and displaces a substituent. This can lead to the introduction of new

substituents onto the tetrazole ring.[!07]

Ring Opening Reactions: Ring-opening reactions of tetrazoles involve breaking one or more
bonds within the tetrazole ring, resulting in the formation of acyclic compounds.[> 198 These
reactions can lead to the introduction of new functional groups and the creation of diverse
chemical structures.['%] Furthermore, tetrazoles with electrophilic substituents can undergo
nucleophilic ring opening reactions. Nucleophiles attack the electrophilic substituents, resulting
in bond cleavage and the formation of new products.['!%] This type of reaction is similar to

nucleophilic substitution but involves the opening of the tetrazole ring.[?7]

Reduction Reactions: Reduction reactions of tetrazoles involve the addition of electrons or
hydrogen atoms to the tetrazole ring, leading to the formation of reduced products.!!'!] These
reactions can result in the cleavage of nitrogen-nitrogen bonds or the reduction of other functional
groups within the tetrazole molecule.l''?] Mostly, tetrazoles can be reduced to corresponding
amines using reducing agents like hydrazine or hydrogen gas in the presence of a catalyst. This
reduction can occur at the tetrazole ring's nitrogen atoms, leading to the formation of substituted
amines (Scheme 2.5).1113]

H
N
N\ ’ EtQO reflux

Scheme 2. 5 An example of reduction reaction of 1,5-disubstituted tetrazole.

Oxidation Reactions: Oxidation reactions of tetrazoles involve the addition of oxygen or removal

of electrons from the tetrazole molecule, resulting in the formation of oxidized products (Scheme
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2.6). These reactions can modify the chemical reactivity and properties of tetrazoles and are

valuable for synthesizing compounds with different functional groups.

NO
N3 Oxane 2
N — 3 H2S04 A
N 4c —> NN
N ~ N/ ~ N
\
H OH

Scheme 2. 6 An example of oxidation reaction of 5-substituted tetrazole.!!!¥

1,3-Dipolar Cycloaddition (Click Reactions): Tetrazoles are known to participate in 1,3-dipolar
cycloaddition reactions, especially with alkynes and nitrile compounds, to form 1,2,3-triazole
derivatives. This reaction is commonly referred to as a "click reaction" and is widely used in the
synthesis of various compounds and materials. For example, tetrazoles undergo 1,3-dipolar
cycloaddition with alkenes which can lead to the formation of pyrazoles (Scheme 2.7).[115] This
type of reaction often requires high temperatures or other activation methods due to the lower
reactivity of alkenes compared to alkynes.[!!®] Also, when tetrazoles react with nitriles in a 1,3-
dipolar cycloaddition it can yield pyrazolines.!'!7]

Ry
xR Ra 2 R4

N~ R3
R \'}‘ Rs
1 N\ N R4 R4 A\
_—

Scheme 2. 7 1,3 dipolar cycloaddition reaction of 2,5-disubstituted tetrazole for the formation of pyrazole.

Tetrazole-thiol reaction: The tetrazole-thiol click reaction, also known as tetrazole-thiol
coupling, is a valuable tool in modern organic synthesis, enabling the efficient and regioselective
formation of carbon-sulfur bonds under UV irradiation. The reaction occurs rapidly at ambient
temperature, demonstrating excellent efficiency and without the presence of any catalyst. The
mechanism of the tetrazole-thiol click reaction involves the nucleophilic attack of the sulfur atom
of a thiol compound onto a carbon atom of the tetrazole ring with UV irradiation (Scheme
2.8).1118]

o) (0]
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N \/\OH No
/SN _— 72
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Scheme 2. 8 An example of UV-induced tetrazole-thiol reaction.[!!8]
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3.2 1,5-disubstituted tetrazoles

Among tetrazole family, 1,5 DSTs have been extensively studied because of their bioisosteric
nature to cis-amide bond that makes them one of the premium classes of heterocycles to be used
in medicinal chemistry. as anti-inflammatory antiviral (i.e., human immunodeficiency virus
(HIV), antibiotics, antiulcer, anxiety, anti-tubercular.[11%-120] Thus, the significance of building up
libraries of 1,5 DSTs for high-throughput screening and other low-throughput pharmaceutical
research underscores the need for effective and time-saving synthetic methods. In this section,
detailed discussions will be held on the properties and applications of 1,5 DSTs, alongside the

evaluation of the currently available synthesis methods.

3.2.1 Characteristics and synthesis of 1,5-disubstituted
tetrazoles

As expectedly, the high nitrogen content of 1,5 DSTs contributes to their substantial utility as
ligands in coordination chemistry and as precursors for nitrogen-rich materials. Notably, their
substituted characteristics contribute to their heightened thermal and chemical stability, thus
minimizing the probability of decomposition or reactivity with other substances under typical
storage and handling conditions. The latter property makes them safer to handle and store than
some other energetic materials. In addition, one important optical property of 1,5 DSTs is their
ability to fluoresce. When excited by a light source of the appropriate wavelength, they emit light
of a different colour.l'2!] The wavelength of the emitted light can vary depending on the specific
tetrazole compound and its environment.['22] Furthermore, 1,5 DSTs can exhibit
phosphorescence, which is similar to fluorescence but occurs over a longer timescale. This
property is useful in a variety of applications, including the development of organic light-emitting
diodes (OLEDs) and other optoelectronic devices.!'?3] Due to their bioisosteric nature to cis-
amide bonds, 1,5 DSTs are considered to be among the most valuable classes for use in medicinal
chemistry. Because amides (cis- or trans-) remain a highly regarded and reliable functional group
due to their unique characteristics, such as high polarity, stability, and conformational diversity.
Furthermore, amide linkages have a dual significance in medicine. Firstly, they are crucial
chemical bonds in proteins. Secondly, they serve as the foundational units for numerous synthetic
polymers which has application in drug delivery. Their formation is one of the most frequently
executed reactions in organic chemistryl!?4l and pharmaceutical industry.[!?%] Nonetheless, it is a
misconception that there are no remaining challenges in synthesizing them. In reality, finding the
ideal strategy for successful synthesis of cis-amide bond is challenging, as it heavily depends on
the substrates used. One must consider several issues when evaluating and selecting the

methodology, such as the problem of chemo selectivity for amidation in the presence of
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unprotected hydroxy or amino groups, or the possibility of racemization when using chiral
starting materials. Additionally, one must analysis the entire process, considering experimental
factors, solvents, reaction temperature, work-up, and isolation procedures, which greatly affect
the process mass intensification (PMI). Lastly, the toxicity and environmental impact of the
synthetic approach are crucial aspects that need consideration. Hence even the simplest cis-
amides can be challenging to create, often necessitating the use of more intricate and expensive
reagents.[°2 1261 As a result, there is a strong demand for new and improved methods of cis-amide
synthesis since the current synthetic methods have not fulfilled their potential. However, 1,5 DST
moiety would be considered as a bioisostere to replace the cis-amide bond. Actually, it is a well-
established fact that when the amide group is replaced by the tetrazole ring, the biological activity
profile of compounds remains intact and there is a significant improvement in their metabolic
stability.[4 1271 Therefore the 1,5 DST is gaining attention to be utilized in medicinal chemistry
and drug design as amide group bioisosteres. It has been proven that the presence of the 1,5 DST
in the drug structure induced the interacting with the target protein and consequently impact of
the cellular uptake and drug delivery capacity. This can be because of the interaction of the
tetrazole ring with a receptor site enhanced due to ability of all its nitrogen atoms to act as
hydrogen bond acceptors. In this regard, another hypothesis is that 1,5 DST is specified as weak
bases; however; they have relatively high hydrogen bonding basicity constant compared to
traditional proton donors. These facts partially explain why the 1,5 DST ring is capable of
forming stable complexes that involve individual atoms and functional groups of targeted
molecules such as the catalytic side of cyclooxygenase-2 (COX-2).[128] This characteristic feature
gives them anti-inflammatory activity. Additionally, 1,5 DST are important in biology and
medicine as nicotinamide adenine dinucleotide phosphate (NAD(P)H) oxidase inhibitors,
glucokinase activators, hepatitis C virus (HCV) serine protease NS3 inhibitors, calcitonin gene-
related peptide receptor antagonists, and antimigraine agents!!>° Moreover, the addition of a 1,5
DST moiety to steroid hormones can have a significant effect on their biological function, which
is also important to acknowledge.[3%] Furthermore, numerous studies have been conducted to
synthesize a variety of compounds containing 1,5 DST and evaluate their antibacterial properties.
In fact, several semisynthetic antibiotics from different generations (i.e., Cefazaflur from the first
generation!!3!) and Cefonicid and Cefamandole from the second generation,!'32-133]) incorporate
the 1-methyl-1H-tetrazol-5-ylthiomethyl group into the thiazine portion gives them their

antibacterial properties.

Over the past few decades, a number of general approaches have been established for the
synthesis of 1,5 DSTs. In the beginning, the Huisgen 1,3-dipolar cycloaddition reaction between
nitriles and azides (either azide ion or hydrazoic acid) is a one of the commonly used method for
synthesizing 1,5 DSTs.I34-1351 However, the range of reactions between nitriles and organic

azides is restricted due to the requirement of nitrile substrates possessing strong electron-
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withdrawing groups to effectively participate as dipolarophilic partners with organic azides.
These groups tend to decrease the energy of the lowest unoccupied molecular orbital (LUMO)
in nitriles, thereby promoting their interaction with the highest occupied molecular orbital
(HOMO) of the azide.['36] Therefore, in this process, nitriles and azides can react and form 1,5
DSTs without the need for a catalyst, provided that the nitrile has electron-withdrawing groups
to activate it. Most of the time, his reaction is carried out at higher temperatures using various
nitriles that have these electron-withdrawing groups, resulting in the production of 1,5 DST
compounds (Scheme 2.9.a).[137] One of the another strategy employed in the synthesis of various
1,5 DSTs involved the combination of aromatic and aliphatic azides with ptoluenesulfonyl
cyanide (TsCN) without the use of a solvent (Scheme 2.9.b).[134] Based on similar cycloaddition
reaction, an efficient method have been developed for synthesizing 1-glycosylmethyl-5-tosyl
tetrazoles including benzylated or acetylated glycosylmethyl azides (azidomethyl glycosides) at
100 °C (Scheme 2.9.¢).[138] In subsequent reports, the synthesis of 1,5 DSTs has been conducted
using acyl cyanides in place of TsCN (Scheme 2.9.d). The latter method offers numerous
advantages, such as high yields and a straightforward workup process.[!13%] Similarly, the process
of combining organomercury(Il) azides with organonitriles through a 1,3-dipolar cycloaddition
reaction has been also used for 1,5 DSTs due to several benefits, such as being highly selective,
not requiring a catalyst. However, the process also resulted in obtaining the 2,5 DST regioisomers
(Scheme 2.9.e).['3%] Since, the organic azides and nitriles can be combined through
intramolecular [3+2] cycloaddition reaction to produce fused 1,5 DSTs products in high
yields.l'¥0] If the azide and nitrile functional groups are present in the same molecule, the
cycloaddition rates can be significantly improved. Various research groups have illustrated the
synthesis of fused polycyclic 1,5 DSTs via intramolecular [3+2] cycloaddition reaction where a
series of azidoalkyl cyanides were subjected to acid-catalyzed cyclization to generate fused
polycyclic 1,5 DST (Scheme 2.9.f).['41] Although the reaction pathways involving nitriles and
azides resulted in the formation of 1,5 DST, the harsh reaction conditions such as high
temperatures and multistep processes required, along with a low yield at the end, were significant
drawbacks.
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Scheme 2. 9 Some examples of traditional 1,5-disubstituted tetrazoles (1,5 DSTs) synthesis pathways by
using azides and nitriles.

In addition, the process of converting an amide or thioamide bond into a 1,5 DSTs has been
achieved in the presence of PCls(!42], POCI5[1431, SOCIL,'44 via formation of imidoyl chloride and
imidoyl azide intermediates. It was found that N-substituted imidoyl chlorides could be converted
into 1,5 DSTs through nucleophilic replacement by an azide ion (from HN3 or NaN3), followed
by cyclization (Scheme 2.10.a).l143] More recently, a variety of commercially available amine
and hydrazine compounds have been utilized in conjunction with three parts of cyanogen azide
dissolved in a mixture of acetonitrile (MeCN) and water (4:1) to generate a diverse range of
imidoyl azide intermediates. These intermediates can undergo cyclization, leading to the
production of 1,5 DSTs. Furthermore, this method has been employed to synthesize bis- and tris
1,5 DSTs derivatives.(Scheme 2.10.b).[143]

R
a) /@NHz 100 ° 100 °C N
N R, chom Et;N /@[ NaN03 /@[
POCI,,
NH N
b) R-NH, + N3—CN —> )\2 — N YNHz
N3 \N N_N\
R R

Scheme 2. 10 Some examples of 1,5-disubstituted tetrazoles (1,5 DSTs) synthesis pathways by using
amides.
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Moreover, several methods have been established for the efficient preparation of 1,5 DSTs
utilizing ketones. On one hand, the reaction between TMSN3 and ketones, catalysed by a Lewis
acid, through Schmidt rearrangement, proves to be a highly effective process. For example, an
efficient system involving the direct transformation of ketones or a,p-unsaturated ketones by
using SiCls/NaN3 (Scheme 2.11.a)[!46] and ZnBro/TMSN3; have been also used for the formation
of to 1,5 DSTs (Scheme 2.11.b), 47 respectively. Furthermore, ketones can also be reacted with
HN3 or NaNs in the presence of a small amount of TiCl4 to obtain 1,5 DSTs.[148-149]

0 N'N\ R,
a) > )
Ri™ "Ra2  sicly/NaNg N=N,
R1
py § 9 H2N\v
+ — 60-c N cyclization N= O
OEt + TMS—N3 ——— > 3_, . N, N
R ZnBr, N OEt

R

Scheme 2. 11 Some example of 1,5-disubstituted tetrazoles (1,5 DSTs) synthesis pathways by using
ketones.

Also, another way for producing 1,5 DSTs involves the substitution of 5-substituted tetrazoles at
the N(1) atom. However, this procedure can lead to a mixture of both 1,5- and 2,5 DSTs, and the
proportion of each isomer can be influenced by the reaction temperature and the characteristics
of the substituent at the 5-position. In recent years, various reactions have been reported that
entail the treatment of 5-substituted tetrazoles with alkyl halides in the presence of a base,
resulting in a mixture of 1,5- and 2,5 DST derivatives, with the 2,5 DST isomers being the
primary products(Scheme 2.12).1150-151]

-N R,
il ‘N Y N
;N + RS N~
)\ 2 base )\ N I ,'N
R7” N

X=Cl, Br

Scheme 2. 12 Example of 1,5-disubstituted tetrazoles (1,5 DSTs) synthesis pathways through 5-
monosubstituted tetrazole.

In summary, numerous methods have been developed to enhance the synthesis of 1,5 DSTs.
However, these methods often come with drawbacks such as the use of toxic and/or explosive
reagents, complicated workup procedures, elevated reaction temperatures, inseparable
regioisomers, and the requirement of complex and uncommon starting materials. As a result,
researchers have been compelled to search for alternative strategies. Simplifying the process of

synthesizing 1,5 DSTs derivatives would greatly increase the value of this compound class, as
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ease of use is a critical factor in achieving successful reactions. Thus, a considerable number of
studies have been reported in the literature with the aim of addressing the aforementioned
drawbacks of 1,5 DST synthesis. For instance, 1,5 DSTs were prepared by using easily accessible
starting materials such as amines, with aldehydes, isocyanides and the TMSN3 in MeOH at
ambient temperature or using mild microwave initiated conditions under catalyst-free conditions
with excellent yields (88-95%), as depicted in Scheme 2.13.a.[15%] In similar manner, recently, a
recent report has detailed an effective technique for producing 1,5 DSTs within a water medium.
This procedure makes use of a micellar catalyst named tetradecyltrimethylammonium bromide
(TTAB), aligning with the principles of green chemistry. The goal is to decrease or even
eliminate the requirement for hazardous substances (such as NaN3s, strong bases, flammable
solvents) that could result in the creation of side products. Fundamentally, the synthesis of 1,5
DSTs involves the utilization of TMSN3 as a source of azide, with the reaction taking place in

water alongside aldehyde and amine constituents (Scheme 2.13.b).l'1°]

Ry R
P N-N"" Ry NN
a) Ry—=NHy+ 2R;” S0 + 2R;—NC + 2TMS—N; ——> N/ /)YN\(L\ ‘N
N N

R,= t-Bu, 4-OmeEt, 3,4-OMePhEt R, R,
R,= H, Me
R3= 2,6,-MePh, Cy

Scheme 2. 13 Some examples of 1,5-disubstituted tetrazoles (1,5 DSTs) synthesis pathways via
multicomponent reactions in the presence of aldehydes, amides, isocyanides and TMSNj3,

Critically, all of these new methods share a common characteristic, which is the utilization of
MCRs. MCRs are renowned as one of the most efficient synthetic tools employed in the field of
organic chemistry.[1331 Indeed, MRCs have several advantages over traditional stepwise synthesis
of 1,5 DSTs: i) MCRs) offer the opportunity to synthesize intricate molecules in a solitary step,
resulting in time and resource savings when compared to conventional stepwise synthesis
techniques. This characteristic renders MCRs an exceedingly efficient and pragmatic approach
for synthesizing 1,5 DSTs; ii)) MCRs generate a wide range of structurally diverse derivatives of
1,5 DSTs, making them ideal for applications in drug discovery and materials science; iii) MCRs
are frequently conducted using mild conditions and a reduced number of reagents, making them
a synthesis method that is more ecologically sustainable. This is due to the decreased amount of
reaction steps involved, resulting in less waste production and a reduced need for solvents.
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Consequently, MCRs have a lesser impact on the environment; iv) MCRs can tolerate a wide
range of functional groups, ensuring them highly versatile for the synthesis of diverse structures.
Overall, multicomponent reactions offer a highly efficient, versatile, and environmentally
friendly approach to synthesizing 1,5 DSTs with diversity.[134 Accordingly, the synthesis of 1,5
DSTs using MRCs will be discussed in detailed in the following section.

3.2.2 Multi component reactions (MRCs) for the synthesis of
1,5-disubstituted tetrazoles

The objective of simplifying the synthesis of 1,5 DSTs with improved ease, efficiency, and
affordability has led to a shift in organic synthesis paradigms. In the past, efficiency was
primarily measured by selectivity and atom economy. However, the efficiency of reaction
processing is also considered significant nowadays. As a result, MCRs have gained popularity
for their remarkable ability to synthesize tetrazole and its derivatives with great synthetic

efficiency.!135-156]

Typically, MCRs are highly efficient processes in which three or more reactants are combined
and effectively transformed into a single resulting product.!'3”1 Bond forming efficiency (BFE)
is a key determinant of MRC quality, as it reflects the number of bonds formed in a single
operation. Different from traditional approaches, they facilitate the formation of multiple bonds
simultaneously, without intermediate isolation, changes to reaction conditions, or the
introduction of further reagents (Figure 2. 5). BFE significantly enhance molecular complexity
and diversity in products due to their ability to incorporate all employed reactants.[!58] This allows
for the synthesis of compound libraries with a wide range of starting materials, making
transferability a key feature for general application. Therefore, MCRs are ideal for 1,5 DSTs
synthesis. At the outset of MRCs evolution, the majority relied on traditional reactions involving
carbonyl compounds and a range of nucleophiles. Of particular note is the Strecker synthesis,
which was the first known MCR and involved the conversion of aldehydes, potassium cyanide,
and ammonium chloride into amino acids, as reported in 1850.[15° Subsequently, with more
accessible methods for synthesizing isocyanides, a new class of MCRs emerged, known as
isocyanide-based multi component reactions (IMCRs).[160-161]

These reactions utilize the distinctive characteristics of isocyanides, which possess both
hydrophilic and hydrophobic properties, enabling them to act as nucleophiles and electrophiles
simultaneously. In simple terms, an isocyanide, also known as isonitrile or carbylamine, is an
organic compound that contains a different isomer of the nitrile group, represented by the

functional group N=C. For over a hundred years, researchers have been investigating its
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e/

Figure 2. 5 Illustrative comparisons of a a) classical reaction vs b) multicomponent reaction.

exceptional structure and reactivity. The reactivity of the isocyanide group distinguishes it from
other functional groups. In conventional IMCRs, the crucial intermediate known as the reactive
nitrilium ion arises from the interaction between the imine and the isocyanide. Typically, this
nitrilium ion is targeted by an external nucleophile. Nevertheless, in the case of bifunctional
reactants possessing multiple nucleophilic groups, they can also participate in the MCR. This
enables the nitrilium intermediate to be captured by an intramolecular nucleophilic attack,
resulting in the formation of diverse heterocycles.[!60: 162-164] The Passerini three-component
reaction (P-3CR) and the Ugi four-component reaction (U-4CR) are considered the most
successful instances of IMCR. These reactions, namely P-3CR and U-4CR, have greatly
expanded the scope of possible transformations that can be accomplished for the synthesis of
organic compounds.['9] The established procedure for the P-3CR and U-4CR can be seen in
Scheme 2.14.a and b, respectively. P-3CR involves the reaction of an aldehyde, an isocyanide,
and a carboxylic acid to form a compound with an a-aminoacyl group. In this reaction, the
isocyanide acts as a nucleophile and reacts with the carbonyl group of the aldehyde. The
carboxylic acid then reacts with the resulting imine to form an a-aminoacyl intermediate, which
undergoes cyclization to form the final product.[19®! The U-4CR includes the reaction of an amine,
an isocyanide, an aldehyde, and a carboxylic acid to form a peptidomimetic compound. The
reaction proceeds through the formation of an imine intermediate, which undergoes a
nucleophilic addition by the amine to form an intermediate a-aminoamide. The carboxylic acid
then reacts with the isocyanide to form an isourea intermediate, which undergoes cyclization with
the a-aminoamide to form the final product.[163 1671 In summary, while both P-3CR and U-4CR
are multicomponent reactions that involve isocyanides, aldehydes, and carboxylic acids, the U-
4CR involves an additional component, an amine, and proceeds through a different intermediate,
an o-aminoamide, which then reacts with an isourea intermediate formed from the carboxylic

acid and isocyanide.
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Scheme 2. 14 Schematic representation of a) the Passerini three-component reaction (P-3CR) and b) the
Ugi four-component reaction (U-4CR).

P-3CR has been also used for the synthesis of 1,5 DSTS in the literature, particularly after the
utilization of HN3, AI(N3)3 and [(salen)AI3CI]I'68] as the primary acid isostere, as depicted in
Scheme 2.15.[1%°] Since then, this particular reaction has become widely adopted as a typical
approach for synthesizing 1,5 DSTs. In particular, a small modification has been made by
substituting HN; with TMSN3 as the azide source, which has expanded the options for
synthesizing tetrazoles in an efficient and sustainable manner.[!70-171] However, it is important to
note that the reported P-3CRs are not well-suited for aromatic aldehydes.['7?] In addition, when
TMSN3 was used as an azide provider in the P-3CR, the yield was notably low, and the primary
product obtained was TMS-ether. Similarly, when protected amino aldehydes were used in
dichloromethane (DCM), the yields were generally low as well, and the reaction times extended
up to 96 hours.['7!: 1731 Moreover, the P-3CR method usually necessitates severe reaction
conditions and has a restricted range of starting materials, whereas the U-4CR method can be
carried out under milder conditions using various carboxylic acids, amines, aldehydes, and
isocyanides. Furthermore, one key benefit of the U-4CR technique is its ability to accommodate
a broader array of starting materials and reaction conditions, leading to the formation of more
diverse and intricate products compared to the P-3CR method. Consequently, when synthesizing

1,5 DSTs, it is commonly preferred to focus on the U-4CR approach.
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Scheme 2. 15 Some example of 1,5-disubstituted tetrazoles (1,5 DSTs) synthesis pathways via Passerini
three-component reaction (P-3CR).

Indeed, the process of creating 1,5 DST's through Ugi-4CR follows a distinct approach compared
to conventional techniques. Instead of utilizing a carboxylic acid, which is commonly employed
in the classical method, an azide source such as TMSN3 or NaNj3 is used to capture the
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intermediate iminium ion. This alternative method results in the formation 1,5 DST compounds.
(Scheme 2.16.) Thus, it has been named as Ugi-azide Multicomponent reaction (UA-MCR) in
which the azide reacts with the isocyanide-iminium ion intermediate to form an azide-iminium
ion intermediate, which undergoes a nucleophilic attack by a primary amine to give the final 1,5
DST derivatives. In addition, the UA-MCR is more exothermic than the traditional U-MCR
condensation method. Accordingly, the detail information about the synthesis of 1,5 DSTs via
UA-MCR will be discussed in the following section.

Scheme 2. 16 Representation of 1,5-disubstituted tetrazoles (1,5 DSTs) synthesis pathways via Ugi-azide
multicomponent reaction (UA-MCR).

3.2.3 Ugi-azide multi component reaction (UA-MCR) for the
synthesis of 1,5-disubstituted tetrazoles

As stated earlier, the UA-MCR follows a process where all the reactants, reagents, and catalysts
are introduced together at the start of the reaction. They subsequently interact in a predetermined
sequence, under identical reaction conditions. While the sequence of introducing components in
the Ugi reaction does not significantly affect the yields, it is generally advised to start with the
oxo component, then add the amine, followed by the isocyanide, and finally, the azide source.[14]
Although methanol is frequently utilized as a solvent in UA-MCR, alternative research has
investigated the utilization of 2,2,2-trifluoroethanol, biphasic mixtures of water and chloroform,
and tetrahydrofuran, as documented in different literature sources.l!74-17] The reaction typically
proceeds rapidly at ambient temperature, although some particular combinations of starting
materials may require heat activation. While the precise mechanism underlying the reaction
remains incompletely understood, it is hypothesized to involve a succession of intermediate steps

that ultimately culminate in the generation of the final product.[”’]

The UA-MCR can have varying numbers of components, which depend on the particular reaction
conditions and the desired compound. At a minimum, the reaction requires three components: an
isocyanide, an aldehyde or ketone, and an amine. This combination is commonly referred to as
the Ugi-Azide three-component reaction (UA-3MCR).[178171 However, additional components
can be added to the reaction to introduce new functionality or complexity to the final product.
For example, the addition of an azide to the reaction mixture can lead to the formation of a
tetrazole ring in the final product. In this case, the Ugi-azide MCR would involve four

components: an isocyanide, an aldehyde or ketone, an amine, and an azide. In other words, it can
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also call Ugi-Azide four component reaction (UA-4MCR). Similarly, the addition of other
components such as carboxylic acids, alcohols, or thiols can also be incorporated into the reaction
to produce more complex products. As a result, The UA-MCR can encompass different numbers
of components, such as five, six, or seven, depending on the specific reaction conditions and the
desired product. These variations are known as Ugi-azide five-component reaction (UA-5MCR),
Ugi-azide six-component reaction (UA-6MCR), and Ugi-azide seven-component reaction (UA-
TMCR), respectively. In this regard, the synthesis of 1,5 DSTs has also been conducted using
UA-3MCR, UA-4MCR, UA-6MCR, and UA-7MCR methods. Figure 2.6 provides an

illustrative example showing the various components employed in these processes.[14]

Aldehyde , Ketone , Formaldehyde, Aryl, Aliphatic, Arylketone,
Oxo component (R;-R;) Halogen, Heterocycles, -CO,R, -OH(phenolic/aliphatic)

5 Primary and secondary amine, Ammonia, Acrylated
Amine component (R4-Rs) hydrazine, Aliphatic, Aromatic, 2-aminopyridine

Isocyanide component (R) AIip_hatic,_Aromatic, Heterocyclic,- CO;R,-NR;, l?“ Rs
Amino acid ~N
RS IRZ
a o R1"-N \N
Azide source (N, in tetrazole HN, NaN,, TMSN, !
ring) B N=N

Figure 2. 6 Various components utilized in the production of 1,5-disubstituted tetrazoles (1,5 DSTs)
through UA-4MCR.

Due to the toxic and explosive characteristics of HN3, the use of TMSN;3 is preferred as a safe
alternative in MCRs.[!89 Alternatively, NaN3 can be used as a hydrazoic acid source.
Surprisingly, a convenient synthesis of 1,5 DSTs via UA-3CRs is very rare in the literature. For
example, very recently, a method, employing a specific proline derivative ligand (L-RaPrz), was
developed to synthesize asymmetric 1,5 DSTs, 1,2-dihydroisoquinoline, and hydrothiazole
derivatives through catalysis. The researchers employed four different techniques to generate two
types of enantioenriched derivatives of 1,5 DSTs by utilizing the zwitterionic intermediate
formed by an isocyanide nucleophilic attack in alkylidene malonates. This process was facilitated
by a proline derivative ligand chiral complex (Mgll/N, N-dioxide) catalyst. However, the study
noted that the yield obtained from UA-3CRs was relatively low in specific cases.[19] Likewise,
a method was reported for the production of 1,5 DSTs by employing chiral cyclic imines in the
AU-3CR process. The process began with the preparation of chiral imines through a two-step
procedure. Firstly, the primary alcoholic group of a chiral lactam was protected, followed by the
reduction of the lactam using Zirconium (Zr). Subsequently, the reaction was conducted between

chiral cyclic imines TMSN3 and isocyanides, utilizing gentle reaction conditions.[!8!]
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Recently, synthesis of novel 1,5-DT moieties was also designed, synthesized, and evaluated as a
copper(Il) recognizing agent via UA-5SMCR as depicted in Scheme 2.17.a.[1>!]. Additionally,
Ugi-azide-multicomponent reaction UA-6MCRI!82! (Scheme 2.17.b) and UA-7MCR (Scheme
2.17.¢).'83] have been applied in order to obtain bis-1,5 DTs from easily available starting
materials with high yield (~75-90%). Consequently, all aforementioned Ugi-azide five, six or
seven multicomponent reactions can produce a wide range of molecules with diverse structures
and functions in one pot under mild conditions and does not require the use of harsh reagents or
high temperatures. Beside they enable the rapid and efficient generation of a large number of
structurally diverse compounds, making it an attractive approach for drug discovery and other

chemical applications.
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Scheme 2. 17 Some example of 1,5-disubstituted tetrazoles (1,5 DSTs) synthesis pathways via Ugi-azide
five-component reaction (UA-5MCR), Ugi-azide six-component reaction (UA-6MCR), and Ugi-azide
seven-component reaction (UA-7MCR).

However, the reactions UA-5SMCR, UA-6MCR, and UA-7MCR mentioned above involve using
more intricate initial substances and challenging reaction conditions. These factors can result in
reduced yields and increased production of unwanted by-products. Additionally, these reactions
necessitate more extensive purification procedures, which can decrease overall reaction
efficiency. Consequently, after conducting deep research in the literature, it was found that 1,5
DSTs are typically synthesized through UA-4MCR when compared to alternative reaction
partners, unless a highly complex molecular structure is specifically needed. Accordingly, the
detail information about the synthesis of 1,5 DSTs via UA-4MCR will be discussed in the

following section.
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3.2.4 UA-4MCR for 1,5-disubstituted tetrazoles

As the demand for more efficient and sustainable methods of chemical synthesis continues to
grow, the UA-4MCR holds significant promise in the field of organic chemistry. The versatility,
efficiency, and ability of UA-4MCR to produce compound libraries make it a valuable tool in
drug discovery, particularly for synthesizing a wide range of tetrazole derivatives. Despite
lacking a complete understanding, the estimated mechanism of the AU-4MCR can be elucidated
through the subsequent explanation. From the point of 1,5 DSTs synthesis, the general
mechanism of the AU-4CR subdivided into four diverse steps in the literature. In the initially
step, the iminium-ion is formed by a reaction between an aldehyde with a secondary amine.[183]
Upon the formation of an iminium-ion, the isocyanide reacts as a nucleophilic reaction partner
and undergoes an addition reaction on the charged side of the iminium ion. Thereby a farther
charged intermediate is generated, which undergoes an addition with the formed hydrazoic
acid.[183] The last step of the reaction is the ring forming step which delivers the 1,5 DST (Scheme
2.18). This reaction is performed at ambient temperature due to the high energetic substances
which can easily explode at high temperatures.
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Scheme 2. 18 Estimated mechanism of the reaction of Ugi-azide four-multicomponent reaction (UA-
4MCR) for the synthesis of 1,5-disubstituted tetrazoles (1,5 DSTs).

There are numerous publications about the synthesize of 1,5 DST and its derivatives via AU-
4CR reaction in the literature.[5: 152, 184-188] I general, it has been observed that the oxo
components, namely aldehydes, ketones, and their substituted variants, exhibit excellent
performance. Additionally, both primary and secondary aliphatic or aromatic amines are highly
compatible with the AU-4CR reaction mechanism. Furthermore, the AU-4CR process can
accommodate both aromatic and aliphatic isocyanides, and functional groups present on the
isocyanide side chain are generally well-tolerated.!'®°] Taken to the together, The AU-4CR is a
remarkably simple process that can be effectively applied to a wide range of starting materials,
resulting in the production of various complex functionalized structures. For instance, very
recently, a notable achievement has been the synthesis of quarter 1,5 DSTs incorporating
tetrazole derivatives (e.g., 1,4,7,10-tetrakis((1H-tetrazol-5-yl) methyl)-1,4,7,10-tetraazacyclo-
dodecane (TEMDO) via UA-4MCR which have shown excellent yields (>99%) as chelating
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agents for imaging, as shown in Scheme 2.19.a. Subsequently the four -cyanoethyl groups were
selectively cleaved using NaOH at ambient temperature, yielding highly pure TEMDO ligand
(86%) in order to assess the chelating property of TEMDO towards the lanthanide element
gadolinium.['*% Following the same line, same group have reported the synthesis of novel and
complex molecules of tetrakis-tetrazole via UA-4MCR in one pot manner from easily accessible

starting materials to use as chelating agents and organ catalysts (Scheme 2.19.b).[1°1]
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Scheme 2. 19 Example of synthesizing complex 1,5-disubstituted tetrazoles (1,5 DSTs) via Ugi-azide
four-multicomponent reaction (UA-4MCR).

Overall, tetrazoles, especially 1,5 DSTs are a class of organic compounds with unique physical
and chemical in addition to biological properties that make them highly useful in a variety of
applications, including in polymer chemistry. Their ability to form strong hydrogen bonds and
their high polarity make them ideal for use in the synthesis of polyelectrolytes, functional
polymers, and materials for energy storage. As research continues into new materials and their
applications, it is highly probable that tetrazoles will continue to play an important role in the
development of such materials that possess unique and beneficial properties. Therefore, the
subsequent section will provide an overview of tetrazole-containing polymers, highlighting their

potential for utilization by leveraging the aforementioned properties.
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3.3 Tetrazoles in polymer chemistry

Indeed, distinct characteristics of tetrazoles, including exceptional thermal stability, favourable
solubility in diverse solvents, and versatile reactivity towards functional groups, render them
valuable in a wide range of applications. Especially, tetrazoles play a significant role in polymer
chemistry by serving as a nitrogen source for the synthesis of polymers containing nitrogen.
These nitrogen-containing polymers hold immense potential across a diverse range of
applications, such as gas separation, the development of electroactive materials, and the
production of military or civil explosives. In this context, there is a good example of tetrazole-
containing polymer which has been synthetized via chain-growth polymerization of
vinyltetrazole monomerst'92-193] by thermal initiated free-radical polymerization in the presence
of initiator (i.e., azobisisobutyronitrile (AIBN), 2,2'-Azobis(2-methylpropionamidine)
dihydrochloride (V50)), resulting in the production of side chain polyvinyl tetrazole (PVT)
polymers [0 1941 "ag can be seen Scheme 2.20.a. Furthermore, the present literature has utilized
the free radical polymerization based on tetrazole-containing (meth)acrylamide monomers to

reveal superabsorbent polymer gels (Scheme 2.20.b).[195-196]
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Scheme 2. 20 Some example of tetrazole-tethered polymer synthesis via chain-growth polymerization.

In addition to employing free radical polymerization, an alternative and widely employed method
for delivering tetrazole-containing polymers involves post-polymerization modification
reactions. This synthetic approach offers a viable strategy for modifying polymers with tetrazole
functionalities. In this approach nitrile group containing aliphatic-[1°7-181 (Scheme 2.21.a) and
aromatic-[1°2011 (Scheme 2.21.b) based polymers could reacted with sodium azide via [2+3]
cycloaddition of nitrile groups with sodium azide for the applications of gas generating systems
and electrolyte membrane fuel cells, respectively. This approach refers to a set of reactions that
are highly efficient, selective, and proceed under mild conditions in the presence of metal catalyst
(e.g., ZnBry, ZnCl3) to create tetrazole-tethered polymeric structures. Furthermore, the
incorporation of tetrazole moieties into the polymer backbone can be achieved through the

utilization of polyvinylchloride (PVC) as a polymer precursor, whereby the reaction between
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PVC and tetrazole anion initiates the expulsion of hydrogen chloride and the subsequent

inclusion of tetrazole moieties within the polymer backbone.[20%]
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Scheme 2. 21 Some example of tetrazole-tethered polymer synthesis via post-polymerization reaction.

Furthermore, a few examples of synthesis of tetrazole-based polymers via polycondensation is
also available in the literature as promising candidates for energetic applications. For instance,
5-chloromethyltetrazole has been utilized to polyvinyl tetrazole polymers due to its dual
properties as both a nucleophile (tetrazole-NH) and a highly electrophilic compound (CH2Cl).
When triethylamine (TEA) is present as a base, the tetrazole ring can be deprotonated, resulting
in the formation of polyalkylation, namely poly (methylene tetrazole) (My=2.0 kg mol')
(Scheme 2.22). It is important to note that the polymer possesses a high nitrogen content of up
to 68%, which is almost 10% more than PVT which could be a suitable option for gas-generating
systems.[203] Aside, the synthesis of tetrazole-containing polymers with various structures can be

achieved through combination of polycondensation, followed by polyalkylation reaction. [204-205]
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Scheme 2. 22 Tetrazole-containing polymer synthesis via polycondensation polymerization.[?*!

Apart from above mentioned methods, the use of polymeric precursors containing hydroxy
groups is a different method for synthesizing tetrazole-containing polymers. The process
involves adding acrylonitrile to the hydroxy groups of the polymer, followed by converting the
nitrile groups into tetrazole rings. In the literature, this protocol was utilized to synthesize
tetrazolylethylated cellulose, and nearly complete conversion of the hydroxy and nitrile groups
was achieved during the cyanoethylation and azidation steps, as depicted in Scheme 2.23.[206] [n

parallel with, the synthesis of tetrazole containing natural based polymers by using chitosan,
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starch, and arabinogalactan have been also synthesized to generate hydrogel networks that are

able to form polyelectrolyte in aqueous environments.[207]
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Scheme 2. 23 Tetrazole-containing polymer synthesis through hydroxy (-OH) group.

Additionally, the literature acknowledged the introduction of a methacrylate monomer containing
both tetrazole and azobenzene for the synthesis of polymers through reversible addition
fragmentation chain transfer (RAFT) polymerization. However, insufficient attention was given
by the authors to the existence of tetrazole. Their main emphasis in examining the well-defined
(co)polymers was centred on the behaviour of the attached azo- group during
photoisomerization.[?%®] Later on, a significant contributions were made to the literature through
the development of well-defined luminescent Re(I)-polymer hybrid materials by using tetrazole
moiety. Briefly, this was achieved via the utilization of (RAFT) polymerization of
pentafluorophenyl acrylate (p(PFPA)), followed by post-polymerization modification with 5-
tetrazole unit. The tetrazole-containing polymers were utilized as macromolecular ligands for
rhenium(]) tricarbonyl diimine luminescent complexes, with direct coordination to the tetrazolato
species.?®] In addition, the synthesis of tetrazole-containing random copolymers was
demonstrated by photopolymerization of p(PFPA), followed by post-polymerization
modification of activated ester side-groups with primary amine-containing 5-tetrazole moieties.
These copolymers are served as macromolecular chelating species for luminescent Ir(IIl) and
Re(I) metal, investigating tissue imaging applications, with the potential to be tuned in both
luminescent properties and biological specificity.[?!] Consequently, the introduction of new
functionalities to the resulting polymers by attaching tetrazole groups was deemed innovative,
but the resulting linear polymers were found to have limitations in terms of mechanical strength,
thermal stability, and chemical resistance due to their morphological properties. More
importantly, despite the widespread use of poly(pentafluorophenyl acrylate) p(PFPA), polymers,
there exists only one instance of utilizing p(PFPA) polymers to achieve insoluble networks.[?!1]

In conclusion, there has been a significant focus on the incorporation of tetrazole units in
polymers due to their energetic and coordination properties. This has led to a valuable example
of tetrazole-containing polymers in the literature. Explicitly, the researchers have mainly

concentrated on the 5-monosubstituted tetrazole unit, disregarding the other members within the
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tetrazole family. However, the primary issue with 5-monosubstituted tetrazole is its limited and
challenging control over regioselectivity. Whether the tetrazolat anion is alkylated with or
without a substituent at the 5-position, it typically results in a combination of 1- and 2-
alkyltetrazole isomers in different proportions Similarly, other modifications like arylation and
acylation follow a similar pattern.[?'?] Therefore, aforementioned synthetic strategies have not
adequately addressed the integration of different tetrazole units into the polymeric structure.
Hence, alternative synthesis strategies are required to facilitate the production of highly diverse
and complex tetrazole-containing polymeric structures, using simple precursors and yielding
high yields. Most importantly, 1,5 DSTs, one of the most significant members of tetrazoles, are
even considered as isosteres for the cis-amide bond in peptides, they have not been integrated
into polymer chemistry. Only a limited number of polymers incorporating 1,5 DSTs have been
identified in the literature. Accordingly, the following chapter of thesis will give an overview

about 1,5 DSTs and their existing application in polymer chemistry.

3.3.1 1,5-disubstituted tetrazoles in polymer chemistry

It is a widely acknowledged fact that the introduction of novel groups into polymer chemistry is
indispensable for advancing the field. The ability to fine-tune polymer properties and create new
types of polymers with unique characteristics is crucial for the development of innovative
applications across various fields. Moreover, the exploration of novel groups as a basis for new
synthetic strategies can lead to the formation of polymers with intricate and customized
structures. Surprisingly, despite their significance as nitrogen-rich heterocycles, 1,5 DST have
not received substantial attention in polymer chemistry. Specifically, there are only a few notable

examples of 1,5 DST-containing polymers documented in the literature.

The first examples of 1,5 DST-containing polymers in the literature were introduced via in situ
1,5 DST formation through a [2+3] cycloaddition reaction with azide derivatives on
polyacrylonitrile polymers (Scheme 2.21.a). This method is simple and convenient, and uses
cheap and commercially available acrylonitrile monomer.[13] Apart from that ,1,5 DST moiety
has been used for special application, in an alkaline anion exchange membrane to obtain 1,5
DST-decorated polymers with a quaternary ammonium (QA) linkage. It has been reported that
the presence of tetrazole moiety contributes on the formation of long range hydrogen bond
network which facilitates the alignment of QA groups, promoting the hydroxide ion transport at

a low water content (Scheme 2.24).[11]
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Scheme 2. 24 Example of 1,5-disubstituted tetrazoles (1,5 DST)-tethered polymers as an alkaline anion
exchange membrane

For the first time, main chain 1,5 DST-based polymers were synthesized by polymerizing 1-(2-
hydroxyethyl)-1H-tetrazolyl)methyl-hydrazine =~ and  hexamethylene diisocyanate  via
polycondensation in bulk. These polymers possess a nitrogen content of 33% and exhibit high
thermal stability up to 260 °C, as well as no sensitivity towards friction or impact (Scheme
2.25.a).213]1 The same research group, later, investigated various synthesis pathways for main
chain 1,5 DST-based nitrogen-rich energetic polymers, employing radical, anionic, and cationic
polymerization methods in solution. However, it was found that only the radical polymerization
approach yielded promising materials for the development of new gas-generating compositions
(Scheme 2.25.b).[2!4 Additionally, the research group utilized both 1-(1-vinyl-1H-tetrazol-5-yl)
hydrazine and 1-methyl-1-(1-vinyl-1H-tetrazol-5-yl) hydrazine, obtained through substitution
reactions of hydrazine derivatives and 5-bromo-1-vinyl-1H-tetrazole, to synthesize 1,5 DST-
tethered polymers via radical polymerization strategy. Subsequently, the poly-1-(1-vinyl-1H-
tetrazol-5-yl) hydrazine was converted into the corresponding 5-azidotetrazolyl-containing
polymer through a reaction with sodium nitrite to enrich the range of polymer types and

investigate their energetic characteristics (Scheme 2.25.¢).[10]
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Scheme 2. 25. A few examples of synthesizing a, b) main chain 1,5-disubstituted tetrazoles (1,5 DST)-
based; and c¢) 1,5 DST-decorated polymers.

In conclusion, it can be stated that tetrazoles are continuously attracting interest in the field of
polymeric science. In the coming years, a variety of applications involving tetrazole-based
electrolyte membranes?'3] or as environmental friendly nitrogen-rich polymers!!?), may be
explored in the literature. However, to the best of my knowledge, there are currently no other 1,5

DST-containing polymers in the existing literature.

3.4 Synthetic toolboxes for the synthesis 1,5-
disubstituted tetrazole-containing polymeric
systems

Synthetic toolboxes for synthesizing 1,5 DST-containing polymeric systems refer to a collection
of techniques and methodologies used to create and manipulate polymers with controlled
structures and properties. Given the focus of this thesis, in-depth discussions will be given in the
following sections about post-polymerization modification and thiol-ene chemistry to provide a

thorough comprehension.
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3.4.1 Post-polymerization modification

Modern polymer chemistry toolbox is captivating, offering infinite possibilities to produce
original materials with exceptional attributes. It is possible to produce materials with varying
characteristics like strength, flexibility, and transparency by selecting the appropriate building
blocks and combining methods while maintaining precise control over the composition,
molecular weight, and architecture of the polymers. Apart from that, polymer chemistry can also
be used to modify existing materials to provide new features to the polymer. For this purpose,
post-polymerization modification (PPM) is a technique that allows for the modification of
polymer structures after their initial formation, facilitating the development of advanced
polymeric materials.[?9] (Figure 2.8) The fundamental idea behind this approach is to
polymerize or copolymerize monomers that have chemo selective handles and are inert towards
polymerization conditions. The procedure leads to the formation of reactive precursor polymers,
which can subsequently be converted into different functional groups with great effectiveness.
PPM is the preferred choice for generating organized polymer libraries due to its numerous
advantages.?!7] These benefits arise from its ability to systematically integrate multiple
functional groups in a controlled manner, eliminating the need for complex synthesis methods.

Moreover, it excels in incorporating functional groups that are not compatible with typical

ey

polymerization conditions.[?!8]
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Figure 2. 7 Schematic representation showing the process of creating polymers through post-

polymerization modification

In the literature, there are several commonly used precursor polymers, such as polymeric active
esters, polymeric anhydrides, isocyanates, oxazolones, and epoxides.?'®) Among them a detailed
explanation will be provided on polymeric active esters; with a specific focus on
pentafluorophenyl (PFP)-based polymers within the framework of the thesis in the following

section.
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3.4.1.1 Post-polymerization modification via Activated Esters

Polymeric active esters have shown great potential for creating reactive precursor polymers due
to their lack of metal and the use of mild reaction conditions. This discovery was initially reported
by Ferruti et al.?!°] and Ringsdorf et al.l>?% in the 1970s. Among the extensively studied
polymeric active esters, N-hydroxysuccinimide (NHS) based active ester polymers and

pentafluorophenyl (PFP)-based active ester polymers have gained significant popularity.

The active ester polymers within the NHS group such as poly(N-hydroxysuccinimide acrylate)
p(NAS) and poly(N-hydroxysuccinimide methacrylate) p(NMAS) are considered the oldest.
Impressively, they possess a dual benefit. Firstly, they exhibit a reasonable level of resistance to
hydrolysis, although not completely impervious. Secondly, they can readily undergo nucleophilic
aminolysis with primary and secondary amines, producing functionalized derivatives of
polyacrylamide, all under mild reaction conditions. However, it is crucial to acknowledge that
the disadvantages associated with NHS-based active ester polymers cannot be negligible. The
limited solubility of p(NAS) and p(NMAS) in most organic solvents, except for DMF and
DMSO, restricts their use as standard polymers. Hence, NAS and NMAS are commonly
copolymerized with other monomers to enhance the solubility of the resulting polymer. As a
result, it leads to the inclusion of additional work-up routine. Furthermore, side reactions can
occur during the aminolysis step, such as the succinimide functionality undergoing ring-opening
and the formation of N-substituted glutarimides when amides attack neighbouring activated
esters.[?21]1 Consequently, post-polymerization of NHS-based active ester polymers is considered
more challenging compared to their counterparts, which are based on pentafluorophenyl (PFP)

active esters.

In fact, PFP-based active ester polymers such as p(PFPA) or poly (pentafluorophenyl methyl
acrylate) (p(PFPMA)) have emerged as valuable fluorinated polymers in recent years due to their
unique properties, including high thermal stability, increased reactivity, chemical resistance,
enhanced solubility, and low surface energy. Critically, p(PFPA) and p (PFPMA) have the ability
to be dissolved in a wide range of organic solvents, including DCM, tetrahydrofuran (THF), 1,4
dioxane, and DMF. Moreover, they have slightly higher reactivity compared to NHS ester-based
polymers. Furthermore, PFP ester-based polymers can be conveniently tracked using '°F NMR
spectroscopy due to the presence of fluorine on the PFP leaving group, enabling easy monitoring
of their PPM. PFP-based active ester polymers can be obtained by homopolymerizing PFP ester
monomers through either free radical polymerization!???] or RAFT[?23] polymerization. Following
the polymerization process, PFP ester-containing polymers can undergo different chemical
reactions, including nucleophilic amine substitution and transesterification for PPM. On the one
hand, the transesterification approach stands out as the predominant and extensively employed
method in various fields of PPM.
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A comprehensive investigation of p(PFPA) efficacy and adaptability was presented in 2015,
which effectively showcased its potential for anchoring a wide range of functional alcohols,
encompassing primary, secondary, and phenolic alcohols, that feature diverse functional groups
such as alkene, alkyne, or acrylate, to the PFP sites through substitution. Moreover, this research
also demonstrated the ability of the transesterification process to enable sequential
functionalization of the resulting product through click reactions, thereby showcasing its
versatility and potential for further applications.[??] Interestingly, the substitution of PFP esters
with nucleophilic amines has been discovered as a straightforward method to achieve a wide
range of functions by undergoing simple reactions with complete conversion.[?>’! For instance,
post-polymerization modification of p(PFPA) films with amines has been used to obtain free-
standing robust fluorescent films by layer-by-layer assembly based on covalent bonds between
active ester polymers and poly(allyl amine).[>2] As a conclusion, , it was observed that the ratio
of substitution is influenced by the specific type of amine derivatives. Primary amines exhibit a
stronger attraction to PFP esters compared to secondary amines, whereas aromatic amines display
the least capability for substitution. However, to gain more insights into the PPM of p(PFPA)

polymers by active ester-amine chemistry was required for practical applications.

Last but not least, it is important mentioned when the fluorine atom incorporated into polymers,
it forms a robust C-F bond (485 kJ mol-'"). By replacing five hydrogen atoms on phenyl groups
with five electron-withdrawing fluorine atoms, PFP aromatic groups are produced. These PFP
groups feature a highly positive para-carbon atom, making them susceptible to attack by
nucleophiles, resulting in the formation of 2,3,5,6-tetrafluorophenyl derivatives through a
reaction known as para-fluoro substitution reaction (PFSR). The inclusion of this strategic
substitution enhances the versatility of polymer materials that incorporate PFP groups.
Consequently, it serves as a valuable tool for post-polymerization modifications of p(PFPA)
polymers, except for the active ester changing method. Basically, the reactivity of the para-
fluorine of the p(PFPA) is significantly influenced by the specific type of nucleophiles involved.
In general, softer nucleophiles exhibit higher reactivity compared to harder nucleophiles,
following the order of HS-CH>R > H,N-CH;R >> HO-CH3R. This has led to the adoption of
nucleophiles for modifying PFP groups in PFSR, enabling the synthesis of various derivatives
with distinct properties. Particularly, high nucleophilicity of thiols and sulfur-based nucleophiles
has led to their widespread study in PFSR by many researchers making them the most commonly
employed nucleophiles for this particular reaction namely para-fluoro-thiol reaction (PFTR).
Unfortunately, the thesis does not incorporate a detailed discussion of the PFTR within its
conceptual framework. Nevertheless, it should be noted that thiols, also known as sulthydryl
compounds, play a crucial role in polymer chemistry due to their unique chemical properties and
diverse applications. Especially, the thiol-ene reaction which is a chemical reaction between a

thiol (-SH) and an alkene (also known as an olefin, containing a carbon-carbon double bond)
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resulting in the formation of a thioether linkage (-S-C-), are important in polymer chemistry,
offering efficient and versatile ways to create polymers and functional materials. Therefore, in
the following section, a detailed explanation will be provided on thiol-ene chemistry within the

framework of the thesis.
3.4.2 Thiol-ene click chemistry

Thiol-ene chemistry denotes a radical-mediated process where a thiol is introduced across an
unsaturated linkage (-ene bond). This chemical process remains independent from many
frequently employed reactions and can be carried out using different solvents. Moreover, it is not
affected by oxygen and has at times been regarded as a "click" type of reaction.[?27-228] The thiol-
ene click reaction presents a considerable opportunity for producing valuable substances via
synthesis. It addresses issues frequently faced in conventional organic synthesis, such as the
existence of undesired side products and the need for extensive purification procedures. Beyond
its characteristic "click" nature, thiol-ene chemistry possesses numerous advantages that
distinguish it from other click reactions. For example, a wide range of molecules containing enes
and thiol groups are available, each having varying structures and reactivity. This adaptability
allows the reaction to be highly versatile and adaptable to various needs. Additionally, the
reaction forms strong bonds with substrates because of the durable stability of thioether linkages
in different chemical environments. Unlike many other click reactions, thiol-ene employs sulfur
chemistry that is sensitive to redox reactions, providing extra possibilities for modifying
materials. Consequently, thiol-ene coupling is an outstanding tool for applications requiring high-
performance materials, like those in optics, biomedicine, and sensing. This is especially

significant when the sensitivity to by-products is a concern.[?%*]

The thiol-ene reaction's process initiates with the creation of a thiyl radical through the removal
of a hydrogen atom from the thiol group. This can occur via a thermal or photo-initiator for
radical thiol-ene reactions, or with the involvement of a nucleophile in thiol-Michael reactions.
In the latter case, a thiol-centred anion is typically generated instead of a radical. Subsequently,
the thiyl species directly adds to the -C=C- double bond, resulting in the formation of a carbon-
centred intermediate. This intermediate then performs a hydrogen abstraction from another thiol
molecule, following an anti-Markovnikov orientation!*?”] (as illustrated in Figure 2.9). As the
mechanism relies on the creation of radical or ionic intermediates, the chemical structure of the
species involved is crucial for their stabilization, thereby significantly influencing the

progression of the reaction.[??°]
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Figure 2. 8 General mechanism of a thiol-ene reaction: In the initiation process, a thiyl radical/ion forms
by a) the aid of a thermal or photo initiator, or b) nucleophile-mediated hydrogen abstraction. Propagation
involves a two-step process, where the thiyl species adds to a -C=C- double bond, forming a carbon-center
radical. The carbon-centered radical reacts with another thiol molecule to form the thiol-ene product and
create a second thiyl radical/ion to complete the cycle.

The reactivity of the thiol-ene reaction can vary based on the electron density and substitution
level of the thiol and ene components. When it comes to thiols with fewer hydrogen atoms that
can be easily abstracted, their chain-transfer to a carbon-centred radical is reduced. On the other
hand, electron-deficient enes tend to restrict the addition of thiyl radicals.[23% A diverse range of
ene-containing monomers has been assessed and categorized by their reactivity. This spectrum
ranges from highly reactive compounds like norbornene and vinyl, allyl ethers, methacrylate,
acrylate, styrene, to less reactive conjugated enes.[?31] The decrease in thiol-ene reactivity follows
the electron density of the -C=C- double bonds, except for norbornene, which is exceptionally
reactive. Steric effects also play a role, with terminal double bonds reacting more swiftly than
internal or substituted ones. The structure of thiol molecules can also impact reaction kinetics;

for instance, groups that weaken the sulfur-hydrogen bond enhance the reaction rate. [232]

Thiol-ene reactions, much like various other click reactions, are progressively employed in the
modification of surfaces[?*3-234l, biomolecules,?*3-237] and polymers[?*3-23°]. When a combination
of versatile ene and thiol compounds is utilized, the thiol-ene coupling results in thiol-ene
polymerization.!?*] Thiol-ene polymerization is a type of step-growth polyaddition, where a
polythioether network is formed by the stepwise addition of thiol groups to carbon-carbon double
bonds.[??°1 The growth of the molecular weight of the oligomers and polymers formed is highly
dependent of the conversion rates. On one hand, delaying the formation of higher molecular
weight structures offers advantages in terms of manufacturing by maintaining system viscosity
and improving processability. Thiol-ene photopolymerization overcome significant drawbacks
of chain-growth mechanisms, such as inhibition by oxygen and stress development, and the

formation of highly heterogeneous polymer networks.[>4l However, the step-growth mechanism
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also presents a major challenge in thiol-ene polymerization. Achieving high conversion rates is
challenging, typically resulting in the production of low molecular weight compounds with
limited thermo-mechanical properties, such as stiffness and a low glass transition temperature
for the polymers. Potential solutions to overcome this challenge include the use of highly
branched and rigid monomer structures, blending with other materials, applying post-
polymerization modifications like oxidizing sulfur centers in the main chains,*#!-421 or using

different reaction environments that encourage high conversions.?43]

The growth of chains and evolution of the average molecular weight in a step-growth mechanism
are described by Carother’s equation, where only at high degrees of conversion of the functions
it 1s possible to achieve considerable values of molecular weights (Figure 2.3). n a system
containing pairs of A-A and B-B, where A and B represent specific chemical groups originating
from similar monomers, the step-growth process initiates by forming dimers of (A-A)-(B-B).
These dimers retain available end components that facilitate subsequent connections. As a result,
two dimers can bond together, leading to the creation of a structure denoted as (A-A-B-B)-(A-
A-B-B). Subsequently, oligomers combine via their remaining unreacted end groups, gradually
constructing the interconnected chains of the network until the available functional groups are
used up.?*! (Figure 2.10)
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Figure 2. 9 Scheme of a step-growth mechanism polymerization. The medium contains red and green
spheres representing two distinct functions (left-side). The process involves sequentially the formation of
first dimers, then trimers, longer oligomers and eventually long chain polymers. On the right side, a
graphical representation depicts the correlation between the growth in the average molecular weight of a
polymer and the conversion of functionalities in step-growth polymerization methods.

The development of step-growth polymerization is dependent on the alteration of the terminal
groups.l?#] Each reaction step implies that the reactive end of a monomer or polymer encounters
another species with which it can form a link. The functional group at the end of a monomer is
usually assumed to have the same reactivity as that on a polymer chain of any size. Using the

relationship described in Equation 2.1, the extent of conversion (p) is calculated by comparing
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the number of moieties that have been converted (No-N) to the initial number of moieties present
in the system (Np).[245-246]

p= N, (Equation 2.1)

This equation is valid when the opposite functionality is present in equal concentration and there
are no side reactions. The number-average of the degree of polymerization (X») of the mixture is
defined as the average number of monomeric units in a polymer molecule (Equation 2.2). For
an A-A-B-B polymerization, a repeating unit is made of two monomeric units. The theoretical
average molecular weight M, is then the number-average of repeating units X, times the
molecular weight of a repeating unit M;, (Equation 2.3). As the polymerization process yields
polymer chains of different sizes, a more realistic depiction of the distribution of molecular
weight around the average is given by the dispersity index (). In a purely step-growth linear
polymerization, P can reach a maximum of 2 for p=1 (100%) (Equation 2.4). Impurities and
side reactions can provoke deviations in this value. This value is also defined as the ration
between the weight-average molecular weight (M) and the number-average molecular weight
(M,) of a polymer. Here it is possible to observe how the average molecular weight evolves with
the polymerization: at time t=0, the process has not yet started and therefore p = 0 and X, is equal
to 1, illustrating the presence only of the initiating monomers. Halfway the polymerization
process, where 50% of the A-A (or B-B) have been converted, X;, yields only 2 monomeric units
in the main chain. When the reaction reaches 98%, 50 monomeric units can in average be found.
This number is still moderate to build a high molecular weight polymer. Steep increases are only
reached at nearly complete conversions, as illustrated by a model conversion of 99% that yields

chains with 100 monomeric units per polymer chain (Figure 2.1.4).243]

X, = m (Equation 2.2)

M, = M, x Xy (Equation 2.3)
M

b= 1\—/1—:’ =1+p (Equation 2.4)

In an ideal thiol-ene system, the only mechanism controlling the polymerization process is the
step-growth mechanism. In the case where the only reaction occurring is the one where the thiyl
radicals reacts with the -C=C- double bonds, forming carbon-centred radicals to produce a
thioether linkage and produce a new radical, the polymerization will follow a classical step-

growth kinetics. The resulting stepwise addition of reactive species with free terminal
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functionalities will form dimers, then small oligomers, and so on in a sequence of individual

reactions until the full conversion of all free functionalities. [246]
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4 Motivation

As it can be seen from the above-mentioned theoretical background, tetrazoles have diverse

applications in various fields of chemistry, including organic synthesis, materials science and
medicinal chemistry. Within the tetrazole family, 1,5 DSTs have garnered particular interest
owing to their exceptional physicochemical properties, notably their energetic capacity and
fluoresce behaviour, which holds great promise for potential applications in the pharmaceutical
industry and energetic materials realm. Nevertheless, the practical implementation of 1,5 DST-
containing polymeric architectures still needs to be more circumscribed in the present literature.
Consequently, strategically incorporating 1,5 DST moieties into the polymeric structure is a
novel avenue for developing polymer materials endowed with hitherto unexplored properties.
Furthermore, it is essential to point out that the current shortage of practical techniques for
producing 1,5 DST-containing polymers with good yields and efficiency still needs to be solved.
Thus, discovering new approaches to create such materials requires thorough investigation to
unlock the full potential of their unique properties.

Therefore, the primary motivation of this thesis is to investigate the synthesis of 1,5 DST
containing polymeric structures. For this purpose, as it depicted in Figure 3.1, three distinct
strategies are employed: 1) main chain 1,5 DST-based polymer synthesis (Chapter 5.1) and ii)
positioning 1,5 DST moiety as a pendant group in order to have 1,5 DST-decorated polymers
(Chapter 5.2), and iii) incorporation of 1,5 DST moiety into the already existing polymeric
structure ((e.g., poly (pentafluorophenyl acrylate) (p(PFPA)) for the in-situ formation of 1,5
DST-decorated polymeric networks (particularly, hydrogels) (Chapter 5.3).

@ 1,5 DS Tetrazole moiety
a)

WQ.:
g

Figure 3. 1 Schematic depiction of the intended concept of the present thesis. Synthesis of a) main chain
1,5 DST-based polymers; b) 1,5 DST-decorated polymers; ¢) 1,5 DST-decorated polymeric networks.
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Motivation

By conducting above-mentioned projects, the ultimate goal is to introduce to the literature novel
type of polymers by utilizing different synthesis approaches besides a comprehensive
understanding of the relationship between the structure and properties of novel 1,5 DST-

containing polymeric materials.
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5 Results and Discussion

5.1 Main chain 1,5 DS Tetrazole-based
polymers

{ ) Isocynanide
@ Aldeyhde

© Thiol

h——————————’

Parts of this chapter are published as “Akdemir, M. S., Huber, B., Simian, M., Theato, P., Mutlu,
H., Main Chain 1,5-Disubstituted-1H-Tetrazole-Based Polymers via Ugi-Azide-Four-
Multicomponent Polymerization (UA-4MCP). ACS Appl. Polym. Mater. 2023, 5, 6643-6650.
https://doi.org/10.1021/acsapm.3c01231”and adapted with permission from ACS, 2023.
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Main chain 1,5 DS Tetrazole-based polymers

5.1.1 Prologue

As stated in Chapter 2.3, the available literature on polymers incorporating 1,5 DST into the
main chain is quite limited. Sproll et al. introduced the first notable instance of tetrazole-
containing polymers in the main chain.?!4l They achieved this through a bulk polycondensation
process involving 1-(2-hydroxyethyl)-1H-tetrazolyl)methyl hydrazine and hexamethylene
diisocyanate. As a result, 33% nitrogen content was detected with remarkable thermal stability,
up to 260 °C.I213] Later on, the same group also illustrated the synthesis of tetrazole-based
polymers by reacting the corresponding tetrazolyl hydrazine with hexamethylene diisocyanate
and bis(5-methylhydrazinyl-1H-tetrazolyl)alkanes. These resulting polymers contained 40%
nitrogen and were proven to possess moderate explosive properties, along with thermal stability
up to 240 °C.1214]l However, the methods used to create the mentioned polymers required harsh
conditions, such as high temperatures and acidic substances. Moreover, the synthetic procedure
applied involves a complex series of steps, resulting in solubility issue. Thus, it is important to
underline the significance of developing practical and efficient ways to synthesize 1,5 DST-
containing polymers under mild conditions. Furthermore, most of the polymers in the literature
cannot be easily modified using subsequent polymerization methods to adjust their properties.
As a result, there is a need for research that focuses on a more convenient and suitable approach
to produce main chain tetrazole-containing polymers, allowing for further customization of their

properties.

Therefore, a pioneering concept has been constructed in this study in order to overcome the
mentioned challenges for the synthesis of main chain 1,5 DST-based polymer with an effective
strategy in one pot under mild reaction conditions. Afterwards, by the rational design of the
synthesis, the obtained polymer has been applied to further reactions in order to show the
possibility of post-polymerization modification. Accordingly, the UA-4MC polymers were
subjected to a detailed analysis using various techniques, including size exclusion
chromatography (SEC), nuclear magnetic resonance (NMR), attenuated total reflectance infrared
spectroscopy (ATR-IR), thermal gravimetric analysis (TGA), differential scanning calorimetry
(DSC), as well as UV-Visible (UV-Vis) and fluorescence spectroscopy. Subsequently, the
following section presents a comprehensive explanation of the experimental part, coupled with

the presentation of characterization results and an in-depth discussion thereof.
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5.1.2 Synthesis and Characterization

In this study, polymer synthesis is constructed on the base of UA-4MCP. The UA-4MCP strategy
uses 1,6-diisocyanide as a reactive partner in a nucleophilic reaction to create main chain 1,5
DST-based polymers. Thus, the synthesis of 1,6-diisocyanide has been conducted based on the
previously reported literature.?*’] (see Experimental part, Section 7.3.1) Upon synthesizing the
1,6 diisocyanide derivative, the emphasis shifted to investigating the optimal reaction conditions
(i.e., (i.e., solvent, concentration and reaction time) for UA-4MCP. Hence, preliminary
polymerization attempts were performed by employing different concentrations (0.5M, 1M, and
4M) in a mixture of DMF: MeOH (1:1). Concisely, 1,6-diisocyanide, N, N-dimethyl-1,6-
hexanediamine, TMSN3;, and hexanal in the presence of the catalyst 1,8-
diazabicyclo(5.4.0)undec-7-ene (DBU) were reacted under an inert atmosphere at 50 °C for
overnight, namely model polymerization reaction (MPR). Then, the substance was purified
through precipitation in cold MeOH (Scheme 5.1.1).

N/j Ry
® N "
.9 N
OW C\\N/\/\/\/N\\(;@ DBU N N/ I;l
hexanal 1,6-diisocyanide —> N \ \ =N
VSN H 50 °C, O.N. Ny N
3 SNSASNNNN N, N "
H (MPR)

N,N-dimethyl-1,6-hexanediamine

Scheme 5. 1. 1 Route for the synthesis of model polymers in order to detect optimum reaction conditions
via Ugi-azide four-multicomponent polymerization (UA-4MCP).

SEC was utilized to analyze the MPR compound comprehensively. The results revealed that, in
line with expectations under step-growth polymerization conditions, the formation of the MPR
compound reached its highest M, value at 1M (see Figure 8.1 in the Appendix). While Ugi-4CRs
are typically performed using methanol (MeOH) or a MeOH-tetrahydrofuran (THF) mixture,
different solvents were also explored to optimize the MPR compound. This exploration
encompassed combinations like THF: MeOH and DMF: MeOH, with varying ratios (1:1, 2:1,
and 1:2) maintained at 1M concentration. Depending on the SEC results, using THF: MeOH
mixture resulted in only oligomer formation (Figure 8.2. in the Appendix), whereas DMF:
MeOH yielded polymer formation with a high M, (Figure 8.3. in the Appendix). Thus, DMF:
MeOH (1:1) was chosen as the optimum solvent mixture for UA-4MCP polymer synthesis for
further steps.
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Upon optimizing the conditions, the UA-4MCP reactions were performed by employing various
aldehyde derivatives (aliphatic and aromatic) at 1M in DMF: MeOH (1:1) mixture. In particular,
the primary purpose is to employ aliphatic and aromatic aldehyde groups for introducing various
substitutions onto the main chain of 1,5 DSTs polymer. Consequently, this allows for exploring
of how distinct side chains influence the thermal and optical properties. Furthermore, this method
also simplifies the incorporation of functional groups to enable subsequent modifications.
Briefly, 1,6-diisocyanide, N, N-dimethyl-1,6-hexanediamine, TMSN3, and corresponding
aldehyde derivatives were reacted in the presence of the catalyst DBU under an inert atmosphere
at 50 °C. (see Experimental part, Section 7.3.1) Scheme 5.1.2 illustrates the synthesis pathways
for various polymers. Each polymer is distinguished by a unique colour code, corresponding to
the aldehyde derivative used in its synthesis. For instance, aliphatic substituted main chain 1,5
DST polymers; MC-Tet, (synthesized using hexanal) is represented by a black line, MC-Tet>
(synthesized from decanal) by a red line, MC-Tets (derived from undecanal) by a blue line, MC-
Tets (obtained from citronellal) by a green line, aromatic substituted polymers; MC-Tets (made
with benzaldehyde) by a brown line, MC-Tets (produced using 4-(trifluoromethyl)
benzaldehyde) by an orange line, and finally, MC-Tet; (formed from 5-norbornene-2-
carboxaldehyde) is depicted by a purple line.

i R NN O
E hexanal (MC-Tet,) undecanal (MC-Tet3) ©@C-Tet9 (MC-Tetg) (MC:]'et-,)
: NN Pid -

'
'

:

Me-Tety \K\/\I/\, .

-Tet ) MC-Tet :

decanal 2 citronellal ( 4) benzaldehyde 4-(trifluoromethyl) benzaldehyde ~ 5-norbornene-2-carboxaldehyde 1
'

Scheme 5. 1. 2 Schematic representation of Ugi-azide four-multicomponent polymerization (UA-4MCP)
to provide main chain 1,5 DST-based polymers with different side groups (R) from aliphatic (e.g., hexanal
(black line), decanal (red line), undecanal (blue line), citronellal (green line)) to aromatic (e.g.,
benzaldehyde (brown line), 4-(trifluoromethyl) benzaldehyde (orange line) and 5-norbornene-2-
carboxaldehyde (purple line)).
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Accordingly, SEC was employed to monitor the synthesis of UA-4MC polymers. The traces for
the main chain 1,5 DST-based polymers with aliphatic and aromatic substitutions are illustrated
in Figure 5.1.1.a and 5.1.1.b, respectively. Additionally, the D values of obtained polymers are
listed in Table 5.1.1. It can be seen in Figure 5.1.1 that SEC traces for all polymers showed a
major peak at the high molecular weight and a number of minor peaks at the lower molecular
weight. On the one side, the latter can be attributed to the oligomer formation during the step-
growth polymerization. Notably, the obtained low P values in the range of 1.2-1.7 (Table 5.1.1)
can also be assigned to oligomer formation and, correspondingly, underrepresented due to the
precipitation process. On the other side, the formation of cyclic products might be the primary
reason for the longer retention time observed at the higher retention time in the SEC traces.
Unfortunately, all these lower fractions of the SEC curves could not be removed not only via

precipitation in different solvents but also with dialysis.

15 16 17 18 19 20 21 15 16 17 18 19 20 21
Retention time /min Retention time /min

Figure 5. 1. 1 Comparative SEC traces of a) aliphatic side chain containing UA-4MC polymers MC-Tet;
(black line), MC-Tet; (red line), MC-Tets (blue line), MC-Tets (green line)), b) aromatic side chain
containing UA-4MC polymers MC-Tets (brown line), MC-Tets (orange line), MC-Tet; (purple line).

Indeed, optimization studies indicated that the reaction time significantly influenced the
formation of UA-4MC polymers. Obviously, short reaction time resulted in the formation of only
dimers, trimers, or oligomers. Therefore, polymerization reactions were conducted to yield
polymers, thoroughly considering the potential reactivity effects stemming from aliphatic and
aromatic aldehydes. Accordingly, Table 5.1.1 lists the optimum reaction times. Interestingly,
UA-4MCP showed a broad reaction time that varies depending on the aldehyde source (Table
5.1.1). While aromatic aldehydes with varied functionalities could undergo the reactions rapidly
(overnight reaction) to provide expected UA-4MCP products (MC-Tets - MC-Tet7) with
relatively higher M, compared to aliphatic counterparts, aliphatic aldehyde-containing polymers

(MC-Teti - MC-Tets) were formed only upon extending the polymerization reaction time from
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days to weeks. It is important to highlight that the longer reaction time did not influence the M,
of the resultant polymers.

Explicitly, the aromatic aldehyde derivatives have not showcased a noticeable effect on the
reaction kinetics. In contrast, longer alkyl chain aliphatic aldehydes (e.g., decanal, MC-Tet)
demonstrated a slower reaction rate than short-chain derivatives (e.g., hexanal, MC-Tet;). Cao
and Yu et al. have emphasized that the latter behaviour may arise from the remarkable selectivity
of imine-ions, which displays in a given multicomponent reaction and the nature of the
substituents of the corresponding aldehydes and amine.l**8] Indeed, the UA-4MCP reaction
begins with creating an iminium-ion by reacting an aldehyde with a secondary amine. The
reaction is followed by nucleophilic addition of diisocyanide to the iminium-ion. As a result, a
charged intermediate is produced, which then reacts with hydrazoic acid. Ultimately, this
sequence of reactions leads to the formation of 1,5 DSTs through the ring-forming step. (Figure
8.4. in Appendix). Shortly, the behaviour of imine ions and the specific properties of
corresponding aldehydes and amines significantly affect the reaction kinetics. Therefore, it can
be postulated that since the bond localization energy of aldehyde is higher in the aromatic
structure due to hyper-conjugation with the adjacent (C-H) orbitals compared to their aliphatic
counterparts, the rapid imine ion formation facilitates accelerated polymerization for aromatic
aldehyde-containing reactions. Accordingly, the shorter reaction time observed for aromatic
aldehyde-containing polymers (MC-Tets - MC-Tet;) exhibiting higher reactivity, accordingly,
faster polymerization than their aliphatic counterparts (MC-Tet; - MC-Tets).

Table 5. 1. 1 Molecular characterization of UA-4MC polymers (MC-Tet; - MC-Tety) obtained via UA-
4MCP. Typical reaction conditions were as follows: 1,6-diisocyanide (1.00 eq.), NV, N-dimethyl-1,6-
hexanediamine (1.00 eq.), TMSNj3 (2.00 eq.) and aldehyde derivatives (2.00 eq.) were reacted in the
presence of the catalyst 1,8-diazabicyclo (5.4.0) undec-7-ene (DBU) under inert atmosphere at 50 °C.

Polymer Time (h) | Conversion (%)? | Yields | My, sec (kg mol')® | D [Mw/Mh]
MC-Teti 240 73 77 6.7 1.4
MC-Tet: 240 67 85 6.7 1.3
MC-Tets 72 60 85 5.6 1.3
MC-Tet4 48 93 92 8.5 1.7
MC-Tets 60 87 78 8.5 1.5
MC-Tets 72 85 84 8.0 1.5
MC-Tet; 24 62 70 5.6 1.2

aPolymer conversions calculated from '"H NMR; YDetermined by SEC using THF as an eluent.

The synthesis of UA-4MC polymers was also examined through 'H NMR spectroscopy to
understand the polymerization process better. For aliphatic-substituted polymers (MC-Tet; - MC-
Tets), the analysis can be found in Figure 5.1.2.a, when Figure 5.1.2.b presents the analysis for
aromatic-substituted main chain 1,5 DST-based polymer (MC-Tets - MC-Tety). Furthermore, the
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COSY-NMR spectra of all polymers are also shown in the Figure 8.5 in the Appendix. The
magnetic resonance of the only proton associated with the tetrazole moiety was detected at ~3.8-
4.2 ppm (a) for MC-Tet; - MC-Tets, except from a broad peak between 4.2-4.4 ppm for MC-Tet;.
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Figure 5. 1. 2 Comparative: '"H-NMR (CDCl;, 400 MHz) of a) aliphatic side chain containing UA-4MC
polymers MC-Tet; (black line), MC-Tet, (red line), MC-Tet; (blue line), MC-Tet4 (green line)), b)
aromatic side chain containing UA-4MC polymers MC-Tets (brown line), MC-Tets (orange line), MC-

Tety (purple line).

Furthermore, the formation of the methylene group adherent to 1,5 DST moiety at ~4.3 ppm (b)
originating from diisocyanide and at ~2.3 ppm (c) stemming from diamine for MC-Tet; - MC-
Tets was detected as a proof of polymer formation, whereas these peaks were located at 4.3 and
3.2 ppm (a, b) for MC-Tet;, which would only be seen as proof of UA-4MC polymer
construction. Crucially, the magnetic resonances arising from the olefin functional groups of
MC-Tetsz and MC-Tet; were also detected between 4.86-5.85 ppm (1, 2) and 5.23-5.55 ppm (1,
2), respectively. In general, conversion reached over 60% of polymers formation as well as, a
relatively high yield of over 70% after purification, as listed in Table 5.1.1.

Moreover, the characterization of the UA-4MC polymer was carried out using ATR-IR analysis.
(Figure 5.1.3) The band located at 1382 cm™! was identified as the antisymmetric stretching of
the -N=N- bond, whereas the band at 1108 cm™! was associated with the vibration of the -C=N-
bond. Moreover, the band at 1058 cm™! was also attributed to the vibration of the -N-N- bond
present in the 1,5 DST unit. Furthermore, the ATR-IR analysis of the polymers indicated the
existence of two absorption bands at 3104 and 1640 cm™! (stretching vibration of the -C-H- bond
and -C=C- bond), which were assigned to the olefin handles for MC-Tet; and MC-Tet;. (Figure
5.1.3)
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Figure 5. 1. 3 ATR-IR spectra of MC-Tet, (black line), MC-Tet, (red line), MC-Tet; (blue line), MC-Tet,
(green line), MC-Tets (brown line), MC-Tets (orange line), MC-Tety (purple line).

Additionally, TGA was conducted to examine the thermal characteristics of the UA-4MC
polymers. The thermal degradation (74) profile of the aliphatic-substituted polymers (MC-Tet; -
MC-Tety) are illustrated in Figure 5.1.4.a, whereas Figure 5.1.4.b displays similar date for the
aromatic-substituted main chain 1,5 DST-based polymer (MC-Tets- MC-Tet;), along with Table
5.1.2 for reference. As can be seen from Figure 5.1.4, a multistep degradation pattern was
observed under inert conditions at 10 K min-! for all polymers. The relative thermal stability of
MC-Tet; - MC-Tet; have been evaluated by comparing the decomposition temperatures at
different percentage weight loss. The results show that the mass losses of the first decomposition
step are all within 55wt%, regardless of different side groups (Figure 5.1.4). This suggests that
the weight loss at the first step is due to the degradation of the polymer main chain, while the
second step can be attributed to the 1,5 DST unit degradation in combination with the aliphatic
and aromatic side group (Figure 5.1.4). The first 74 was around 305 °C, followed by the second
thermal degradation step ~450 °C for aliphatic substituted MC-Tet;- MC-Tets (see Table 5.1.1).
Interestingly, the first degradation occurred ~300 °C, followed by the second step at ~430 °C for
aromatic substituted MC-Tets - MC-Tet; (see Table 5.1.2). The polymer degradation process
exhibited a high degree of completion at a temperature of 520 °C, except for polymers MC-Tets,
MC-Tets and MC-Tet;. These particular polymers displayed up to 20% char formation owing to

their inherent aromatic structure.
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Figure 5. 1. 4 Comparative: TGA curves of a) aliphatic side chain containing UA-4MC polymers MC-
Tet; (black line), MC-Tet, (red line), MC-Tet; (blue line), MC-Tets (green), b) aromatic side chain
containing UA-4MC polymers MC-Tets (brown line), MC-Tets (orange line), MC-Tet; (purple line).

Indeed, it is known that the thermal stability of a polymer depends very much on its chemical
structure, degree of crystallinity, and molecular mass.[>**] Even though the presence of the
aromatic groups in the polymeric structure improves the thermal stability of polymers,23°! the
TGA results displayed that the longer aliphatic chain substituted polymers MC-Tet; - MC-Tety
had similar 74 5% compared to aromatic substituted counterparts MC-Tets - MC-Tets. On the one
hand, this behaviour can be explained by several factors that are in following; a) increased steric
hindrance in the presence of bulky aliphatic groups for MC-Tet, - MC-Tets can hinder the
movement of the backbone and make it more difficult for the compound to undergo thermal
degradation, b) the ability of the aliphatic side chain to form a more ordered and compact
structure lead to stabilize the 1,5 DST resulting in enhanced the thermal stability, c) the effect of
the packing structure can contribute to the overall conjugation of intermolecular interactions of
the 1,5-DS-T units which can increase its thermal stability.[?>1-2521 On the other hand, it can also
be attributed to the electronic effects of aromaticity that may influence the thermal stability of
the polymeric structure. In other words, an aromatic group's existence results in a decreased
stability, accelerating the degradation processes due to weak intermolecular forces besides
preventing 1,5 DSTs intramolecular interaction.[?>3] Remarkably, the first 7y values exhibit a
positive correlation with the incensement of aliphatic chains lengths (e.g., MC-Tet; (6 carbon),
T4 280 °C, MC-Tet (10 carbon), 74 300 °C). Additionally, it has been observed that the inclusion
of the vinyl group in the molecular structure resulted in an increase in the first 7y, as can be seen
in Figure 5.1.4.a and Table 5.1.2 (e.g., MC-Tet, (10 carbon), 74 300 °C, MC-Tets (10 carbon) Ty
310 °C). In addition, the inclusion of a fluorinated benzene compound as a side group within the
polymeric structure (e.g., MC-Tets, 7qa 303 °C), enhanced 7y in contrast to its analogous

counterpart comprised solely of a benzene ring, (e.g., MC-Tets, 74 300 °C) due to strong carbon-
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fluorine bond. Furthermore, the highest first 73 have been observed for MC-Tet4(e.g., 74310 °C).
On the one side, since the 74 properties of main chain tetrazole-containing polymers have never
been investigated, the comparison of UA-4MC products was made by comparing the pendant
chain tetrazole containing polymers in the literature. As a result, UA-4MC products revealed
partially improved thermal stability compared to 5(2,60xyphenyl) tetrazole (74,59 ~210-290)2011,
5-aminotetrazole (7q,s5%~250 °C)[2%4 5-azidotetrazole (7q,s%~280 °C)[101 containing polymers.
On the other side, compared to main chain triazole polymers (7g,s%~200-250 °C)I235-236], which
are also an important group of nitrogen-containing five-membered heterocyclic ring with three

nitrogen, UA-4MC products showed a significantly enhanced thermal stability.

Table 5. 1. 2 Thermal analysis of UA-4MC polymers (MC-Tet; - MC-Tety)

Polymer Ta [°C? Tg [°CP®
1" T:¢ 2" T,

MC-Tet: 280 450 0
MC-Tet: 300 448 -25
MC-Tets 305 458 -30
MC-Tets 310 444 -12
MC-Tets 300 433 26
MC-Tete 303 435 38
MC-Tetr 308 430 54

2The decomposition temperatures (74) were detected by TGA; ® The glass transition temperature (7) observed during
the second heating measurement by DSC analysis. °First degradation temperatures defined as the temperature at 5%
weight loss.

Furthermore, the thermal transitions of the polymers were investigated via DSC. The DSC heat
flow graphs for MC-Tet; - MC-Tet;are illustrated in Figure 5.1.5.a, displaying the results for the
aliphatic substituted chain, and in Figure 5.1.5.b, displaying the results for the aromatic
substituted chain, along with Table 5.1.2 for reference. Clearly, DSC analysis showed that the
main differences originate from the side group reflected in polymer chain packing.?57-258] The
inclusion of aromatic groups in the polymer structure, as seen in MC-Tets- MC-Tety, led to glass-
T higher than ambient temperature, specifically 26, 38, and 54 °C for MC-Tets, MC-Tets, and
MC-Tets, respectively. No melting points were observed for any of the polymers (MC-Tet; -
MC-Tet7) within the temperature range of -75 to 150 °C, using a heat rate of 10 K min-!. On the
other hand, the aliphatic substituted polymers, namely MC-Tet; - MC-Tets, exhibited
significantly lower glass-transition temperatures, below ambient temperature, with values of 0, -
25,-30, and -12 °C for MC-Tet;, MC-Tet,, MC-Tets, and MC-Tets, respectively. It is estimated
that crystallization is facilitated by the large aromatic side groups of the polymer backbone, while
chain regularity is disrupted by aliphatic groups, thereby favouring an amorphous phase.
Furthermore, softening and plasticizing effects have been observed by altering the alkyl chain
length from shorter (e.g., MC-Tet;) to longer (e.g., MC-Tet3). This is attributed to the higher

flexibility of longer chains, which permits the molecular motion of polymer.
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Figure 5. 1. 5 Comparative: DSC curves of a) aliphatic side chain containing UA-4MC polymers MC-
Tet; (black line), MC-Tet, (red line), MC-Tets (blue line), MC-Tets (green), b) aromatic side chain
containing UA-4MC polymers MC-Tets (brown line), MC-Tets (orange line), MC-Tet; (purple line).

The photophysical properties of main chain 1,5 DST-based polymers were also examined using
UV-Vis and fluorescence spectroscopy. All data is given in Table 8.1 in Appendix. The
absorbance spectra of the Ugi-4CP products in DCM at 1.2 M are shown in Figure 5.1.6. In
general, the intensity of absorption bands exhibited an increment from the aliphatic-substituted
polymers to the aromatic-substituted polymers (e.g., MC-Tet;: 0.78 a.u., MC-Tets: 2.97 a.u.)
(Figure 5.1.6, Table 8.1 in the Appendix). Furthermore, a bathochromic shift is observed from
MC-Tet; - MC-Tets to MC-Tets - MC-Tet;. Additionally, the intensities of MC-Tet; - MC-Tets
increased with increases in the alkyl unit content on the side chain (from MC-Tet; to MC-Tets,
Figure 5.1.6 and Figure 8.6 in Appendix). More importantly, the increased length of the alkyl
unit on the side group also caused a bathochromic effect. For instance, the UV—vis spectrum of
MC-Tet; depicted the following absorbances at 235 and 276 nm, which in turn shifted to higher
wavelengths (241 and 308 nm) with the increment of the side group alky chain of MC-Tet; (from
-(CH2)s to -(CH2)10). It is considered that this to be because the wavelengths tend to be shifted
toward the long wavelength region as the 1,5 DST conjugation system gets larger with the
participation of longer side chain containing polymers (e.g., MC-Tet; - MC-Tet;) and aromatic
groups containing polymers (e.g., MC-Tets - MC-Tet;). Moreover, as the concentration
increased, an increment in the absorption intensity, as well as a redshift also occurred for MC-
Tet; - MC-Tet; (Figure 8.6 and Table 8.1 in Appendix). The latter negligible impact is mainly

attributed to the nonconventional luminescent materials.
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Figure 5. 1. 6 Comparative absorption traces of MC-Tet; (black line), MC-Tet; (red dot line), MC-Tet;
(blue line), MC-Tet4 (green dot line), MC-Tets (brown line), MC-Tets (orange dot line), MC-Tet; (purple
line) at 1.2 M concentration in DCM.

To get more information about the photophysical properties of the polymers, their emissions by
varying excitation wavelengths (Aex) have been determined. Different emission behaviour was
observed under the excitation at different wavelengths (Figure 8.7 in Appendix). For instance,
no emission was detected under excitation at Ax=300 nm (Figure 5.1.7). A maximal emission
was seen for MC-Tet;. MC-Tets, and MC-Tet; (Figure 5.1.7) at Aex = 340 nm. The emission
started to weaken with the increase in excitation wavelength Acx. Nevertheless, it is important to
emphasize that MC-Tetsand MC-Tetg exhibited the strongest emission at A=400 nm, illustrating
that different side group molecular organizations can influence optical properties (Figure 5.1.7).
Furthermore, in general, as the concentration increases, a significant increase in fluorescence
emission intensity, and a slight redshift of the emission bands was observed (Figure 5.1.7, Table
8.1 in Appendix). For instance, emission peak of MC-Tet; shifted from 391 nm to 398 nm with
increased intensity from 423 to 1384 a.u. for aliphatic-substituted polymers. Likewise, emission
peak of aromatic polymer MC-Tets shifted from 477 nm to 483 nm with increased intensity from
591 a.u. to 1200 a.u (Figure 5.1.7, Table 8.1 in Appendix). Hence, the results indicate that the
polymers exhibit unusual emission properties that are triggered by clusters formed through
various intra- and intermolecular interactions. These interactions involve electron-rich groups
like -C=C-, -N=N-, and -N-N-, as well as conjugated aromatic 1,5 DST units, leading to n-n* or
n-n* transitions. In conclusion, the polymers display a cluster-induced emission (CTE)
characteristic based on these results.[23°-262]
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Figure 5. 1. 7 Comparative emission traces of MC-Tet; (black line), MC-Tet; (red line), MC-Tets (blue
line), MC-Tets (green line), MC-Tets (brown line), MC-Tets (orange line), MC-Tet; (purple line) in DCM
at two different concentrations (20 mg mL™! (straight lines) and 5 mg mL! (dash dot lines), respectively).
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5.1.3 Recapitulation

The present chapter of the thesis successfully demonstrated the development of a highly efficient
one-pot synthetic strategy for the preparation of main chain 1,5 DST-based polymers. This
innovative approach utilized the UA-4MCP technique for the first time in the literature for the
synthesis of seven different types of different substituted (aromatic and aliphatic) main-chain 1,5
DST-based polymer synthesis. In general, all polymerization reactions were carried out under
remarkably mild conditions. Moreover, the reactivity of aldehyde derivatives in the synthesis of
main chain 1,5 DST-based polymers was explored. It was determined that aromatic aldehydes
displayed swifter tendency to form polymers compared to their aliphatic counterparts.
Furthermore, the impact of solvent polarity and reaction time was also examined, revealing that
a mixture of protic and aprotic solvents, like DMF and MeOH, was effective regardless of
polymer type. Also, completion of the polymerization reactions showed a wide range of time
(from days to weeks) depending on aldehyde source. In addition, the polymers exhibited
moderate degradation temperatures up to 300 °C. Furthermore, complete degradation was
observed around 500 °C for all polymers. Other than that, the observed broad range of 7 values
(from -25 to 54 °C) showcased intriguing prospects for enhancing processability, thereby
broadening the potential application space of these polymers. Significantly, all the polymers
exhibited fluorescence because of conjugated aromatic 1,5 DST units. Interestingly, diverse

substitutions in side groups induced changes in the CTE properties of polymers.
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Pendant chain 1,5 DS Tetrazole-decorated polymers

5.2.1 Prologue

At present, most of the existing examples of tetrazole-decorated polymers are based on 5-
substituted tetrazoles (5-STs) as a pendant group, as described in Chapter 2.3.12631 [264] Those
polymers are synthesized either via the polyaddition reactions of tetrazole-decorated dihydrazine
monomers with diisocyanate or the radical polymerization of 1-(vinyl-1H-tetrazole).[!%6 263]
Alternatively, the functional group conversion of polyvinyl nitrile into the tetrazole moiety via a
[24+3] cycloaddition reaction with azide derivatives acid has been reported.[!3-26] Despite existing
literature, 1,5 DST units appear to be less investigated than their tetrazole counterparts due to
synthetic challenges occurring either during the synthesis of the respective monomer or the
respective polymerizations.!'!> 1942671 Therefore, there is still a need to incorporate 1,5 DSTs into
the polymer chain as a pendant group to explore the 1,5 DST-containing polymers. Mostly, 1,5
DST synthesis as a small compound, relies on MCRs, such as Passerini or Ugi (especially UA-
MCR), as stated in Chapter 2.3.[133] However, the UA-4MCR has never been utilized for
monomer syntheses, despite the fact that UA-4MCR provides diversity and complexity and
allows the preparation of highly attractive 1,5 DST derivatives. Moreover, implementing of the
light-induced thiol-ene reaction as a polymerization approach to deliver tetrazole-containing
polymers has yet to be fully explored in the literature. Remarkably, it has been shown that 2,5
DST can indeed undergo tetrazole-thiol reaction in the presence of a thiol group, resulting in a
thioether linkage formation.[''8] However, the 1,5 DST group has never been investigated in this
regard. Therefore, there are still certain inquiries that necessitate clarification regarding the

implications of the thiol-ene reaction when the 1,5 DST unit.

Therefore, this particular section of the thesis explores the potential thiol-ene reaction involving
the presence of 1,5 DST unit, initially within the main chain structure as an expansion of the
concepts discussed in Chapter 5.1. Additionally, the investigation includes strategy where the
1,5 DST unit is attached as a pendant chain. For pendant chain approach, the concept has been
constructed as an efficient synthetic route for a novel type of bis-1,5 DST a,®m-diene monomers
on rapid and effective UA-MCR. Subsequently, polymerization reactions of those monomers
have been performed via thiol-ene click reaction with a series of different dithiol derivatives not
only to broaden the toolbox of 1,5 DST-decorated polymers but also to reveal the potential of
thiol-ene polymerization in the presence of 1,5 DST derivative. Accordingly, the polymers were
subjected to a detailed analysis using various techniques, including SEC, NMR, ATR-IR, TGA,
and DSC, as well as UV-Vis and fluorescence spectroscopy. Subsequently, the following section
presents a comprehensive explanation of the experimental part, coupled with the presentation of

characterization results and an in-depth discussion thereof.
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5.2.1 Synthesis and Characterization

Before the polymer synthesis via thiol-ene reaction, it was essential to ensure that 1,5 DST units
remains intact during the light-induced reaction with the thiol derivatives to understand the
feasibility and potential outcomes of thiol-ene reactions. For this purpose, previously
synthesized main chain 1,5 DST containing polymers have been evaluated. A thiol-ene photo-
click reaction, initiated by light at a wavelength of 365 nm, was employed for the post-
polymerization of alkene-functionalized MC-Tet; and MC-Tet; (see Chapter 5.1) (Scheme
5.2.1). Briefly, 1-dodecanthiol and MC-Tets/Tet; were reacted with a molar ratio of 1:5 thiol-to-
ene, using DMAP as the photo initiator. The reaction took place in a solvent mixture of
DCM/MeOH in a 1:1 ratio and was subjected to UV irradiation (A= 365 nm) for 2 hours.
Subsequently, the resulting polymers were purified through precipitation into cold MeOH (see
Experimental part, Section 7.3.2.).

/p\)\/SH
7

1-dodecanthiol

Scheme 5. 2. 1 Schematic representation of post-polymerization modification reaction of MC-Tet; (R=
undecanal, blue line) and MC-Tet; (R= norbornene, purple line) with 1-dodecanthiol via light initiation
(A=365 nm).

The olefin handles were rapidly modified by using the post-polymerization approach, resulting in a
successful conversion of over 90%. The effectiveness of the method was supported by 'H NMR results,
which demonstrated the disappearance of peaks in the 4.8-5.8 (1-2) ppm and 5.5-6.3 (1-2) ppm ranges for
MC-Tet; (MC-Tetsppm, pale blue line, Figure 5.2.1.a) and MC-Tet; (MC-Tets,pm, pale purple line Figure
5.2.1.b), respectively, indicating successful modification of the terminal olefin handles. Importantly, with
the aid of '"H NMR characterization, it has also been observed that the 1,5 DST moiety remains intact
during the post-polymerization modification process, even in the presence of the thiol group ((R (i.e.,
aliphatic, aromatic)-SH), which typically reacts with 2,5 disubstituted tetrazole derivatives (i.e., 2,5-

diphenyltetrazole).?6¥!
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Figure 5. 2. 1 Comparative '"H NMR (CDCls, 400 MHz) spectrum of before (MC-Tets, blue line; MC-
Tets, purple line) and after (MC-Tetsppm, pale blue line; MC-Tetspm, pale purple line) post-polymerization
modification reaction.

Additionally, post-polymerization reaction of the UA-4MC polymers were approved by SEC
data (Figure 5.2.2). Introducing of 1-dodecano aliphatic chains into the main chain 1,5 DST-
based structure via post-polymerization reaction led to a noticeable increase in molecular
weights. According to the SEC results, there was a rise in M, from 5.6 kg mol-! (P = 1.3) for
MC-Tets to 7.7 kg mol-! (P = 1.3) (MC-Tet3ppm), and an increase from 8.5 kg mol-! (b = 1.3) for
MC-Tets. to My 9.2 kg mol! (D= 1.3) (MC-Tetppm). (Figure 5.2.2.a). Moreover, Figure 5.2.2.b
displays the comparative ATR-IR spectra of MC-Tet; and MC-Tet;, before and after the post-
polymerization reaction. The results indicate that the modification led to the disappearance of
absorption bands at 3104 cm™!, which correspond to the olefin functionalized handles of MC-Tets
and MC-Tet7, demonstrating the successful modification process. Nevertheless, the characteristic
absorption bands of the 1,5 DST unit remained intact at 1056 cm™!, 1114 cm!, 1234 cm"!, and
1382 cm-!, indicating that the 1,5 DST unit was preserved during the post-polymerization
process. This preservation demonstrates the efficiency of the thiol-ene click reaction in

modifying the 1,5 DSTs unit, which is consistent with the results obtained from NMR analysis.

Consequently, the incorporation of olefin groups into the polymer structure provided the
possibility of post-polymerization modifications via thiol-ene photo-click reactions without and
decomposition of 1,5 DST units in the main structure. This result can be clarified by the fact that
when the main structure contains the 1,5 DST unit, it is likely to be in a more stable and controlled
environment, which could potentially protect it from external factors. The surrounding molecular
structure may contribute to stability and prevent the unit from undergoing any unwanted chemical
reactions. However, when 1,5 DST unit becomes part of a pendant chain, there is possiblity of
1,5 DST moiety becomes more prone to interacting with reactive substance or external factors
due to its location. This exposure could lead to the initiation of a reaction with thiol group,

resulting in the observed reactivity. Hence, it was necessary to conduct an inquiry into utilizing
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Figure 5. 2. 2 Comparative before and after post-polymerization modification reaction a) SEC traces, b)

ATR-IR spectra of MC-Tets (blue line), MC-Tet; (purple line) and MC-Tets;ppm (pale blue line), MC-

Tetrppm, respectively.

the 1,5 DST unit as a pendant group to ascertain the viability of the thio-ene polymerization
technique. Accordingly, 1,5 DST-containing model compound (MC) was synthesized via UA-
4MCR by reacting undecanal, butyl isocyanide diethylamine, and TMSN3 in the presence of
DBU under an inert atmosphere (Scheme 5.2.2).[183] (see Experimental part. Section 7.3.2) Upon
the synthesis of the MC, an initial investigation of a light-initiated (A = 365 nm) thiol-ene
reaction, whose product is depicted as model reaction (MR), was performed by using 1-
dodecanthiol (1:1 thiol-to-ene molar ratio) and MC in the presence of DMAP as the photoinitiator
(Scheme 5.2.2). The resulting MR was obtained with a total yield of 98% after purification by
column chromatography. (see Experimental part, Section 7.3.2)

r\fN\= NN \/\/

NN A "Ne pBu - I/\/\/\/\/
+  butyl isocyanide /\N Z

MeOH, 18 h
/\”/\ TMSN, at
(MC)
diethylamine
/(\/)7\SH A= 365 nm
DCM
DMAP 8 h
N=N
N'\ N\/\/

(MR)

Scheme 5. 2. 2 Synthesis pathway of model compound via UA-4MCR and its thiol-ene reaction with 1-
dodecanthiol under UV irradiation (A = 365 nm).

The chemical structures of MC and MR were confirmed using '"H NMR spectroscopy, as depicted
in Figure 5.2.3.a (shown in green line for MC, black line for MR). Furthermore, Figure 8.8 in
Appendix showcases the COSY-NMR findings for MC. On the one side, the 'H NMR of MC
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analysis (in Figure 5.2.3.a, green) revealed the presence of magnetic resonance of the only
proton associated with the tetrazole moiety at ~3.8 ppm (a) (Figure 5.2.3.a). Furthermore, it was
of utmost importance to validate the retention of the olefin end groups while conducting the
synthesis. This verification was substantiated by the identification of magnetic resonances
originating from the olefin functional group, which were observed at approximately 5.0-4.8 (1)
ppm and 5.7 (2) ppm in 'H NMR as depicted in Figure 5.2.3.a. Additionally, the magnetic
resonances at 115 ppm and 139 ppm in 3C NMR for MC (Figure 8.9 in Appendix) were
attributed to the olefin functionality. Moreover, the magnetic resonance at 155 ppm corresponded
to the only carbon atom in the 1,5 DST moiety. On the other side, after the thiol-ene reaction, 'H
NMR results for MR (depicted in Figure 5.2.3.a as a black line) provided clear evidence that no
photolytic decomposition of 1,5 DST occurred during the reaction. Explicitly, it was observed
that magnetic resonance at 3.8 ppm (a), associated with 1,5 DST moiety, remained intact.
Furthermore, the presence of the 1,5 DST unit in the compound was verified by identifying the
bands observed at 1382, 1234 and 1063 cm-!, which correspond to the stretching vibrations of -
N=N-, -C=N- and -C-N- bonds, respectively, in the ATR-IR spectrum (Figure 5.2.3.b as a green
line). Additionally, -C=C- absorption bands (3104 and 1640 cm-"), which correspond to olefin
functionalized handles of MC, have disappeared, while the characteristic absorption bands of
tetrazole unit detected at 1056, 1114, 1234, and 1382 cm™! remained intact for MR (in Figure
5.2.3.b, black line). Aside, according to the SEC results represented in Figure 8.10 in Appendix,
there is an increase in M, for MR, providing additional confirmation of the successful light-

induced thiol-ene reaction.
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Figure 5. 2. 3 Comparative: a) 'H-NMR (CDCls, 400 MHz) and b) ATR-IR spectra of MC (green line)
and MR (black line), respectively.

Upon confirming that the 1,5 DST unit is unreactive during the photo-induced thiol-ene reaction,
in the next step, bis-1,5 DST a,w-diene monomers were synthesized by adopting procedure

mentioned above (shown in Scheme 5.2.3). Briefly, targeted o, ®-diene monomers M1 and M2
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were synthesized by using the appropriate aldehyde (i.e.,10-undecenal and 4-pentenal for M1
and M2, respectively), N, N-dimethyl-1,6-hexanediamine, butyl isocyanide, TMSN3 and DBU (as
a catalyst) in MeOH (1M) at ambient temperature for 18 h. Subsequently, the monomers were
isolated in reasonably good yields (95% and 89% for M1 and M2, respectively) upon column
chromatography (DCM: MeOH (19:1)). (see Experimental part, Section 7.3.2)

N=N
\/\,N N

| ];,
H
/N\/\/\/\N/ bBU /\RX/\/(NM/\N ReZ
H ————
+ NN
MeOH,18 h /\/\

N=N
a.t.

.......................................................

Scheme 5. 2. 3 Synthesis pathways of M1 and M2 via UA-4MCR.

The chemical structure of a, ® -diene monomers (M1 and M2) was confirmed by 'H NMR in
addition to ATR-IR spectroscopy. On the one hand, as can be seen in Figure 5.2.4, the magnetic
resonances at ~5.0-5.7 (1,2) and 3.8 ppm (a) in 'H NMR spectrum corresponding to the protons
on the terminal olefin and bis-1,5 DST moieties, respectively, for both M1 and M2, were
observed. On the other hand, as in the case of the ATR-IR analysis for MC, all analogous bands
at 1382, 1234 and 1064 cm-! confirming the presence of tetrazole moiety can be detected in the

comparative spectra for M1 and M2 in Figure 8.11 in Appendix.

a) a, M1 b) Nt M2
ML/\/\%\NL\/\/\/\? /g EAM\NL\ﬁ
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Figure 5. 2. 4 '"H-NMR (CDCl;, 400 MHz) spectrum of a) M1 (red line, left) and b) M2 (blue line,
right).

Motivated by the successful results of the test reaction performed with MC, the light-induced
thiol-ene polymerizations of M1 and M2 were conducted in the presence of stoichiometric
amounts of various dithiol derivatives, which are represented in Scheme 5.2.4 to deliver pendant
chain 1,5 DST-decorated polymers (PC-Tet;-PCTeti2) under UV initiation (A=365 nm). In
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general, light-initiated thiol-ene polymerizations for M1 and M2 were performed with different
kinds of dithiol maintaining a 1:1 functional group stoichiometry (e.g., 1,4-butanedithiol (DT1,
1.04 g ml"), 1,6-hexanedithiol (DT2, 0.98 g mL"), 1,8-octanedithiol (DT3, 0.97 g mL!), 1,9-
nonanedithiol (DT4), dithiothreitol (DTS5, crystalline) and 3,6-dioxa-1,8-octanedithiol (DT6,
0.97 g mL-") by following the same procedure of the model thiol-ene reaction in the presence of
DMPA for 18 h at ambient temperature in a photo reactor (Scheme 5.2.4). (see Experimental
part, Section 7.3.2)

HS SH :N=N\

\/\/NNzNN R Ny N\/\/
| L DMAP fo~ l!l\/\/\/\ LR\/\ Rig}
A R LN N VN R~ R 'i‘ s sl
| DCM/Bulk (M1/M2) I
N"SN 18 h N‘ P
~ N=N (M1/M2) at. N=N N (PC-Tet, - PC-Tet4y)
................. R NN o
Ry e M1 M2
NN DT PC-Tet, PC-Tet,
NN DT2 PC-Tet, PC-Tets
AN DTS PC-Tet, PC-Tet,
N U N P :
pT4 PC-Tet; | PC-Tetqq
oH :
"'\./.\'” DT5 PC-Tets PC-Tet
OH :
PC Tet6 E PC Tet12

Scheme 5. 2. 4 Synthesis approaches for the preparation of bis-1,5 DST containing a,®-diene monomers
M1 and M2 to deliver bis-1,5 DST containing polymers via thiol-ene reaction with dithiols (e.g., 1,4-
butanedithiol (DT1), 1,6-hexanedithiol (DT2), 1,8-octanedithiol (DT3), 1,9-nonanedithiol (DT4),
dithiothreitol (DT5) and 3,6-dioxa-1,8-octanedithiol (DT6) which are represented in table from PC-Tet;
— PC-Teti» under light initiation (A = 365 nm). R and R1 donate different functional groups as they are
depicted within the table.

However, it is crucial to note in advance that attempting a one-pot tandem multicomponent
polymerization approach, where the respective dithiol derivative reacts with precursors to
produce tetrazole-decorated monomers (such as aldehyde derivative, diamine N, N-dimethyl-1,6-
hexanediamine, butyl isocyanide, TMSN3, and DBU), is not a viable option.[29%-270] Certainly, a
comprehensive review of the literature indicates that thiol derivatives, both aliphatic and
aromatic, exhibit efficient reactions with isocyanides in both radical and nucleophilic?’! manner,
As a result, this process will prevent the formation of any polymer with the desired chemical
structure, namely (bis-1,5 DST). Nevertheless, in order to address the drawbacks of limited
monomer mobility and reactivity, which lead to a reduction in the degree of polymerization (DP)
and the average molecular weight (M,), the polymerization process has initially utilized 1,9-
nonanedithiol (DT4). Indeed, DT4, as the longest alkyl chain dithiol derivative, has the lowest
density (i.e., 0.95 g mL-") and the most flexible aliphatic chain length compared to all dithiol
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derivatives used to show the modularity of the approach. In fact, it has been previously reported
that when step-growth polymerizations utilize monomers with lengthier alkyl chains, the
resulting polymers can exhibit enhanced diffusibility, even during solid-state polymerization
under ambient temperature and time conditions, as compared to polymers derived from shorter
alkyl chain derivatives.[?”? Moreover, shorter-chain monomers usually depict greater

intramolecular cyclization during step-growth polymerization.[?73]

Accordingly, M1 reacted efficiently with DT4 to yield polymer PC-Tets (Scheme 5.2.5). 'H-
NMR spectroscopy of PC-Tets confirmed the formation of the targeted poly(thioether) decorated
with bis-1,5 DST unit in each repeating unit. It revealed a high monomer conversion as
determined by the decreased signal intensity of olefinic protons at 5.7 and 4.9 ppm (Figure
5.2.5.a, red line). Similarly, the presence of the magnetic resonances at 2.5 (a) and 1.9 (b) ppm
corresponding to the protons at the a- and B-positions adjacent to the thioether bond, in addition
to the tetrazole proton appearing at 3.8 ppm (¢), confirmed the expected chemical structure of the
repeating units of the polymer (Figure 5.2.5.a, red line). Moreover, ATR-IR analysis of polymer
PC-Tet4 (Figure 5.2.5.b, red line) indicated that the -C=C- absorption bands (3104 and 1640 cm-
1, which correspond to alkene functionalized handles of M1, have disappeared, while the
characteristic absorption bands of tetrazole unit detected at 1056, 1114, 1234, and 1382 cm"!

remained intact.

Upon the successful polymerization of M1, the same conditions have been adopted to polymerize
M2. Nevertheless, M2 failed to polymerize under the mentioned conditions (i.e., 1M, in DCM,
a.t.). As it has already been mentioned in the literature that explored cyclic oligomerization
competing with the polymerization in step-growth processes for short alkyl chain length
derivatives and described self-dilution as a common characteristic for conventional step-growth
polymerization of such monomers.l?’%1 Therefore, it is assumed that possible cyclic
oligomerization could occur between the reactive groups of the short-chain o,0-diene monomer
M2 and prevent the polymer formation. Thus, a bulk polymerization of M2 with DT4 has been
performed alternatively under A=365 nm for 24 h, which resulted in polymer formation, i.e., PC-
Tetio (Scheme 5.2.4). The chemical structure of PC-Tet;o was also confirmed analogously to PC-
Tets by NMR and ATR-IR spectroscopy (Figures 5.2.5.c and 5.2.5.d, blue line).
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Figure 5. 2. 5 'H NMR (CDCl;, 400 MHz) of PC-Tety (a, red line) and PC-Tet (c, blue line); ATR-IR
spectrum of PC-Tet; (a, red line) and PC-Teto (c, blue line).

Subsequently, the photo-initiated thiol-ene polymerization was employed to produce a family of
polymers of the new tetrazole-decorated o, w-diene monomers M1 and M2 in the presence of
various dithiols (DT1-DT6) (Scheme 5.2.4). Accordingly, in Appendix, some exemplary NMR
and IR results of the obtained polymers are presented in Figures 8.12 and 8.13, respectively. It
is important to repeat that the polymerization of M1 was performed in DCM, whereas M2 was
usually polymerized in bulk. Additionally, depending on the SEC results (Figure 5.2.6), all
polymers have a moderate number average molecular mass (20.5 < M, < 62.8 kg mol!) and
expected step-growth dispersity values (1.4 < P < 3.2) were obtained for the aliphatic dithiol
derivatives as shown in Table 5.2.1, as well.

Surprisingly, the polymerization of M1 with DT1 delivered a polymer with a considerably high
dispersity value (P of 5.0, compare Table 5.2.1). In fact, high dispersity values are rather typical
for polymer chains with a relatively high cyclisation tendency. The latter particularly take place
during the step-growth polymerization of any short alkyl chain length derivatives, such as DT1.
Clearly, it has been emphasized in the literature that decreasing the alkene length in any reactive
bifunctional monomer induces the cyclization tendency of the system (defined as the ratio of rate
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constants of cyclization vs. chain extension).?’#l Therefore, a typical step-growth polymer can
contain predominantly linear species and varying cyclic species.[?*3] Actually, bimodal molecular
weight distributions are usually detected in such polymerizations as cyclic products are mainly

oligomers, whereas linear chains have high molecular weight. [273]

a) —PCTet, b) ——PC-Tet;

PC-Tet,
— — PC-Tet,

——PC-Tet,,
PC-Tet,,
PC-Tet,,

Retention time /min Retention time /min

Figure 5. 2. 6 Comparative SEC traces of polymer a) PC-Tet; - PC-Tets obtained from the reaction of M 1
and dithiol derivatives. b) PC-Tet; - PC-Tet), synthesized from M2 and dithiol derivatives.

Table 5. 2. 1 Molecular characterization of tetrazole-decorated polymers (PC-Tet; - PCTet,,) obtained via
thiol-ene polyaddition reaction.

Polymer Dithiol My (kg mol!) SEC? D (Mw/My)
PC-Tet1” DTI1 34.2 5.0
PC-Tet>" DT2 23.8 1.6
PC-Tets" DT3 62.8 3.2
PC-Tets" DT4 40.2 2.3
PC-Tets" DT5 49.1 2.9
PC-Tets" DT6 42.5 2.5
PC-Tet7™ DT1 24.8 1.3
PC-Tets™ DT2 35.6 1.4
PC-Tety™ DT3 38.5 1.4
PC-Tet10™ DT4 50.1 1.9
PC-Tetu™ DTS5 20.5 1.9
PC-Tet12™" DT6 37.3 1.4

*M1 has been used as the monomer, ** M2 has been used as monomer. *Dithiol derivatives: 1,4-butanedithiol (DT1),
1,6-hexanedithiol (DT2), 1,8-octanedithiol (DT3), 1,9-nonanedithiol (DT4), dithiothreitol (DT5) and 3,6-dioxa-1,8-
octanedithiol ((DT6). *Determined by SEC using THF as an eluent.

On the contrary, lower D values were obtained for samples prepared in bulk as for PC-Tet7 (D of
1.3), which was synthesized from M2 and DTI1, both monomers possessing the shortest
methylene spacers and with only moderate conversion. Actually, the decrease of the dispersity
by applying bulk conditions is predictable as the Ruggli-Ziegler-Dilution Principle, which in turn
states that the lower concentration of reagents leads to a higher amount of cyclic molecules and
a lower degree of polymerization.[?>°] Delightfully, polar dithiol monomers such as dithiothreitol
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(DT5) and 3,6-dioxa-1,8-octanedithiol (DT6) also resulted in polymers (Table 5.2.1). Indeed, it
has been observed that the pendant polar hydroxyl, in addition to the polar 1,5 DST groups, allow
polymers (PC-Tets and PC-Teti1) to be good soluble not only in conventional organic solvents,
such as THF, DCM, and DMF, but also in a polar solvent, such as methanol.

Moreover, TGA was applied in order to detect the thermal properties of the novel developed
polymers. As shown in Figure 5.2.7 and listed in Table 5.2.2, a multi-step degradation pattern
was observed with 7y 5% ~300 and ~280 °C under inert conditions (i.e., nitrogen gas) for PC-Tet;
- PC-Tets (Figure 5.2.7.a) and PC-Tet; - PC-Tet» (Figure 5.2.7.b), respectively resulting from
the polymerizations of M1 and M2 with a series of the dithiols shown in Scheme 5.2.4. The first
degradation steps occurred between 280 and 395 °C followed by the second step around 400 to
470 °C. The first degradation can be attributed to the elimination of the 1,5 DST pendant groups,
while the second step is relevant to the backbone degradation. Importantly, almost no char residue
was observed for most of the polymers, aside from polymer PC-Tets. In addition, the different
chain lengths of the dithiol derivatives had a relatively small influence on 7g 5%, as can be seen
in Figure 5.2.7.b (shorter length of PC-Tet; or PC-Tets, vs. longer length of PC-Tets or PC-
Teti0). Whereas TGA curves of PC-Tets and PC-Tet;1, which contain hydrogen-bond interaction
originating from DTS5, have shown a significant decrease in the composition temperature (7q,5%).
As a result, it can be said that the synthesized polymers have shown enhanced degradation profile
compared to pendant chain tetrazole decorated aliphatic counter partners in the literature, such
as poly-1-vinyl-5-methyltetrazole (74,5% ~270 °C) and poly-l-vinyl-5-phenyltetrazole (74,52 ~230
°C).[276]

a)mo- — PC-Tet, b) 100
PC-Tet,
80 4 — — PC-Tet, 80+
——PC-Tet, .
R R
< 60 PC-Tet, = 60
5 PC-Tet, 5
(<] (0]
= 40 = 40
20 20 -
0 4 —_— 0
100 200 300 400 500 600 100 200 300 400 500 600
Temperature /°C Temperature /°C

Figure 5. 2. 7 Comparative TGA traces of polymer a) PC-Tet; - PC-Tets obtained from the reaction of
M1 and dithiol derivatives. b) PC-Tet; - PC-Tet;» synthesized from M2 and dithiol derivatives.
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Table 5.2.2 Thermal analysis of tetrazole-decorated polymers (PC-Tet; - PCTet;,) obtained via thiol-ene

olyaddition reaction.
Polymer Dithiol? Tas% (°C)? T: (°C)P
PC-Tet:" DTI 299 -31
PC-Tet," DT2 298 -37
PC-Tets" DT3 301 -32
PC-Tets" DT4 301 -34
PC-Tets" DTS5 288 -13
PC-Tets" DT6 301 -42
PC-Tet;™ DTI 280 -20
PC-Tets™ DT2 280 -29
PC-Teto™ DT3 286 -23
PC-Tetio™ DT4 286 -28
PC-Teti1™ DTS5 267 -21
PC-Tet12™ DT6 292 -32

aThe decomposition temperature (7ys%) defined as the temperature at 5% weight loss was detected by TGA. "The
glass transition temperature (7,) observed during the second heating measurement via DSC analysis.

Next, the thermal transitions of the polymers were investigated via DSC (Figure 5.2.8 and Table
5.2.2). In general, the DSC studies indicated that the polymers were in an amorphous state,
characterized by low T, values (7 < -10 °C). Moreover, it was detected that PC-Tet; - PC-Tets
(polymers derived from M1) featured a lower glass transition temperature than PC-Tet; - PC-
Teti2 (polymers derived from M2). Indeed, it can be hypothesized that decreasing the spacing
between the inflexible components, especially in the 1,5 DST-decorated components, may lead
to the creation of polymers with elevated 7, values. Regarding the impact of dithiol derivatives,
DT6 further increased the distance and chain-flexibility between rigid backbone components
leading to the lowest observed T of the dithiol linkers at -42 °C for PC-Tetsand -32 °C PC-Tet2,,
respectively (see Table 5.2.2).
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Figure 5. 2. 8 Comparative DSC traces of polymer a) PC-Tet; - PC-Tets obtained from the reaction of
M1 and dithiol derivatives. b) PC-Tet; - PC-Tet;» synthesized from M2 and dithiol derivatives
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Subsequently, the photophysical characteristics of the synthesized polymers (PC-Tet; - PC-Teti2)
were examined because they possess the potential to exhibit luminescent properties. For that,
UV-visible and fluorescence spectroscopy have been employed. Preliminary investigations were
performed by analysing the absorption spectra of MC and M1 (chemically similar to M2) in
MeOH, owing to their simplicity. On the one hand, the UV-Vis spectrum of MC depicted the
following absorbances and weak fluorescence at ~238 nm, 304 nm and ~364 nm, which in turn
shifted to higher wavelengths (250 nm, 308 nm and ~374 nm, respectively) with the increment
of concentration (from 2.5 mg mL"! to 5 mg mL"! in MeOH) as shown in Figure 5.2.9.a.
Furthermore, as the concentration increased, an increment in the absorption intensity was also
observed (Figure 5.2.9.a). The calculated quantum yield (QY) of MC was ®-MC=1.92 %
(Figure 8.14 in Appendix), which can be related to low luminescence materials. On the other
hand, monomer M1 showed slightly different behaviour (Figure 5.2.9.b)., i.e., the absorption
spectrum (at a concentration of 2.5 mg mL-! in MeOH) featured two maxima centred at 247 nm
and 346 nm in addition to an absorption band at 389 nm as a shoulder. The absorption band,
which was detected at 247 nm, was shifted to a higher wavelength at 270 nm with the increased
concentration from 2.5 mg mL! to 20 mg mL"!, while the absorption intensity at first has
increased, and then, decreased at a concentration of 20 mg mL-!' (Figure 5.2.9.b). On the
contrary, the absorption bands at 346 nm and 389 nm have remained practically in the same
wavelength range, accompanied with an increment in the absorption intensity (Figure 5.2.9.b).
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Figure 5. 2. 9 a, b) Absorption traces of MC and M1, respectively, at different concentrations in MeOH
¢) Emission spectra of M1 at various excitation wavelengths (from 325 to 430 nm) in MeOH (¢ = 20 mg
mL"). d) Emission spectra of M1 at different concentrations in MeOH (298 K) at Aex = 355 nm.

To get more information about the photophysical properties of M1, its emissions by varying
excitation wavelengths (Aex) have been determined. In fact, the fluorescence emission of the M1
(Figure 5.2.9.¢) showed a significant change upon different excitation wavelengths from 325 to
420 nm. The photoluminescence peak shifts to longer wavelengths, and its intensity decreases
rapidly with the strongest peak excited at the absorption band. This is a compelling
photoluminescence phenomenon generally exhibited by nonconventional luminescent materials
(either small molecules or polymers). This behaviour is mainly attributed to the materials
containing different chromophores with degenerate energy levels. Furthermore, concentration is
a crucial parameter to adjust the non-conventional intrinsic luminescence behaviour of small
molecules and polymers, and to identify emission centres. Fluorescence emission spectra of M1
solutions with different concentrations were measured at Aex=355 nm (Figure 5.2.9.d). In fact, a
significant increase in fluorescence emission intensity was observed in addition to a slight red

shift of the emission band located at 427 nm to a higher wavelength of 440 nm when the M1
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concentration was varied from 2.5 mg mL! to 20.0 mg ml-'. Thus, we inferred that M1 possessed

the cluster-induced emission characteristic.

Subsequently, the exemplary M1-derived polymers PC-Tet;, PC-Tets4, and PC-Tets underwent
examination and were compared to the M2-derived polymers PC-Tet;, PC-Tetio, and PC-Teti»
in terms of their optical properties. In fact, the UV-vis spectra of all polymers depicted a similar
behaviour, which was comparative to monomer M1 (Figures 8.15 in Appendix). In other words,
an absorbance max at ~245 nm with a shoulder peak at 343 nm was observed for all polymers.
The increase of the concentration (from 2.5 to 10.0 mg mL! in DCM) was accompanied by an
increment of the absorption intensity and a redshift of the absorbance maxima (to ~254 nm) in
addition to an extension of the tail extended to the visible region, as it is shown in Figure 5.2.10,
along, Figures 8.15 in Appendix. A negligible impact on absorption intensity was observed by
varying the type of the dithiols (DT1, DT4 and DT6) polymerized with monomer M2 (see Figure
8.15, Appendix). Polymers (PC-Tet;, PC-Tets, and PC-Tets) derived from M1 showed explicit
dependency on the dithiol used, i.e., the incorporation of DT6 in polymer PC-Tets resulted in the
maximum absorption intensity (compare Figure 5.2.10.a and Figure 8.15 in Appendix).
Furthermore, with increasing concentration, visible blue emission was observed for all polymers
when it gets to 10.0 mg mL-!. As it is depicted in Figure 5.2.10.b and Figure 8.16 in Appendix,
the photoluminescence intensity progressively has become higher and redshifted as the
concentration increased from 2.5 mg mL! to 10.0 mg mL! with an Em (photoluminescent
emission) at 438 nm (Aex = 355 nm), which can be ascribed to the clustering of tetrazole and
thioether moieties along with the conformation rigidification. The photographs of all polymers
in DCM under the illumination of a 365 nm UV lamp are shown in Figure 5.2.10.a in addition
to Figure 8.16 in Appendix. Moreover, the emission spectra of the solution of PC-Tets (10.0 mg
mL1) with varying Aex values also verified the presence of different emission centers (Figure
5.2.10.c). Actually, the Em values were conspicuously redshifted as Aex increased from 325 to
430 nm. Furthermore, when dissolved in different solvents, such as MeOH, the emission spectra
of all polymers exhibit a slightly varied emission profile (Figures 8.16, Appendix), indicating
the different emissive clusters in varying solvents.
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Figure 5. 2. 10 a, b) Absorption and emission (A« = 355 nm) traces of PC-Tetg, respectively, at different
concentrations in DCM c) Emission spectra of PC-Tetg at various excitation wavelengths (from 325 to
430 nm) in DCM (¢ = 10.0 mg mL"). Photograph were taken under 365 nm UV light of PC-Tets (10.0 mg

mL'1 in DCM, left) and pure DCM (right).

Taking PC-Tetgs as an example, multiple intra- and intermolecular interactions like arising from
n—n* or m—7* transitions between electron-rich -C-C-, -N=N- and -N-N-, and the conjugated

aromatic tetrazole units can be considered as the possible mainspring for cluster triggered

emission.
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5.2.2 Recapitulation

This chapter of the thesis successfully demonstrated the first attempt for the synthesis of
tetrazole-decorated monomers via the Ugi-azide four-multicomponent reaction (UA-4MCR) and
their subsequent polymerization through thiol-ene chemistry. The fundamental synthetic idea
primarily revolved around exploring the feasibility of using thiol-ene reaction with 1,5 DST units,
either incorporated into the main polymer chain or attached as pendant chains, in order to
investigate the potential occurrence of a reaction between tetrazole and thiol groups. Upon
illustrating the evidence that 1,5-tetrazole units within the main chain do not undergo reactions
with thiol derivatives, a continuation from the preceding section, the same concept was extended
to pendant chain tetrazole units. A model compound equipped with bis-1,5 DST was employed
to ensure the reliability and effectiveness of the reaction. This step aimed to confirm that the thiol
derivatives involved in the process would not undergo any undesired side reactions with the
corresponding tetrazole units during the light-induced thiol-ene addition reaction, particularly
when the 1,5 tetrazole group is part of the pendant chain. Following the successful establishment
of the synthetic approach, synthesizing two distinct o, ®-diene monomers decorated with bis-1,5
DST units was carried out with remarkable efficiency. Strategically, two different lengths of the
alkyl chain (e.g., -(CH2)4 and -(CHz)9) were targeted for the monomer synthesis to explore the
effect on the polymerization process. Upon the synthesis of monomers, the light-induced thiol-
ene polyaddition reaction was employed, utilizing various dithiol derivatives, which enabled the
construction of a diverse array of polymers decorated with bis-1,5 DST units. In general,
monomer and dithiol derivatives with longer alkyl chains had a higher propensity to undergo
polymerization, leading to increased molecular weights. On the other hand, shorter alkyl chains
were more likely to undergo cyclization. Moreover, all polymers exhibited a distinctive two-step
degradation process, demonstrating considerable stability even up to 300 °C. Furthermore,
almost complete degradation of all polymers was observed around 470 °C. Other than that, all
polymers showed 7y values below ambient temperature. Of significant note, CTE feature was
observed in all the polymers because of conjugated aromatic 1,5 DST units. In addition, the
adjustability of this fluorescence behaviour by changing the dithiol derivatives during the
polymerization process is also exhibited, providing tuneable character for the possible
applications.
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5.3.1 Prologue

Indeed, an acknowledged drawback associated with existing tetrazole-containing polymers
discussed in the literature is their notably poor solubility in protic solvents, which hinders their
practical applicability.[?®4l As a result, these polymers are commonly utilized as copolymers,
frequently in combination with styrenel'> 2771, However, the latter approaches suffer
disadvantages such as high costs and comparatively harsh conditions. Moreover, it is also
underlined in the literature that the direct polymerization of functionalized monomers can have
the disadvantage of limited functional group tolerance under the polymerization conditions.?!”]
Recently, an improved synthetic strategy has been introduced to the literature in which different
degrees of tetrazole integration has been performed using poly(pentafluorophenyl acrylate)
p(PFPA) polymers via post-polymerization modification to obtain copolymeric structure.
Nonetheless, the polymer properties have not been explored in detail.2%! [278] However
determining the effect of different degrees of tetrazole modification is a promising avenue for a
more comprehensive understanding of tetrazole-containing polymers. In addition, the unique
structural and electronic properties of 1,5 DSTs, besides their high physiological activity and low
toxicity, enable them to form a wide range of applications from sensing, medicine, and materials
science.l?”’l Moreover, one of the most important properties of 1,5 DSTs is their ability to
fluoresce.l'?!] As is also represented in Chapter 5.1 and Chapter 5.2, the photoluminescent
properties of 1,5 DST make them an up-and-coming candidate synthesizing fluorescence
materials (i.e., hydrogels, membranes). Nevertheless, a detailed study on the 1,5 DST decorated
formability of material, and correspondingly, its thermal and optical property was not found so
far, even though 1,5 DST units potential for diverse applications such as sensors(?30-281] imaging

probes!?82], and vehicles for drug delivery.[283-284]

Therefore, a comprehensive investigation of the incorporation of 1,5 DST unit into the p(PFPA)-
based polymer chain via a post-polymerization modification was performed in this study.
Particularly, different degrees of 1,5 DST modification (from 20 to 60%, by weight) was targeted
to investigate how the presence of different 1,5 DST content affects the characteristics of
polymer. Subsequently, in-situ crosslinking of different tetrazole content-containing polymer
chains is performed to investigate the feasibility of hydrogel formation. Accordingly, the
obtained polymers were subjected to detailed analysis using various techniques, including size
SEC, NMR, ATR-IR TGA, DSC, UV-Vis and fluorescence spectroscopy, and confocal fluoresce
microscopy (CFM). Additionally, scanning electron microscopy (SEM) was used to reveal the
morphological properties of novel tetrazole- containing polymeric networks beside water uptake
studies. Subsequently, the following section presents a comprehensive explanation of the
experimental part, coupled with the presentation of characterization results and an in-depth

discussion thereof.
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5.3.2 Synthesis and Characterization

To enable facile access to p(PFPA) polymers, it is of significant interest to commence the
synthetic pathway by preparing of the pentafluorophenyl acrylate (p(PFPA)) monomer. This
strategic decision is rooted in superior cost-efficiency and straightforward synthesis of p(PFPA)
compared to commercially available partners. Thus, p(PFPA) was synthesized accordingly the
literature.[?®] (see Experimental part, Section 7.3.3) Comprehensive characterization of the
molecular structure was carried out through 'H-NMR and '"NMR analyses, as demonstrated in
Figure 8.17 in Appendix. Upon the synthesis of the p(PFPA) monomer, preparation of the
p(PFPA) polymer was accomplished through thermal-initiated radical polymerization. Briefly,
p(PFPA) was polymerized in the presence of AIBN as the initiator under inert conditions in
anhydrous 1,4-dioxane at 80 °C overnight (Scheme 5.3.1). The obtained product was isolated

through precipitation in cold methanol (see Experimental part, Section 7.3.3).
DY DY
0”70 ABN 0”0
n F F > F F
80 °C,
F F 1,4-dioxane F F

F a.t. F

PPFPA p(PPFPA)

Scheme 5. 3. 1 Synthesis of poly (pentafluorophenyl acrylate) (p(PFPA)) via thermal-initiated radical
polymerization.

Upon purification, the chemical structure of the polymer was characterized by using 'H NMR,
YNMR spectroscopy and ATR-IR. Figure 5.3.1 illustrates the results of p(PFPA) analyses
including SEC data. Initially, the SEC analysis confirmed the polymer formation with a
molecular weight (M,) of 11.0 kg-mol-!' and a typical radical polymerization P of 2.2 (Figure
5.3.1.a). Moreover, the '’NMR characterization revealed peaks at 6= 153.2, -156.8, and 162.2
ppm, corresponding to ortho, para, and meta positions of the fluorine atom within the structure
of polymer (Figure 5.3.1.b). Additionally, ATR-IR spectroscopy provided further evidence by
showing a carbonyl vibrational band at 1782 cm-!, indicating the presence of acrylate
functionality in the polymers (Figure 5.3.1.c). Furthermore, 'H NMR spectra of polymer
exhibited broad peaks in the regions of 6= 3.21-2.95 ppm and 6 = 2.34-1.73 ppm, attributed to
the polymeric backbone (Figure 5.3.1.d). Additionally, the molecular weight of the polymer, as
determined by 'H NMR, was found to be approximately 11.1 kg mol-!, which exhibited a good
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correlation with M, obtained by SEC. The latter revealed that the polymer comprised

approximately 45 repeating units.
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Figure 5. 3. 1 a) SECryr trace, b) ’F NMR (CDCls, 377 MHZ) spectrum, ¢) ATR-IR spectrum; d) 'H
NMR (CDCls, 400 MHz) spectrum of p(PPFPA).

As reported previously documented in the literature, p(PFPA) polymers can be effectively
substituted with various amines in the presence of a catalyst (i.e., TEA, DMAP, DBU) at high
temperature.[222-286] Based on that, the p(PFPA) was subjected to nucleophilic substitution with
primary amine 1,5 DST derivative by slightly changing the procedure in the literature.?87]
However, previous studies have indicated that carboxylic acid formation (-COOH) might occur
during amidation[?87! because of the following reasons: i) elevated temperatures and extended
reaction times can increase the occurrence of side reactions, one of which involves the hydrolysis
of esters leading to the formation of carboxylic acids, ii) the presence of trace amounts of water
in the reaction mixture can also promote ester hydrolysis and subsequent carboxylic acid
formation, iii) ineffectiveness or deactivation of the catalyst can result in incomplete
transesterification and a subsequent rise in the production of carboxylic acids.[?!7. 224, 288]
Therefore, it was essential to establish the optimal conditions for the integration of 1,5 DST

moiety before attaining different degrees of polymer modification. Hence, the optimization
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reactions for the selection of solvent, catalyst, catalyst feeding ratio, and temperature were
performed, For this purpose, complete conversion of the active ester group of p(PFPA) by
reacting with 1-methyl-5-aminotetrazole in N-methyl pyrrolidone (NMP), DMF, and dry-DMF
has been conducted by varying the temperature from ambient temperature to 80 °C. DMAP was
used as the catalyst, and the reaction was carried out overnight (as indicated in Scheme 5.3.2)

under an inert (N2) atmosphere.

Scheme 5. 3. 2 Synthetic route for the post-polymerization reaction of p(PFPA) polymer with 1-ethyl-5-
aminotetrazole to determine the optimal solvent, catalyst, catalyst feeding ratio, and temperature.

Subsequently, the reactions were monitored using ATIR-IR analysis (Figure 5.3.2.a) following
the purification step. The peaks corresponding to p(PFPA) ester bonds (1782 cm! for C=0) were
partially diminished and transformed into amide bonds, which are characterized by the
appearance of the amide band (-C(=0)-N-) at 1650 cm™! in ATIR-IR. Nevertheless, it was found
that the modification reaction of p(PFPA) showed a carboxylic peak at around 1720 cm,
regardless of the solvent when DMAP was used as a catalyst. The hydrolysis can be attributed to
the presence of trace amounts of water derived from the standard analytical NMP, DMF used in
the reaction, and a high loading of DMAP. Conversely, the most suitable conditions for the
amidation reaction have been identified at 80 °C in a dry-DMF.

Indeed, it has been reported that the reaction can be influenced, not only by the selection of
solvent and temperature, but also by the type of catalyst and its ratio in the mixture.[?87] Therefore,
several catalysts (e.g., TEA and DBU, DMAP) with different ratios (e.g., 1.20 and 0.40 eq. to
p(PFPA)) have been tested. Thus, the post-polymerization reactions were performed in dry-DMF
at 80 °C as following aforementioned procedure. As seen in Figure 5.3.2.b, the disappearance
of the carboxylic peak around 1720 cm™! indicates the strong inhibition of hydrolysis achieved
by employing TEA as a catalyst. Significantly, using an excess amount of TEA (1.20 eq.) led to
the full conversion of the p(PFPA) ester bond to amide bonds, as evidenced by the presence of
the amide C=0 band at 1650 cm-! and the complete disappearance of the C=0 band at 1782 cm-
I. Based on these findings, TEA (1.20 eq.) was chosen as the optimum catalyst to ensure efficient
conversion of the ester bonds to amide bonds during the different degrees of 1,5 DST
modification of p(PFPA).
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Figure 5. 3. 2 Comparative ATIR-IR spectra of p(PFPA) after the post-polymerization modification
reaction with 1,5-DST moiety a) in the presence of DMAP as a catalyst in different solvents by varying
temperature b) in the presence of DMAP, DBU and TEA by their varying feeding ratio (0.40 and 1.20 eq.
to p(PFPA)) at 80 °C in dry-DMF.
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Scheme 5. 3. 3 Synthetic route for different levels of modification of p(PFPA) polymer by using 1,5 DST.
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Upon optimizing reaction conditions, different levels of p(PFPA) modification using 1,5 DST
were executed to synthesize three different 1,5 DST compositions (20%, 40%, and 60%, by
weight). Briefly, p(PFPA) was reacted with different ratios of 1-methyl-5-aminotetrazole (20%,
40%, and 60%) in the presence of the excess amount of TEA at 80 °C in dry-DMF (Scheme
5.3.3) (see Experimental part, Section 7.3.3). The reactions were performed under argon (Ar)
atmosphere instead of aforementioned conditions (N2), aiming to exclude any traces of oxygen.
The polymers are named p(PFPA)-Tet:, where x represents the percentage of targeted
functionalization of tetrazole (e.g., 20%, 40%, and 60%). These polymers are color-coded as red,
blue, and green, corresponding to p(PFPA)-Tetzo%, p(PFPA)-Tetso%, and p(PFPA)-Tetso%,
respectively (Scheme 5.3.3). After the precipitation, it is important to note that the polymers
displayed limited solubility in organic solvents. Consequently, it was not feasible to analyse the
conversion via 'H-NMR due to overlapping signals. (Figure 8.18 in Appendix). As an
alternative, '°F NMR spectroscopy was used to assess the modification efficiency. The results
are presented in Figure 5.3.3. Upon the modification reaction with 1,5 DST, the "F-NMR of
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crude products showed (Figure 5.3.3.a) three characteristic signals at 6=-162.8, -165.2, and -
172.0 ppm of pentafluorophenol, along with three other characteristic signals at = 153.2, -156.8,
and 162.2 ppm of p(PFPA) polymers, consistent with the previously reported °F NMR chemical
shifts for p(PFPA) for all degrees of modification (see Figure 5.3.3.a). The pale red line
represents p(PFPA)-Tet2ox, the light blue line corresponds to p(PFPA)-Tetso%, and the soft green
line indicates p(PFPA)-Teteow. After purification, no detectable signals belonging to
pentafluorophenol were observed, indicating the successful removal of pentafluorophenol from
the modified polymer, while the chemical shifts for p(PFPA) still remain (Figure 5.3.3.a).
Furthermore, based on the F-NMR data, it was calculated that 15, 35, and 48% modifications
were achieved for 1,5 DST compositions of 20, 40, and 60%, respectively. After the post-
polymerization reaction, polymers were also examined by ATIR-IR. As shown in Figure 5.3.3.b,
the appearance of a new amide band at 1650 cm-!, along with the ester band at 1782 cm!,
provided evidence of the successful integration of the 1,5 DST unit into the p(PFPA) polymer
structure. In addition, the characteristic peaks at 1386, 1254, and 1081 cm™!, which correspond
to the antisymmetric stretching mode of the -N=N- and the vibration bands of the -C=N- and -N-
N- bonds within the 1,5 DST unit have been observed, indicating the presence of 1,5 DST.
Moreover, the SEC graphs of the modified polymers demonstrate a slight decrease in the original
M, of p(PFPA) from 11.0 kg mol! (P=2.2) to 10.7 kg mol!' (P=1.7), 10.1 kg mol"! (P=1.7), and
9.4 kg mol-! (b=1.8) for p(PFPA)-Tet20%, p(PFPA)-Tetsow, and p(PFPA)-Tetsow, respectively
(Figure 5.3.3.¢). This particular behaviour can be solely explained by the incorporation of the
1,5 DST unit with different degree of modification due to the replacement of PFP units (184 g
mol!) by 1,5 DST unit (99 g mol!). This alteration leads to a decrease in M, of p(PFPA).
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Figure 5. 3. 3 Comparative a) '’F NMR (CDCl;: ds-DMF, 400 MHz) spectra, b) ATR-IR spectra, c)
SECrur traces of p(PPFPA) polymers with different degree of 1,5 DST modification (p(PPFPA); black
line, p(PPFPA)-Tetaoy; red line, p(PPFPA)-Tetsow; blue line, and soft p(PPFPA)-Tetsox; green line)

Subsequently, TGA was applied under inert conditions (N>) at a heating rate of 10 K min’! in
order to detect the thermal properties of the p(PFPA)-Tetzo%, p(PFPA)-Tetsow, and p(PFPA)-
Tetesow. All degradation steps, the corresponding weight loss, and the peak maxima are
summarized in Table 5.3.1. As depicted in Figure 5.3.4, the degradation characteristics of
p(PFPA) show a one-step degradation profile with 7y 5o at 368 °C. In contrast, (P(PFPA))-Tetzou,
p(PFPA)-Tetso%, and p(PFPA)-Teteov, displayed a two-step degradation pattern, suggesting the
occurrence of multiple degradation processes at distinct temperature ranges. In general, this
indicates that the 1,5 DST modification introduces additional complexity to the degradation
behaviour compared to p(PFPA). The relative thermal stability of modified polymers has been
evaluated by comparing the decomposition temperatures at different percentage weight loss
(Table 5.3.1) The results indicate that the initial decomposition step leads to weight losses of 21,
36, and 47% for (p(PFPA))-Tetzo%, p(PFPA)-Tetsou, and p(PFPA)-Tetsov, respectively (Figure
5.3.4). Additionally, the first degradation temperatures were around ~192, 202, and 204 °C,
followed by the second degradation step at ~420, 408, and 399 °C for (p(PFPA))-Tetxov,
p(PFPA)-Tet4o, and p(PFPA)-Tetso%, respectively. In order to determine the source of the initial

81



Pendant chain 1,5 DS Tetrazole-decorated networks

degradation step of the modified polymers, TGA analysis of the completely modified p(PFPA)
polymer, referred to as (p(PFPA))-Tetioo%, was conducted. TGA result showed a one-step
degradation profile with 7y sy at ~200, accompanied by approximately 10% char formation
(Figure 8.19 in Appendix). Accordingly, the weight loss observed in the initial step can be
ascribed to the degradation of the polymer's 1,5 DST unit, which is also found to be correlated
with the degree of targeted modification (i.e., 21% for (p(PFPA))-Tetzo%). Importantly,
comparable information, such as 7g 5o of tetrazole-containing systems, has also been documented
in the literature within the temperature range of 200-230 °C.[201. 2891 Accordingly, the second
degradation step can be linked to the degradation of the polymer's backbone. Interestingly, it has
been observed that a higher number of 1,5 DST groups attached to the polymer structure leads to
an increase in the temperature at which the second degradation step occurs. Indeed, it is a well-
established fact that when a polymer chain's molecular weight decreases, the polymer's
degradation temperature tends to decrease as well. This is because low molecular weight
polymers are more susceptible to chain scission, which makes them more prone to thermal
degradation. As seen from Table 5.3.1, a similar situation has been observed with the
decreasement of the molecular weight from (p(PFPA))-Tetx to (p(PFPA))-Tetso, for the second
degradation step. However, for the first degradation step of tetrazole-modified polymers, when
M, decreased from (p(PFPA))-Tetaoy to p(PFPA)-Tetsow, compared to p(PFPA), the thermal
stability slightly increased. This phenomenon can only be explained by the higher degree of n-nt
stacking of polymeric chains facilitated by 1,5 DST.[2%0-292] Last but not least, the transition
profile for each modified polymer occurring between 230 and 380 °C can be rationalized by
considering the impact of side reactions during the degradation process (Figure 5.3.4). In other
words, higher temperatures are likely to result in the degradation of 1,5 DST units, leading to
their conversion into amino- and imino-tautomeric forms. This cleavage of the tetrazole ring
induces the formation of carbodiimide crosslinks between polymer chains or the formation of
melamine or polyamine that may trigger side reactions causing a transitional phase.[?’]
Additionally, due to inherent aromatic structure, (p(PFPA))-Tetow, p(PFPA)-Tetso%, and
p(PFPA)-Tetsoo exhibited a char formation exceeding 20%.

Table 5. 3. 1. Thermal analysis of 1,5 DST-decorated p(PFPA) polymers with different degrees of 1,5
DST modification.

Polymer Ta (°C)?
1% step 2" step
p(PFPA) 368 -
p(PFPA)-Tet20% 192 420
p(PFPA)-Tet40% 202 408
p(PFPA)-Tets0% 204 399

2The decomposition temperatures were detected by TGA.
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Figure 5. 3. 4 Comparative TGA traces of p(PFPA) polymers with different degree of 1,5 DST
modification (p(PFPA); black line, p(PFPA)-Tetyw; red line, p(PFPA)-Tetsow; blue line, and soft
p(PFPA)-Tetsow; green line).

Upon implementing different levels of 1,5 DST modification to p(PFPA), the intention was to
prompt hydrogel formation through the utilization of the modified polymers. Nevertheless, it was
noticed that both ester bond hydrolysis and amide bond degradation take place during purifying
and drying process of the resultant polymer. When the polymer subjected to the drying process
under vacuum at 100 °C for 4 hours, the peak associated with amide bonds at 1650 cm-! vanished
(Figure 8.20.a in Appendix). Meanwhile, the investigation to remove the solvent, from the
polymer by applying a vacuum at 60 °C for overnight did not adequately eliminate the solvent
from the polymer composition. This fact is supported by the TGA analysis, which reveals a
weight loss below 100 °C origination from solvent presence, likely DMF or moisture (Figure
8.20.b in Appendix). Therefore, an in-situ crosslinking approach has opted to form the hydrogel

to avoid particular complications as mentioned earlier in the system.

Accordingly, as previously stated, the p(PFPA) was modified with different degree of 1,5 DST
content in the beginning. Afterward, in order to evaluate the reactivity of the network formation,
in-situ crosslinking reactions were performed by adding excess amount of O,0'-bis-(3-
aminopropyl)-polyethylene glycol (Mw=1500, to PPFA unit) (Scheme 5.3.4). (see Experimental
part, Section 7.3.3) Surprisingly, the cross-linking procedure resulted in swift gel formation,
establishing a structure in 10 minutes. Nonetheless, the reaction mixture was allowed to remain
undisturbed overnight to provide full conversion. Later on, the gels were subjected to a three-day
dialysis process using ethanol: water (1:1) mixture to remove DMF. Later, the gels were dried
using a freeze-dryer. (see Experimental part, Section 7.3.3) The respective hydrogels are denoted
as H-Tetx (with x abbreviating the number of targeted functionalization of the respective
tetrazole).
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Scheme 5. 3. 4 Synthetic route for the in-situ hydrogel formation of 1,5 DST-decorated polymers;
p(PFPA)-Tety; soft red colour, p(PFPA)-Tetsow; soft blue colour, and p(PFPA)-Tetsox; soft green colour.

Depending on the ATIR-IR findings, all PFP ester bonds (with characteristic peaks at 1782 cm-!
for C=0) were fully transformed into amide bonds, indicated by the appearance of the C=0O
amide band at 1650 cm™! for H-Tetzo%, H-Tet4o%, and H-Tetsoo, (Figure 5.3.5). In addition, the
presence of PEG was determined based on specific spectral characteristics, with C-H stretching
vibrations occurring at 2800-2950 cm!, -C-O-C- asymmetrical stretching vibrations at 1145-
1153 cm! (Figure 5.3.5).

"N
—— H-Tetqy,

1782 cm™ (-C=0, ester) 1650 cm'! (-C=0, amide)

H-Tet,gq,

H-Tetyq,

—p(PPFPA) ¥ v M}
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Figure 5. 3. 5 Comparative ATIR-IR spectra of different degrees of 1,5 DST-decorated

hydrogels; p(PFPA)-Tetyoy; soft red line, p(PFPA)-Tetuoy; soft blue line, and p(PFPA)-Tetso; soft green
line.

Furthermore, the decomposition temperature (7q,5%) of H-Teto%, H-Tetsow, and H-Teteoo, were
determined using a heat rate of 10 K min-! by TGA. It is important to mention that samples were
subjected to a preheating isothermal step at 120 °C for approximately two hours prior to the
measurements to prevent humidity. Figure 5.3.6.a shows that each hydrogel exhibited a single-
step degradation profile with approximately 7g sy values of 396, 398, and 401 °C for H-Tetzo,
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H-Tet40%, and H-Tetsow, respectively. Surprisingly, the presence of 1,5 DST did not have a
considerable effect on the thermal properties of the resulting gel, as evidenced by only a minor
increase of Tys%. However, H-Tetyw, H-Tetsow, and H-Teteso, hydrogels demonstrated
heightened thermal stability in comparison to the research in the literature, wherein 7y 5o was
observed at approximately 330 °C [2°4], or at 380 °C [2°°] when the same PEG derivative utilized
as a crosslinker within the hydrogel structure. The latter has proved that the hydrogel's thermal
stability is increased by the presence of 1,5 DST compared to its PEG-based counterparts.
Expectedly, DSC analysis of the hydrogels showed multiple glass transition temperatures (7%)
with a heat rate of 5 K min'! between -150 and 100 °C (Figure 5.3.6.b). The first 7 occurred at
low temperatures, specifically -121, -119, and -119 °C for H-Tetx, H-Tet4ou, and H-Tetsow,
respectively, which can be attributed to the presence of the PEG-chain.[*%] Subsequently, a
second 7 was observed at relatively higher temperatures, specifically -51, -49, and -42 °C for
H-Tetxov, H-Tetsow, and H-Teteov, respectively (Figure 5.3.6.b). On the one hand, the melting
points (7m) of H-Tetao%, H-Tetaow, and H-Tetsoo have been found to be about 31, 35, and 34°C,
correspondingly (Figure 5.3.6.b). On the other hand, crystallization temperatures (7¢) have been
measured at 0.7, -3, and -12 °C for the same modification degree in the mentioned order (Figure
5.3.6.b). The results indicate that incorporating a 1,5 DST ring into the polymer's structure
enhances its capacity to endure ring fatigue and promotes strong intramolecular ©-m interaction
due to 1,5 DST units within the polymer chains. Accordingly, as the degree of modification of

the 1,5 DST unit increases, it gives rise to a more amorphous phase. As a result, incorporating of
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1,5 DST into the structure of polymer makes it more suitable for various processing techniques.

Figure 5. 3. 6 Comparative a) TGA traces, b) DSC traces (during the second heating) of different degrees
of 1,5 DST-decorated hydrogels; p(PFPA)-Tetx; soft red line, p(PFPA)-Tetso; soft blue line, and
p(PFPA)-Tetsov; soft green line.

Afterwards, considering the importance of swelling capacity in hydrogels, as it significantly

affects their performance as absorbent materials in applications, the gravimetric swelling ratio of
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hydrogels has been analysed. For this purpose, H-Tetxow, H-Tetso, and H-Tetso% were
thoroughly dehydrated in a vacuum oven at 60 °C for over 24 hours before assessing their
swelling capacity. Subsequently, the gravimetric swelling ratio of each hydrogel was calculated
using the formula: Gravimetric swelling ratio = (Ws - W;) / Wi, where W represents the weight
of the hydrogel or hydrogel composite after swelling in ultrapure water at different time points,
and W; is the initial weight of the dried hydrogel. Three measurements were taken, and the
swelling profile charts displayed the standard deviations with error bars. The swelling kinetics of
hydrogels in distilled water are shown in Figure 5.3.7.a. Almost all hydrogels reached their
equilibrium state in approximately 10 minutes. Additionally, H-Tetx, and H-Tetso, achieved
their maximum swelling capacity after 5 hours, whereas H-Teteo, continued to swell beyond that
time. Specifically, it was noticed that H-Tetso, exhibited the most significant swelling capacity
in comparison to other counterparts (Figure 5.3.7.a). These observations can be explained in two
possible aspects. On the one hand, an increase of 1,5 DST content leads to a decrease in the
degree of crosslinking, resulting in a less densely crosslinked structure in H-Teteov.
Consequently, this promotes the formation of more open channels, leading to enhanced water
uptake compared to the more crosslinked H-Tetaoe, and H-Tetsoe. On the other hand, it is well-
established that decreased PEG chain length reduces the capacity to form hydrogen bonds with
water molecules. Given that, a higher 1,5 DST content can be regarded as only a factor
contributing to the increased polarity and swelling capability of the polymeric networks.
Moreover, SEM was used to assess the porosity of freeze-dried hydrogel samples. As can be
seen in Figure 5.3.b-d, the hydrogels exhibit a solid and nonporous structure, regardless of the
PEG content. Hence, these outcomes strengthen the notion that the highest swelling capacity is

derived from the presence of 1,5 DST.
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Figure 5. 3. 7 a) Swelling behaviours of different degrees of 1,5 DST-decorated hydrogels; p(PFPA)-
Tetaow; soft red dot, p(PFPA)-Tetso; soft blue dot, and p(PFPA)-Tetsow; soft green dot b, ¢, d) SEM
pictures of different degrees of 1,5 DST-decorated hydrogels and controls at two different magnifications.

Last but not least photophysical properties of obtained hydrogels have been investigated by
utilizing UV-Vis analysis while the hydrogels were in a water medium, and by conducting
fluorescence microscopic imaging once the hydrogels were dry phase. All hydrogels exhibit
absorption between the wavelengths of 320-420 nm (Figure 5.3.8.a). However, with the
increment of the 1,5 DST content from H-Tetav, H-Tetsoy, to H-Tetso%, the maxima at 353 nm
for H-Tetaoy has shown redshift of the absorbance maxima to 360 and 368 nm H-Tetso, to H-
Tetsou, respectively (Figure 5.3.8.a). Additionally, it is apparent from Figure 5.3.8.b that the
Em (photoluminescent emission) peaks are centered at 438 nm (Aex= 300 nm), showing no
emission change for all hydrogels. However, there was a slight change in the f the emission
spectra intensity when 1,5 DST content increased by 20 to 60% (Figure 5.3.8.b). These results
can only be attributed to the multiple intra- and intermolecular interactions arising from n—n* or
n—m* transitions between electron-rich -C-C-, -N=N- and -N-N-, and the conjugated aromatic
1,5 DST units since PEG itself is not known to exhibit intrinsic fluorescence or luminescence

properties. The luminesce effect of 1,5 DST unit is further supported by fluorescence
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microscopy, as presented in Figure 5.3.8.c. Confocal fluorescence microscopy displayed visible
blue emission for all polymers between 410-550 nm (Figure 5.3.8.c). In addition, the hydrogels
emit a bright bluish fluorescence upon irradiation at 365 nm from a hand-held UV (Figure
5.3.8.d, shown in circle). From the displayed images, it can be assumed that hydrogels exhibit
different fluorescence intensities with the incensement of the tetrazole content. In addition, it can
be seen that the emitted light is more red-shifted when the degree of modification is increased.
This result further confirmed that the structure of hydrogels exhibited strong fluorescence,

indicating the important application of this material as a fluorescent hydrogel.
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Figure 5. 3. 8 a and b) Comparative absorption and emission spectra (Aex=350 nm) of hydrogels in water,
¢) Fluorescence microscopy images of hydrogels upon UV irradiation (in the range of A=410-550 nm),
and d) Images of hydrogels upon hand-held UV irradiation (A=365 nm).
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5.3.1 Recapitulation

This chapter of the thesis illustrated the process of synthesizing p(PFPA) monomers followed
synthesizing of p(PFPA) polymers at the beginning. Afterwards, the first attempt to synthesize
pendant chain 1,5 DST-containing p(PFPA) through the post-polymerization modification was
investigated. For this purpose, the optimal conditions (e.g., solvent, temperature, catalyst and
catalyst feeding ratio) for the integration of 1,5 DST moiety into p(PFPA) without allowing
hydrolysis of active ester bond to ensure the reliability and effectiveness of the post-
polymerization modification reaction was explored. Upon the successful establishment of the
synthetic procedure, different degrees of 1,5 DST modification (20,40 and 60%, by weight) were
conducted strategically in order to explore the effect of 1,5 DST presence on polymer properties.
Consequently, the results showed that each polymer displayed a two-step degradation profile,
remaining stable up to 200 °C and undergoing complete degradation at around 470 °C. Following
the 1,5 DST modification, in-situ hydrogel formation was performed to deliver crosslinked
networks. While the impact of the 1,5 DST components was not notably apparent, all the
hydrogels demonstrated high degradation temperatures of up to 400 °C, indicating thermal
stability and suitability for potential applications where thermal endurance is essential. Other
than that, hydrogels showed two 7; values below ambient temperature around -120 and -47 °C.
Moreover, increased 7 values (from -51 to -42 °C) are detected with the increase of 1,5 DST
content. Explicitly, the hydrogels showed compact morphology in the SEM images. Nonetheless,
with the incensement of 1,5 DST content, increased swelling ratio was found. Notably, all
hydrogels showed CTE behaviour under UV irradiation due to conjugated aromatic 1,5 DST
units in the network. Lastly, the fluorescence property of hydrogels was discovered to be
associated with 1,5 DST content.
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6 Conclusion and Outlook

The present dissertation dealt with the formation of 1,5 DST-containing polymeric structures,
employing innovative strategies to address the existing gap in polymer synthesis, and aimed to
create a library of diverse polymers.

Firstly, a highly efficient one-pot synthetic strategy for the synthesis main chain 1,5 DST-based
polymers was covered via the UA-4MCP strategy for the first time, under relatively mild
conditions. Herein, suitable conditions for the synthesis of polymers were identified by
considering concentration, solvent and reaction time. Later on, the polymers were synthesized
by utilizing various aromatic and aliphatic aldehyde derivatives to substitute of different side
groups. This approach granted insight into how the presence of various side chains influenced
the thermal and optical properties of the main chain 1,5 DST-based polymers. All the polymers
showed a two-step degradation, remaining stable up to temperatures of 310 °C and 308 °C
initially, and then completely degraded around 450 °C and 434 °C for aliphatic and aromatic
substitutions, respectively. Furthermore, aliphatic substituted polymers showed lower 7; (from -
30 °C to 0 °C) compared to aromatic counter partners (from -26 to 54 °C). Accordingly, the latter
demonstrated the potential to adjust the physical characteristics of main chain 1,5 DST-based
polymers considering the need of possible applications. Critically, one of the objectives of this
research was to reveal the CTE properties of main chain 1,5 DST-based polymers, potentially
paving the way toward nonconventional luminescent polymeric materials.

In the second project, the synthesis of 1,5 DST-decorated monomers by employing the Ugi-azide
four-multicomponent reaction (UA-4MCR), featuring different lengths of olefin handles was
reported. Subsequently, these monomers underwent polymerization through thiol-ene chemistry,
utilizing different lengths of dithiol derivatives. By doing so, the effect of the different lengths
of the a,m-diene monomers olefin handles and dithiol derivatives on polymerization was
investigated. The presence of a longer alkyl chain led to an increased tendency for polymerization
through thiol-ene reactions. This is attributed to the greater flexibility and conformational
freedom exhibited by compounds containing longer alkyl chains, facilitating the polymerization
process. Furthermore, irrespective of thiol derivatives, all polymers exhibited a moderate thermal
stability at approximately 290 °C. Crucially, the results indicated that pendant chain 1,5 DTS
decorated polymers exhibited decreased thermal stability compared to the main chain 1,5 DTS-
based polymers that were investigated in the first project. However, all 1,5 DTS-decorated
polymers showcased reduced 7, values (ranging from -13 to -42 °C) compared to the main-chain
1,5 DTS-based polymers. Hence, it can be stated that shifting the 1,5 DTS unit position form the
main chain to the pendant group allows the changing of polymer properties by decreasing 7,
values. Meanwhile, this leads to improved processability, expanding the range of potential uses
for 1,5 DTS-decorated polymers for possible applications (e.g., drug delivery, antifouling
materials). Lastly, it is important to highlight that all the polymers showcased CTE properties,
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despite their slightly less pronounced intensity compared to the main chain counterparts. Overall,
both projects also displayed the implementation of thiol-ene click chemistry for the 1,5 DST-

containing polymers without causing any thiol-tetrazole reaction.

In a third project, an alternative approach to second project for synthesizing of pendant chain
1,5DST-decorated polymer was introduced by employing the post-polymerization modification
method. This approach allowed the control of modification degrees in the p(PFPA) polymer
structure and provided the facility for in-situ network formation. With a series of three different
degree 1,5 DST modification (20, 40 and 60%) of p(PFPA) polymer, a comprehensive view was
provided, highlighting the effect of the 1,5 DST unit on the thermal properties of polymers. In
this regard, 1,5 DST-decorated p(PFPA) polymers exhibited a degradation mechanism
characterized by two-step. In the first step, 1,5 DST-decorated p(PFPA) polymers remained
structurally stabile until reaching about 200 °C. Subsequently, the second step of degradation
occurred at approximately 410°C on average. Considering the results, 1,5 DST-decorated
p(PFPA) polymers showcased the lowest degradation temperature in the first stage, irrespective
of the degrees of modification, compared to first and second projects involving 1,5 DST-
containing polymeric structures. This behaviour can be attributed to the restricted orientation and
alignment of 1,5 DST units due to the copolymeric nature or low molecular weight of the 1,5
DST-decorated p(PFPA) polymers. Nevertheless, with the formation of hydrogels, all polymeric
networks showed high thermal stability (up to 400 °C) along with low 7, values ranging from -
120 to -42 °C. Moreover, an enhancement in the water absorption capability of hydrogels was
noticed when the 1,5 DST content was elevated from 20% to 60% which can be attributed to the
contribution of polar nature of the 1,5 DST component. Furthermore, all hydrogels demonstrated
fluorescence properties when subjected to UV light, regardless of whether they were in the dry
solid state or in solutions. This phenomenon is a result of CTE property of 1,5 DST units.
Accordingly, it can be considered that 1,5 DST-decorated polymeric networks represent a
promising class of luminescent materials that show great potential in many frontier applications

such as sensing, bioimaging, biomimetic soft robotics.

In summary, all the results impressively demonstrated the possibility of easy approaches towards
synthesizing 1,5 DST-containing polymers either by using direct polymerization or monomer
synthesis and respective polymerization beside the post-polymerization approach. Within this
thesis, a comprehensive view, both from a theoretical and practical viewpoint, on the
relationships between the position of the 1,5 DST unit, either a main chain or pendant chain and
properties were clearly identified. Beyond this, an alternative approach for the synthesis of
material with fluorescence feature along with improved thermal properties were elaborated.
Overall, all approaches obtaining 1,5 DST-containing polymers exemplify a remarkable
milestone in polymer chemistry. The demonstrated versatility, structural robustness, and
tunability of physical properties make these polymers promising candidates for various cutting-
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edge applications. Especially their fluorescent properties can play a crucial role in advancing
scientific research, medical diagnostics, and technological applications.
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7 Experimental Part

7.1 Materials

1-Dodecanthiol (Sigma Aldrich, 98%), 1,4-Butandithiol (TCI Deuts. GmbH; 97%), 1,6-
Hexanedithiol (TCI Deuts. GmbH; 97%), 1,8-Diazabicyclo[5.4.0]-7-undecene (Sigma Aldrich,
99%), 1,8-Octanedithiol (Across.95%), 1,9-Nonanedithiol (Sigma Aldrich, 95%), 10-Undecenal
(Sigma Aldrich, 97%), 1-Octanthiol (Sigma Aldrich, 98,5%), 2,2-Azobis(2-methylpropionitrile)
(Sigma Aldrich, 98%), 2,2-Dimethoxy-2-phenylacetophenone (Sigma Aldrich, 99%), 3,6-dioxa-
1,8-octanedithiol (Sigma Aldrich, 95%), 4-Pentenal (VWR Int., 97%), Azidotrimethylsilane
(VWR Int., 97%), Butyl isocyanide (Across.97%), Chloroform (VWR chemicals, 99.1%),
Diethylamine (Sigma Aldrich, 99:5%), Dichloromethane (VWR chemicals, 99.8%),
Dithiothreitol (Sigma Aldrich, 97%), N,N-Dimethyl-1,6-hexanediamine (Sigma Aldrich, 98%);
Methanol (VWR Chemicals), 1-Octanthiol (Sigma Aldrich, 98%), 10-Undecenal (Sigma
Aldrich, 97%), 2,2-Dimethoxy-2-phenylacetophenone (Sigma  Aldrich, 99%), 4-
(Trifluoromethyl)benzaldehyde  (Across.98%), 5-Norbornene-2-carboxaldehyde (Sigma
Aldrich, 95 %), Benzaldehyde (VWR Int., for Synthesis), Chloroform (VWR chemicals, 99.1%),
Citronellal (TCI Deuts. GmbH; >95 %), Decanal (Sigma Aldrich, >98 %), Dichloromethane
(VWR chemicals, 99.8%), Hexanal (Sigma Aldrich, 98%), Methanol (VWR Chemicals),
Trimethylsilyl azide (Sigma Aldrich, 95 %), 2,3,4,5,6-Pentafluorophenol (99%, Sigma-Aldrich),
Acryloyl Chloride (stabilized with phenothiazine)( TCI Deuts. GmbH; >98 %), 1,8-
Diazabicyclo[5.4.0Jundec-7-ene (Sigma Aldrich, 98 %), O,0-Bis(3-aminopropyl)polyethylene
glycol (1.500, Sigma Aldrich). All other solvents and reagents were of analytical grade or higher
and were used without further purification.

7.2 Instrumentation

7.2.1 Nuclear Magnetic Resonance (NMR) Spectroscopy

'H NMR, 3C NMR and '"F NMR measurements were performed on a Bruker Avance III 400
MHz spectrometer with a frequency of 400 MHz, 101 MHz and 377 MHz for proton, carbon and
fluorine spectra, respectively. Samples were dissolved in CDCl; or deuterated DMF-ds. Chemical
shifts are reported relative to the solvent residual peaks ('H NMR: 8 7.26 for CDCls, 3C NMR:
0 77.16 for CDCls). Deuterated solvents were purchased from euriso-TOP and used without
further purification. Unless otherwise stated, all NMR-measurements were performed at ambient

temperature.
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7.2.2 Liquid Flash Chromatography Purification

The column chromatography was performed via automated flash system Biotage® Selekt (SEL-
2EV) equipped with two column channels, a flow rate range between 1-300 mL-min’!, and
pressure range between 0-30 bar. The purifications were performed with the Biotage® Sfér Silica
50 g.

7.2.3 Size Exclusion Chromatography (SEC)

Due to changing analytics devices, two THF SEC systems were used in the context of this thesis.
For individual projects, measurements were always conducted using the same system, to enable
comparison. Samples insoluble in THF or incompatible with the employed THF systems were
measured in DMAc.

THF Systems:
System1

The apparent number average molar mass (M,) and the molar mass distribution (P = Mw/Mn)
values of the polymers were determined using a Size Exclusion Chromatography (SEC) system
equipped with Shimadzu LC20AD pump, Wyatt Optilab rEX refractive index detector and four
PLgel 5u Mixed-C columns. The characterization was performed at 35 °C in THF with a flow
rate of 1 mL-min"! with a sample concentration of 2 g L. The samples were filtered through
polytetrafluorethylene (PTFE) membranes with a pore size of 0.2 um prior to injection.

System 2

Size-exclusion chromatography was carried out a TOSOH Eco-SEC HLC-8320 GPC System
comprising an autosampler, a SDV 5 pm bead size guard column (50 x 8 mm, PSS) followed by
three SDV 5 um columns (300 x 7.5 mm, subsequently 100 A, 1000 A, and 105 A pore size,
PSS), and a differential refractive index (DRI) detector, using tetrahydrofuran (THF) as the eluent
at 30 °C with a flow rate of 1 mL min-!.

DMACc System:

Agilent Technologies 1260 Infinity II System, comprising an autosampler, a guard column
followed by two PSS GRAM Lux 1000A 5pum (300 x 8 mm) and one PSS GRAM Lux 30A S5um
(300 x 8 mm) column, a differential refractive index detector (RID) as well as a UV detector
(VWD) using DMAc (HPLC grade + 0,79g/2,5L LiBr) as the eluent at 40 °C with a flow rate of
I mL-min-1. The SEC system was calibrated using the same ReadyCal Standards as for the THF
systems.

Both SEC systems were calibrated using ReadyCal Standards: PS standards S3 ranging from 370
to 2.25-106 Da, PMMA standards S3 ranging from 800 to 2.2-106 Da
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7.2.4 Ultraviolet—visible (UV-Vis) and Fluoresce
Spectroscopy

UV-VIS spectra were recorded on a Duetta/Horiba Scientific Absorbance Transmission
Fluorescence Excitation Emission (A-TEEM) spectrometer. Spectra were recorded in MeOH at
20 °C with different concentrations. Samples were baseline corrected with respect to the pure

solvent

7.2.5 Thermogravimetric Analysis (TGA)

TGA was performed on a TA/TGAS5500 instrument under nitrogen atmosphere at a heating rate
of 10 °C-min’! over a temperature range from 50 to 600 °C. The weights of the samples were in

the range of 3-10 mg.

7.2.6 Differential scanning calorimetry (DSC)

Thermal properties were measured on a TA/DSC 2500 with a heat rate of 10 K-min'! between -
75 °C and 50 °C in TA Tzero sample holders. The glass transition temperature 7; was determined

in the second heat run to eliminate possible interference from the polymer’s thermal history.

7.2.7 IR Spectroscopy

All IR measurements were performed on a Bruker Alpha II ATR-IR from 350-3500 cm™! at

ambient temperature.

7.2.8 Photoreactor and lamps for irradiation

The photoreactions were conducted in a custom-build photoreactor equipped with a ventilator,
rotating support, lamp holder and magnetic stirrer. While the Philips Cleo Compact (PL-L)
(5*36W) lamp for the reactions in the UV-range (300-700 nm) can be placed directly into the

lamp holder, were placed closely around the reaction vessel in the photoreactor.

7.2.9 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) measurements were performed with a JSM7800F field

emission scanning electron microscope (SEM, JEOL, Japan).
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7.2.10  Confocal Fluorescence Microscopy

Confocal microscopy images were obtained on a Leica TCS SP% Confocal Laser Scanning
Microscopy, operated in variable gain mode using 10x water immersion objective (Plan-Apo, 1.2

NA). Zen software (Zeiss) was used for the acquisition image processing.

7.2.11 Freeze drier

Lyophilisation was carried out using a Telstar LyoQuest benchtop freeze dryer (0.008 mBar, -70
°C).

7.2.12  Centrifuge

For centrifugation, Sigma 2-7 and Sigma 2-16P centrifuges were used. Usual centrifugation time
was four minutes at maximum RPM settings.

7.3 Synthesis Procedures

7.3.1 Experimental Procedures for Chapter 5.1

7.3.1.1 General procedure of synthesis of 1,6-diisocyanide

A solution of hexane-1,6-diamine (1 eq.) and ethyl formate (10.0 eq.) was refluxed at 60 °C for
12h. Then, the solvent was removed by vacuum evaporation. The crude product (N-(6-
formamidohexyl)formamide) was used in the next step without further purification. In a three-
neck-flask, N-(6-formamidohexyl)formamide (1.00 eq.) was suspended in 100 mL dry DCM,
and then triethylamine (5.00 eq.) was added at 0 °C. Phosphoryl trichloride (2.00 eq.) was added
dropwise such that the reaction temperature was maintained below 0 °C. After being stirred for
1 h, the reactant was poured into a 500 mL beaker with 150 mL ice-water mixture containing 30
g of KbCOs. During the above operation, the temperature was maintained below 15 °C. The
resulting emulsion was stirred for a while. The organic layer was removed, and the aqueous layer
was extracted with dichloromethane (DCM) (2x40mL). Then, the combined organic layer was
collected and dried with anhydrous K>CO3. After evaporation of the solvent, the residue was
purified by aluminium oxide column chromatography (CH2Cl: Cyclohexane, 1:1) to give a
brown liquid. Yield: 75%. 'H-NMR (400 MHz, CDCls): 6 / ppm= 3.40 (m, 4H, CH,NC), 1.70
(m, 4H, CH,CH,NC), 1.48 (m, 4H, CH.CH2CH2NC), 3BC-NMR (500 MHz, CDCIl3): & / ppm =
157.3 ,41.0, 22.6.
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7.3.1.2 General procedure of synthesis of Polymers (MC-Tet: - MC-Tet7)

According to the specified design criteria, certain chemicals have been intentionally chosen with
respect to the intended concept. N, N-Dimethyl-1,6-hexanediamine has been selected as a bio-
based derivative to imitate adipic acid, a precursor for nylon synthesis. Additionally, specific
aldehydes have been chosen from a wide range of commercially available options for various
reasons as following; Hexanal (6 carbons) has been selected due to its sustainable nature, often
used in the flavour industry. Decanal, citronellal, and undecanal (10 carbons) have been chosen
to explore the impact of different aliphatic alkyl chain lengths on the project. Moreover, 4-
(trifluoromethyl) benzaldehyde (8 carbons, 3 fluorine) has been selected for comparison with
other benzaldehyde derivatives, providing the ability to mimic fluorinated polyamides and
possessing excellent properties such as thermal-oxidative stability and good electrical insulation.
Last but not least, 5-norbornene-2-carboxaldehyde has been chosen for its significant properties
like high-temperature resistance and improved material stiffness, providing an olefin group for
further post-polymerization modification of the designed polymeric structure through the thiol-
ene photo-click reaction. Accordingly, 1,6-diisocyanide (1.00 eq.), N,N-dimethyl-1,6-
hexanediamine (1.00 eq.), trimethylsilyl azide (TMSN3) (2.00 eq.) and corresponding aldehyde
derivatives (10-undecenal, 4-(trifluoromethyl)benzaldehyde,5-norbornene-2-carboxaldehyde,
benzaldehyde, citronellal, decanal, hexanal) (2.00 eq.) were reacted in the presence of the catalyst
1,8-diazabicyclo(5.4.0)undec-7-ene (DBU)(0.3 eq.) under inert atmosphere (N2) at 50 °C in
MeOH:DMF( 1:1) mixture. The resulting polymers were purified by precipitation into cold
MeOH except for MC-Tet;, which was precipitated into diethyl ether, and all the polymers were
dialyzed against mixture of DCM: MeOH (1:1) for 2 days. The precipitated polymers were

separated via centrifugation and dried at 40 °C under.

7.3.2 Experimental Procedures for Chapter 5.2

7.3.2.1 General procedure for the post-polymerization of MC-Tet; and MC-Tet;

The reactions were conducted by combining 1-dodecanthiol (5.00 eq.), and MC-Tetsz or MC-Tet7
(1.00 eq.) with the addition of 0.3 wt.% of 2,2-dimethoxy-2-phenyl acetophenone (DMAP) as
the photo initiator. The reaction took place in a solvent mixture of dichloromethane DCM: MeOH
in a 1:1 ratio, followed by exposure to UV irradiation at a wavelength of 365 nm for a duration
of 2 hours. The resulting polymers were purified by precipitation into cold MeOH, and the
precipitated polymers were separated via centrifugation and dried at 40 °C under. (yield: 90%
for MC-Tet; and 70% MC-Tet7).
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7.3.2.2 Synthesis of model compound (MC)

All the synthesis of bis-tetrazole containing compound are adopted from the literature which
allows preparing bis-1,5 DST derivatives in good yields.[!83] Diethylamine (1.00 eq.) was
dissolved in MeOH (1 M) and the corresponding butyl isocyanide (1.00 eq.), 10-Undecenal (1.00
eq.), azidotrimethylsilane (TMSN3) (1.00 eq.) and a few drops of diazabicyclo[5.4.0]-7-undecene
(DBU) were added, and the solution was stirred for overnight at ambient temperature. Upon the
completion of the reaction, methanol was removed under reduced pressure and a mixture of
product with the unreacted starting materials was obtained as yellowish oil. Subsequently, the
pure product was isolated via purification by column chromatography (DCM:MeOH =1:0.05 by
v:v) as clear, transparent oil. (yield:75 %). 1H-NMR (400 MHz, CDCI13): & / ppm= (5.85-5.70
(m, 1H), 5.03-4.85 (m, 2H), 4.47-4.16 (m, 2H), 3.95 (dd, J= 10.4, 3.4 Hz, 1H), 6.33 -0.00 (m,
1H), 2.69-2.04 (m, 5H), 2.05-1.63 (m, 5SH), 2.05-1.78 (m, 5H), 2.05-0.88 (m, 29H). 3C NMR
(101 MHz, CDCl3): &/ ppm 155.03 (s), 139.15 (s), 114.11 (s), 55.22 (s), 47.02 (s), 43.85 (s),
33.76 (s), 31.62 (s), 29.67-29.22 (m), 28.95 (d, J= 17.8 Hz), 27.15 (s), 25.67 (s), 19.81 (s), 13.91
(s), 13.54 (s)

7.3.2.3 Procedure for thiol-ene model reaction (MR)

The thiol-ene model reactions were performed by dissolving MC (1.00 eq.) in a vial in dry DCM
(IM) and mixed on a shaker until a homogenous mixture was obtained. Subsequently, the
corresponding thiol derivative 1-dodecanthiol (1.00 eq.) was introduced and mixed again into a
homogenous blend. Subsequently, the mixture was degassed with N> for 15 min. A solution of
dimethoxy-2-phenylaceto-phenone (DMPA) (0.3 wt %) was added as photo initiator and mixed
on a shaker. Afterward, the reaction was let to stir magnetically (500 rpm) for 18 h under UV at
A =365 nm in a photo reactor. Upon the completion of the reaction, the resulting MR was
obtained as slightly yellowish viscous oil product with a reasonable total yield of 98 % upon

purification by column chromatography (DCM:MeOH =1:0.05 by v:v).
7.3.2.4 Synthesis of M1 and M2

Diethylamine (1.00 eq.) was dissolved in MeOH (1M) and the corresponding butyl isocyanide
(2.00 eq.), 10-Undecenal (2.00 eq.) and 4-pentenal (2.00 eq.) for M1 and M2, respectively,
azidotrimethylsilane (TMSN3, 2.00 eq.) and a few drops of diazabicyclo[5.4.0]-7-undecene
(DBU) were added, and the solution was stirred for overnight at ambient temperature. Upon the
completion of the reaction, methanol was removed under reduced pressure and a mixture of
product with the unreacted starting materials was obtained as yellowish oil. Subsequently, the
pure product was isolated via purification by column chromatography (DCM:MeOH =1:0.05 by
v:v) as clear, transparent oil, (yield: 95 % and 89 % for M1 and M2, respectively)
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MI='H NMR (400 MHz, CDCI3) & 5.79 (ddt, J= 16.9, 10.2, 6.7 Hz, 1H), 5.08-4.77 (m, 2H),
4.47-4.23 (m, 2H), 4.01-3.67 (m, 1H), 2.37 (¢, J= 7.2 Hz, 2H), 2.19 (s, 3H), 2.07-1.98 (m, 2H),
1.97-1.83 (m, 3H), 1.46-1.19 (m, 17H), 1.14 (dd, J= 18.4, 3.8 Hz, 3H), 0.96 (t,J)=7.4Hz,3H). 13C
NMR (101 MHz, CDCI3) & 154.67 (s), 139.27 (s), 114.25 (s), 59.19 (s), 53.36 (d, J= 4.9 Hz),
47.43 (s), 37.80 (s), 33.89 (s), 29.54 (dd, J= 12.8, 10.6 Hz), 29.31 — 28.70 (m), 28.04 (s), 27.14
(), 26.29 (d, J= 6.1 Hz), 22.25 (), 14.31 (s), 13.96 (s).

M2='"H NMR (400 MHz, CDCI3) & 5.89-5.63 (m, 1H), 5.07-4.82 (m, 2H), 4.32 (t, J= 7.4 Hz,
2H), 3.94- 3.74 (m, 1H), 2.48-2.29 (m, 2H), 2.23-2.15 (m, 4H), 2.05 — 1.80 (m, 4H), 1.45-1.24
(m, 4H), 1.12 (dt, J= 6.9, 4.3 Hz, 2H), 1.02 -0.89 (m, 3H). 13C NMR (101 MHz, CDCI3) 5 154.66
(s), 139.25 (s), 114.24 (s), 59.16 (s), 53.33 (d, J= 4.2 Hz), 47.16 (s), 37.77 (s), 33.87 (5), 31.72
(s), 29.54 (dd, J= 11.3,7.2 Hz), 29.09 (dd, J= 18.5, 4.3 Hz), 28.01 (s), 27.12 (s), 26.21 (d, J= 4.8
Hz), 20.27 (s), 19.91 (s), 13.87 (s), 13.64 (5).

7.3.2.5 General procedure of synthesis of Polymers (PC-Tet: - PC-Tet12)

The thiol-ene polymerization reactions for M1 were performed with different kinds of thiols by
following the same procedure of the model thiol-ene reaction. In an exemplary way, M1 (1.00
eq.) were added to a small transparent vial and dissolved in DCM (1M), followed by the addition
of the corresponding dithiol maintaining a 1:1 functional group stoichiometry. After the
degassing with N2, the solution was continuously stirred when dimethoxy-2-
phenylacetophenone (DMPA) (0.3 wt%) was added as the initiator. Subsequently, the samples
were exposed to 365 nm irradiation for 18 h at ambient temperature in a photo reactor. Similarly,
the bulk thiol-ene polymerizations of M2 were prepared with the different kinds of thiols which
are as listed in Scheme 2. Although all the reaction conditions have been kept in the same manner
as the above-mentioned polymerization of M1, for M2, it was necessary to magnetically stir the
reaction mixture above 800 rpm for 24h to provide a homogenous mixture and ensure the
synthesis of high molecular weight polymers. Upon the completion of the polymerization
reactions, the solutions were diluted with DCM. After that, the polymer solutions of M1 and M2
were precipitated two times into ice cold diethyl ether. The precipitated polymers of M1 and M2
were separated via centrifugation and dried at 40 °C under the vacuum to yield a transparent,
slightly yellowish viscous products.

Yield of the obtained polymers: PC-Tet;=55.8%, PC-Tet,=82%, PC-Tet;=61%, PC-Tets=75%.
PC-Tets=73%, PC-Tets=94%, PC-Tet;=61%, PC-Tets=73%, PC-Teto=81%, PC-Tet10=89%, PC-
Tet11=97%, PC-Tet1,=80%.
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7.3.3 Experimental Procedures for Chapter 5.3

7.3.3.1 Synthesis of pentafluorophenyl acrylate (p(PFPA)) monomer

p(PFPA) was synthesized as literature suggested.[>*”! To a solution of pentafluorophenol (PFP,
9.20 g, 50.00 mmol) in anhydrous DCM (42 mL) at 0 °C was added TEA (5.57 g, 55.00 mmol)
dropwise. Acryloyl chloride (4.98 g, 55.00 mmol) was added dropwise to the cooled reaction
mixture under vigorous stirring, after 30 min, the mixed solution was allowed to reach room
temperature and stirred for an additional 12 hr. Monitoring of the reaction was performed by
thin-layer chromatography (TLC), petroleum ether/ethyl acetate = 15/1, v/v) until complete
consumption of PFP was observed. The reaction mixture was filtered prior to two-fold extraction
with brine and dried over Na2SO4, concentrated by rotary evaporation and suddenly vacuum
distilled. The crude product was purified by column chromatography (silica gel, petroleum
ether/ethyl acetate = 15/1, v/v). Finally, a colourless liquid was obtained (9.43 g,79%). The
analytical data of pentafluorophenyl acrylate matches published data. '"H NMR (400 MHz,
CDCl3): 6 6.72 (dd, J =17.3, 0.8 Hz, 1H), 6.37 (dd,J = 17.3, 10.6 Hz, 1H), 6.18 (dd, J=10.6, 0.8
Hz, 1H).

7.3.3.2 Synthesis of poly(pentafluorophenyl acrylate) (p(PFPA) polymer

p(PFPA) was synthesized in accordance with previous reports of the research group.[>?4l A
solution of PFPA (1.00 eq.) and azobisisobutyronitrile (AIBN) (0.01 eq.) in dry 1,4-dioxane (5
mL) were placed in a Schlenk tube. Three freeze-pump-thaw cycles were performed to degas the
solution. The flask was transferred to a preheated oil bath at 70 °C and stirred overnight. The
reaction was exposed to air to quench the polymerization. The solution was diluted with
chloroform and precipitated from methanol to afford a white solid. It was redissolved in
chloroform and reprecipitated from MeOH. The process was repeated thrice and received as a
white solid. After drying under vacuum at 40 °C, the polymer was given in 94% yield. "H NMR
(400 MHz, CDCl3): 6 3.27-2.70 (m, 1H), 2.55-1.69 (m, 2H). '°F NMR (377 MHz, CDCl3): §
153.19 (s), 157.14 (d, J = 279.3 Hz), 162.20 (s). FTIR (ATR mode): 17820cm-! (C=O stretching
of PFP-ester), 1516 cm! (aromatic ring stretching).

7.3.3.3 Post-polymerization modification reactions of p(PFPA) polymer
Optimization studies:

p(PFPA) (1 eq. of PFP groups) was dissolved in 1 mL solvent (e.g., NMP, DMF or dry-DMF).
Afterwards, corresponding catalyst (e.g., DMAP, TEA or DBU) with varying equivalents (e.g.,
0.40 eq., 1.20 eq.) was dissolved in respective solvent and subsequently was added to the
p(PFPA) solution. The reaction solution was stirred for 30 min under N». Then, 5-aminotetrazole
(1.10 eq.) PFP groups of p(PFPA) in 2 mL respective solvent was added to the p(PFPA) solution.
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The solution was stirred either at ambient temperature or 80 °C for 24 h and then precipitated in
methanol or diethyl ether/n-hexane (v/v = 1/1). The products were dried at 60 °C in a vacuum
oven until dry.

Different degrees of 1,5 DST modifications:

p(PFPA) (1 eq. of PFP groups) and TEA (1.2 eq.) were dissolved in dry-DMF in closed vial.
Then, 5-aminotetrazole of varied equivalents to PFP groups of p(PFPA) (0.20, 0.40, and 0.60
eq.) in dry-DMF was added to the p(PFPA) solution under argon. The reaction solution was
stirred at 60 °C for 30 min. Later on, the mixture was stirred at room temperature at 80 °C for
24 h and then precipitated in diethyl ether/n-hexane (v/v = 1/1) twice. The products were dried

at 50 °C in a vacuum oven until dry.
7.3.3.4 Hydrogel formation

In initial stage different degrees of 1,5 DST modifications were performed by following the
procedure abovementioned. Upon synthesizing modified polymers, the solutions were cooled
down until they reached 60 °C. Amino-terminated PEG derivative O,0-Bis(3-
aminopropyl)polyethylene glycol, with varying equivalents (e.g.,0.85, 0.45 and 0.65 eq.) to PFP
groups of p(PFPA), dissolved in dry-DMF and was s added into the suspensions of 1,5 DST-
modified p(PFPA). The mixtures were stirred at 60 °C for 5 min. Later, the solution was allowed
to complete the crosslinking and remove bubbles after standing at ambient temperature for
overnight. Obtained hydrogels were dialysed against EtOH: water mixture for three days,

subsequently dried using a freeze dryer.
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Figure 8. 1 Comparative SEC diagram of concentration optimization studies of model polymerization

reaction (MPR) via UA-4MCR.
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Figure 8. 2 Comparative SEC diagram of solvent optimization studies of model polymerization reaction
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Figure 8. 3 Comparative SEC diagram of concentration optimization studies of model reaction (MPR)
via UA-4MCR in MeOH: DMF mixture.
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secondary amine. Upon the formation of an iminium-ion, the isocyanide reacts as a nucleophilic reaction
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Appendix

Figure 8. 6 Absorption spectra of a) MC-Tet; (black), b) MC-Tet, (red), ¢) MC-Tets (blue), c) MC-Tet,

(green), ¢c) MC-Tets (brown), ¢) MC-Tets (orange), c) MC-Tet; (purple).
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Figure 10. 8 COSY-NMR (CDCls, 400 MHz) spectra of model compound (MC) synthesized via UA-
4MCR.
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Figure 8. 9 °C NMR (CDCls, 400 MHz) spectra of model compound (MC) synthesized via UA-4MCR.
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Table 8. 1. Absorbance and emission wavelength shifts of MC-Tet;- MC-Tet; at different concentrations

Polymer Absorbance shifts (nm) Emission shifts (nm)
*Concentration (mg/mL) Concentration (mg/mL)

1.2* 2.5% 5.0*% 7.5% 10.0% 20.0*% | 1.2* 2.5% S5.0* 10.0* 20.0*
MC-Tet1 233 242 250 252 253 272 | 388 389 391 395 398
MC-Tet2 235 241 247 250 251 260 | 384 387 392 406 410
MC-Tet3 242/309 247/313  257/334  259/- 289/-  309/- | 386 393 404 408 419
MC-Tet4 236/309 243/311 253/316  258/- 268/- 312/- | 470 474 481 488 490
MC-Tet5 251/297 257/304  272/- 292/- 303/-  313/- | 460 464 468 475 480
MC-Tet6 265/312  273/322 282/- 295/- 305/-  315/-| 472 476 477 481 483
MC-Tet,7 242/307 250/315 261/318 266/318 311/- 317/- | 428 431 443 455 498
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1,9-nonanedithiol

Dithiothreitol
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Human immunodeficiency virus
Highest occupied molecular orbital
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LUMO
MC
MCR
MeCN
MeOH
M
MPR
MR

N2
NAD(P)H
NHS
NMP
NMR
OLEDs
p(PFPMA)
p(PFPA)
P-3CR
PFP
PFSR
PFTR
PMI
PNAS
PNMAS
PPM

PVC

Lowest unoccupied molecular orbital
Model compound

Multi-component reaction

Acetonitrile

Methanol

Molecular weight

Model polymerization reaction

Model reaction

Nitrogen

Nicotinamide adenine dinucleotide phosphate
N-hydroxysuccinimide

N-methyl pyrrolidone

Nuclear magnetic resonance

Organic light-emitting diodes
Poly(pentafluorophenyl methylacrylate
Poly(pentafluorophenyl acrylate)
Passerini three-component reaction
Pentafluorophenyl

Para-fluoro substitution reaction
Para-fluoro-thiol reaction

Process mass intensification
Poly(N-hydroxysuccinimide acrylate)
Poly(N-hydroxysuccinimide methacrylate)
Post-polymerization modification

Polyvinylchloride

Abbreviations

130



PVT

QA

RAFT

SEC

SEM
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Ty

TEA
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THF

T

TMSN;
TsCN
U-4CR
UA-3MCR
UA-4MCP
UA-4MCR
UA-5MCR
UA-6MCR
UA-7MCR
Ugi-MCR

UV-Vis

Polyvinyl tetrazole

Quaternary ammonium

Reversible addition fragmentation chain transfer
Size-exclusion chromatography

Scanning electron microscopy
Crystallization temperatures

Thermal degradation temperature
Triethylamine

Thermogravimetric analysis
Tetrahydrofuran

Melting points

Azidotrimethylsilane

p-toluenesulfonyl cyanide

Ugi four-component reaction

Ugi-Azide three-component reaction
Ugi- azide four- multicomponent polymerization
Ugi- azide four- multicomponent reaction
Ugi-azide five-component reaction
Ugi-azide six-component reaction
Ugi-azide seven-component reaction
Ugi-multicomponent reaction

Ultraviolet-visibl
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