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Abstract

Dually crosslinked gels constructed by polymer strands interconnected using covalent and
supramolecular linkages are versatile materials exhibiting outstanding mechanical properties as
well as reversibility, which renders them materials of choice for numerous applications including
sensor devices for monitoring the levels of environmentally and physiologically relevant
substances. If a host—guest complex is used as a supramolecular crosslink, the analyte can act as a
competitive guest and disrupt the original complex leading to a macroscopic change—a change in
gel volume, which can be quantitatively used for selective analyte detection. Within the scope of
the current work, pillar[5]arene-based host—guest chemistry was applied for the construction of a
polymeric sensing platforms for adiponitrile detection in an organic solvent as well as spermine in
aqueous solutions.

Firstly, a pillar[5]arene-based dually crosslinked gel sensor for industrial pollutant adiponitrile was
designed. The amino-functionalized host moiety was synthesized, and a suitable guest moiety was
selected based on NMR titration data. RAFT-polymerization and subsequent modification of the
polymer with host, guest and photo-crosslinker moieties yielded host and guest polymers, which
were characterized with NMR and GPC. The polymers were mixed and spin-coated onto a gold-
coated quartz wafer to obtain an SPR sensor chip. Due to the gel expansion upon presence of
adiponitrile, the system demonstrated high sensitivity with LOD = 25 uM, as determined by SPR
spectroscopy.

Secondly, a hydrogel with embedded water-soluble pillar[5]arene was manufactured as a sensing
platform for cancer biomarker spermine. A 10-fold carboxylate-substituted pillar[5]arene was
synthesized. The complexes of the host with the analyte as well as with the guest moieties and
guest-modified polymers were investigated using various methods including NMR, MS and ITC.
SPR sensor chips were fabricated from the guest polymers and the host molecules were non-
covalently embedded in the gel. The responsiveness of the chips was probed by various spermine

concentrations in the course of SPR investigations.
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Kurzzusammenfassung

Die doppelt vernetzten Gele, die von den durch kovalente und supramolekulare Vernetzungen
gebundenen Polymerketten gebildet sind, stellen vielseitige Materialien dar, die {iber
hervorragende mechanische Eigenschaften sowie Reversibilitit verfiigen, was sie zu perfekten
Stoffen fiir zahlreiche Anwendungen macht, u. a. als Sensoren fiir die Uberwachung von umwelt-
und physiologisch relevanten Verbindungen. Wenn ein Wirt—Gast-Komplex als solche
supramolekulare Vernetzung verwendet wird, kann der Analyt als Konkurrenzgast agieren und
den urspriinglichen Komplex spalten. Dies fiihrt zu einer makroskopischen Anderung des
Gelvolumens, die eine quantitative und selektive Analytendetektion ermdglicht. Im Rahmen dieser
Arbeit wurde die Wirt—-Gast-Chemie auf Pillar[5]aren-Basis filir die Herstellung von polymeren
Sensorplattformen fiir die Detektion von Adiponitril in einem organischen Losungsmittel sowie
von Spermin in wassrigen Losungen angewendet.

Zuerst wurde ein Pillar[5]aren-basiertes doppelt vernetztes Gel als Sensor fiir den industriellen
Schadstoff Adiponitril entwickelt. Die aminofunktionalisierte Wirt-Spezies wurde synthetisiert
und eine passende Gast-Spezies anhand der NMR-Titrationsdaten ausgewihlt. Die RAFT-
Polymerisation und darauffolgende Modifikation des Polymers mit den Wirt-, Gast- und
Photovernetzer-Spezies ergab die Wirt- und Gastpolymere, die mittels NMR und GPC
charakterisiert ~ wurden. Die  Polymere wurden zusammengefithrt und  mittels
Rotationsbeschichtung auf ein goldbenetztes Quarz-Substrat aufgetragen, wodurch ein SPR-
Sensorchip erhalten wurde. Aufgrund des in Anwesenheit des Adiponitril steigenden Gelvolumens
konnte eine hohe Sensitivitit des Systems demonstriert werden. Der mittels SPR-Spektroskopie
bestimmte LOD-Wert betrug 25 pM.

Des Weiteren wurde ein Hydrogel mit eingebettetem wasserloslichem Pillar[S]aren als
Sensorplatform fiir den Krebsbiomarker Spermin hergestellt. Das 10-fach Carboxylat-
substituiertes Pillar[5]aren wurde synthetisiert. Die Komplexe des Wirtes mit dem Analyten sowie
mit den Gast-Spezies und Gast-modifizierten Polymeren wurden mit verschiedenen Methoden
einschlieBlich NMR, MS und ITC untersucht. Die SPR-Sensorchips wurden aus Gastpolymeren
und in das Gel nicht-kovalent eingebetteten Wirtmolekiilen hergestellt. Die Responsivitdt der
Chips wurde mit verschiedenen Spermin-Konzentrationen im Rahmen der SPR-Experimente

untersucht.
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“La creativité demande du courage.”

— attributed to Henri Matisse

1 Introduction

1.1 Motivation

Polymeric gels incorporating supramolecular interactions such as hydrogen bonds, metal-ligand
complexes, hydrophobic and host—guest interactions have been attracting considerable attention
of researchers in the past years and are currently emerging into a highly important field of
studies.''! Due to the inherent reversibility of the supramolecular interaction, such materials
possess responsiveness towards various stimuli including light, temperature, pH of the medium,
or certain molecules.¥ Therefore, such systems are termed stimuli-responsive gels and are
considered materials of tomorrow because of the environmental drawbacks, mechanical flaws, and
lack of adaptivity of the covalently crosslinked systems. The marriage of the two types of
crosslinks in one material endows it with the advantages of both types, and as a result, a system is
obtained which is mechanically robust and tough and simultaneously adaptive and responsive.[*!
Such dually crosslinked single gels (DCSG) are irreplaceable for the applications as self-healing,
shape-memory materials, or especially as sensors, since DCSGs possess the two elements required
for a sensor, namely, a responsive element (the supramolecular bond) as well as a transducer
element (a macroscopic parameter), e.g., swelling ratio.l”) Hereby, the covalent crosslink serves
the purpose of maintaining the integrity of the gel.

Surface plasmon resonance (SPR) spectroscopy is an optical technique which allows one to
investigate the behavior of thin layers with high precision.l’ When applied to study gold-coated
substrates with sub-micrometer thick gel layers, SPR provides a real-time monitoring of the gel
thickness and its refractive index. If such a gel contains a chemo responsive site as a crosslink, it
will disrupt upon presence of a certain analyte, leading to a change in the thickness of a swollen
gel via drop in crosslink density, which can be detected by the SPR method.!”!

One of the most promising chemo responsive supramolecular interactions is clearly host—guest
interactions.!™ The design of macrocycles plays a crucial role for the fabrication of such systems
since it is possible to create a cavity, which would precisely accommodate a desired molecule
(analogous to the enzymatic systems), thus, endowing the sensor with selectivity. Pillar[n]arenes
(PnAs),”!% a young family of macrocycles, are characterized by a straight cylindrical shape of the
electron-rich cavity and a high flexibility in terms of chemical modification, which opens broad
possibilities for host—guest interactions with neutral and positively charged molecules as well as

1
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for the design of the macrocycles as a responsive element in a sensor. Stable complexes of PnAs
are formed, for instance, with dinitriles,!'!) which are toxic pollutants but vastly used in industrial
processes,!'?! and (poly)alkylamines such as biologically relevant spermine and spermidine,!*!
which act as important regulators and biomarkers in vivo, whose content in bodily fluids (at a
pmol/L level) can indicate development of severe diseases including cancer.'¥l Therefore, PnAs
are the macrocycles of choice for the fabrication of a gel-based sensor chip for the detection of

dinitriles and alkylamines using SPR technique.

1.2 The aim and the objectives of the current work

The aim of the current work is to devise a SPR-based sensor of determining various small
molecules such as dinitriles and alkylamines in the solution in order to detect the potential
exceeding of a dangerous threshold for a pollutant in the wastewater or for a biomarker in bodily
fluids.

To achieve the aim, a crosslinked gel should be devised incorporating a responsive element, which
is based on an inclusion complex with PnA. Firstly, the macrocycle should be synthesized, and a
way should be found to embed the host species into the gel: either covalently by mono-
functionalizing the macrocycle (with a perspective of introducing a second crosslink into the
system) or non-covalently via pendant guest groups. The host—guest complex should be stable
enough to either function as a second crosslink in a swollen state or to ensure the macrocycle is
non-covalently attached to the polymeric chains. At the same time, the complex should be more
labile than that between the PnA and the analyte to provide the responsiveness upon the presence
of the latter. Therefore, a thorough screening of various guests is required including the
determination of their binding affinity to the host under the operating conditions of the sensor,
which can be performed by NMR titration or isothermal titration calorimetry.

After the suitable guest moiety is found, a polymer with pendant covalent crosslinker and guest
groups (and, possibly, one polymer with pendant host groups) should be synthesized. Possibly, the
desired responsiveness of the supramolecular system towards the analyte should be proved for an
uncrosslinked polymer using, e.g., NMR spectroscopy.

Further, a thin layer of the polymer or the polymer mixture should be obtained on a gold-coated
quartz substrate by spin-coating and subsequent curing. Swelling behavior of the obtained gel layer
should be investigated by the SPR spectroscopy in the presence of different concentrations of the
analyte to be able to prove the applicability of the method as well as to determine its limit of

detection.
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2 Theoretical background

2.1 Supramolecular chemistry

2.1.1 Supramolecular interactions

According to Jean-Marie Lehn, who introduced this term in the 1970s in his works on cryptates,
supramolecular chemistry is a field at the confluence of chemistry, physics and biology that
addresses entities of a higher organizational complexity than molecules.!”] Such entities are
constituted by molecular species bound together by intermolecular non-covalent forces, which are
weaker than covalent bonds. Still, these forces provide the supramolecular entities with precise
structural organization due to which they possess molecule-like features.'®!

The spectrum of the non-covalent interactions that can be employed for the formation of
supramolecular species varying from highly energetic ionic bonds down to hydrophobic
interactions!!”) is shown in Figure 1 and summarized in Table 1 together with the typical bond
energies E in comparison to the covalent (or chemical) bond.[*! It is important to note that non-
covalent interactions are inherently dynamic, or reversible. Therefore, typical values for

association constants K, representing binding affinity of two molecules bound by a given type of

interactions are also presented in the table.

Figure 1. Various types of supramolecular interactions. A) lonic interactions, B) Metal-ligand complexes, C)
Hydrogen bonds with UPy as an example, D) Host—guest inclusion complexes, E) n—r stacking, F) Hydrophobic

interactions.
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Table 1. Comparative data of typical bond energy ranges and typical equilibrium constants of non-covalent

interactions.[¥

Type of interactions E, kJ mol! Ka, M!
Covalent bonds 100 — 450 —

Ionic interactions 200 —-300 —
Metal-ligand coordination <400 <10%7 - 10%
Hydrogen bonding 4—120 <10°
Host-guest interactions 5—40 10° — 10"
n—7 stacking ~ 10 10! — 10?
Hydrophobic interactions <10 —

One of the important properties of the covalent bonds is that their spatial parameters—such as the
number of bonds, their lengths and angles—are precisely defined by the geometry of the electron
orbitals. For supramolecular interactions these properties, i.e., the governance over species’

geometry and spatial features, will be collectively described by the term directionality.['®!

2.1.2 Ionic interactions

Clearly, covalent bonds with energies up to 450 kJ/mol (calculated per single bond) are the most
stable compared to the non-covalent ones and are normally not influenced by changes in the
environment such as solvent, temperature (up to certain limits), or pH. Nevertheless, relying on
Coulomb forces, ionic interactions, resulting from the attraction of spatially separated charged
species, exhibit a pronounced bonding energy that lies in the same order of magnitude as covalent
bonds. However, what differentiates them is that since Coulomb attraction (and repulsion) are only
dependent on a distance between interacting entities, ionic bonds lack directionality, which is
essential for forming ordered supramolecular structures in solutions.!'®!

Metal-ligand complexes as a special case of ionic interactions, on the other hand, possess
directionality due to the architecture of chelating ligands and metal ion electron orbitals. The
“core” in a majority of such complexes is represented by first-row transition metals or alkaline
earth metals. Nonetheless, other transition and noble metals are of great use as well.['’! Because of
their relatively high stability and since they offer an outstanding control over the structure, metal
coordination bonds are an established tool in a supramolecular toolbox for a design of smart
materials combining good mechanical properties and reversibility which provides such properties

as self-healing, shape memory, etc.l***!]

2.1.3 Hydrogen bonds
Perhaps, the most well-known type of a non-covalent interaction is a hydrogen bond, which can

be treated as another special case of an ionic interaction where a partial positive charge (or free

4
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electron orbital) on hydrogen atoms and moieties bearing a partial negative charge (an orbital
occupied with a lone electron pair) attract forming a looser type of bond. Although somewhat
lower in energy (up to 120 kJ/mol), hydrogen bonds tend to be highly directional, especially when

18.22] This has an utmost

the moieties are capable of forming multiple bonds per interacting site.!
importance for all cellular organisms since hydrogen bonds between nucleobases are forces that
provide stability to the DNA double helix.*®) This demonstrates how tailor-made species
(including natural ones) are capable of endowing the system with complementarity, or broadly
speaking, selectivity. So, due to the structural features, certain purine-pyrimidine pairs are formed:
adenine—thymine sharing two hydrogen bonds and guanine—cytosine sharing three bonds.

A self-complementarity motif employing multiple hydrogen bonding, 2-ureido-4-pyrimidinone
(UPy) moiety was introduced by the group of Prof. Meijer.l**! Due to its 4 hydrogen bonds, UPy
(Figure 1, C) exhibits a highly effective dimerization with a binding constant up to Ko = 6x10% M !
in toluene.> This high stability of the dimer led to its vast utilization as a supramolecular building

block in materials chemistry for endowing the systems with reversibility without impairing their

mechanical properties.!?%*”]

2.1.4 Hydrophobic interactions

Hydrophobic interactions and n—n stacking demonstrate the lowest binding energies of the non-
covalent interactions (E < 10 kJ/mol), which also highly depends on the solvent. In case of the n—
7 complexes, it is an interplay between the dispersion forces and Pauli exchange repulsion (and
not, as was assumed, quadrupole electrostatic interactions) combined with sterical conditions that
determine the binding strength and geometry of the complex.[?8] Despite the low binding energy,
such interactions exhibit the directionality and cooperativity, and different geometries of the n—n
bonds between aromatic amino acids were described in literature.[?”]

The predisposition of non-polar species to aggregate in aqueous solutions is described by a general
term of hydrophobic effect. This effect is thermodynamically driven and is determined by the
change of state of water molecules surrounding the hydrocarbon groups. An earlier—"classical”—
approach suggests an entropic benefit through the release of water molecules from the solvating
shell (via destruction of clathrate structures) upon aggregation of multiple hydrophobic droplets
and, therefore, formation of a larger cavity.*”) A more recent “non-classical” approach brings an
enthalpic gain into the focus, which arises from the amount of the hydrogen bonds formed by water
molecules.’!! This approach was used to describe the cases of, for instance, inclusion complex
formation. Water molecules encompassed by host molecules containing no functional groups
within their cavity possess higher energy because of the lack of stabilization and, hence, serve for

a significant energy benefit when replaced by guest molecules.
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Hydrophobic interactions were proved to be of extreme importance in biochemistry since they are
the factor underlying many processes such as protein folding and conformational stability
thereof.*2! Furthermore, hydrophobic bonds are often utilized in the field of materials chemistry
for smart materials fabrication,***¥ where their special design even enables directionality in such

interactions.[*’!

2.1.5 Host-guest complexes

Host-guest inclusion complexes, in which a guest molecule is encapsulated by a host molecule,
represent a category of highly directional and selective as well as versatile supramolecular motifs,
thanks to which they resemble the interaction between receptor and enzyme, one of the essential
and most important recognition motifs in biological processes. What makes host-guest complexes
extraordinary among non-covalent interactions is that they are not a genuinely “unique” class of
supramolecular bonds but rather a combination of different interactions (such as hydrogen bonds,
hydrophobic or electrostatic interactions, etc.),*®) which is characteristic for a given host-guest
pair and which makes these complexes so selective. Therefore, the thermodynamic driving force
of the host-guest interactions are diverse but can be reduced to two general effects: a) an energetic
gain upon complexation due to a higher host—guest interaction energy than guest solvation energy;
b) release of highly energetic solvent molecules from the host cavity (see Chapter 2.1.4).

Host molecules, which are represented mostly by macrocycles, are usually meticulously designed
in order to achieve the best fit for a chosen guest molecule. Emerging from the creation of cyclic

[37.38] the family of host entities has been developing ever since and is

crown ethers in 1960s,
currently enjoying a heyday due to the advances of synthetic methods paving the way for the
design of highly sophisticated and highly selective moieties.**! Among this significant variety of
the host molecules emerged in the past years, there are several which, due to the facility of their
synthesis, as well as tunability and versatility, were thoroughly studied in terms of their fabrication,

modification, and applications (Figure 2).

2.1.5.1 Cyclodextrins

As a rare example of naturally occurring macrocycles, cyclodextrins (CDs), cyclic
oligosaccharides constituted by 6, 7 or 8 a-1,4-connected D-glucopyranosyl units (for the smallest
homologues, namely a-, B- and y-cyclodextrins respectively, Figure 2, A, were discovered at the
end of the 19" century by Villiers!*’! and characterized in the works of Schardinger!*!! some years
later. Yet even now, after more than a century since their discovery, CDs stay one of the most
employed macrocyclic compounds. This long-lasting popularity and interest are determined by

several features of CDs. Structurally these macrocycles resemble a torus with uneven sides so that
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C)

H
k

Figure 2. Various macrocycle families. A) Cyclodextrins (n = 1, 2, 3 for a-, - and y-CD, respectively).
B) Crown ethers (m = 1, 2, 3 for [12]crown-4, [15]crown-5, [18]crown-6, respectively).
C) Calix[n]arenes (k =1, 3, 5...). D) Cucurbit[n]urils (p = 1, 2, 3...). E) Pillar[n]arenes (¢ = 1, 2, 3...).

the internal diameters range from 4.4-5.7 A (corresponding to the narrow and wide side,
respectively) for a-CD to 7.4-9.5 A for y-CD.[**] Due to the structural particularities arising from
cyclooligomerization, the outer surface of the macrocycle is hydrophilic whereas the inner cavity
is hydrophobic implying that CDs exhibit good solubility in water and simultaneously high binding
affinity towards hydrophobic or amphiphilic small molecules in aqueous solutions. Furthermore,
OH-groups on the rims of CD are beneficial for guest molecules with polar end groups due to the
possibility of forming hydrogen bonds. Over decades of research on cyclodextrins, affinity to
diverse guest molecules with diverse architectures was demonstrated for homologues of CDs.[*’]
Different cavity sizes of different CD family members also increase selectivity of such host-guest
interactions. For instance, the complex of a-CD with azo-benzene, which is dimensionally the best
fit for its cavity!*¥), exhibits the highest binding affinity compared to the other cyclodextrins. "]
The cavity of B-CD is, on the other hand, particularly suitable for larger guests such as ferrocene!*®!
(Fc; Ka = 1.7x10* M) or adamantanel*” (K, = 3.5x10* M1).

Nowadays CDs are synthesized enzymatically by the action of cyclodextrin glycosyl transferases
(CGTases) on starch,*¥! making CDs fully biocompatible, which defines the broad scope of

applications in industry!*! as well as in biomedical research.’% Further, the interest of synthetic

7
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chemists is directed to the increased yield of single homologues!! as well as to the fabrication of

larger homologues such as §-CD.[%%

2.1.5.2 Crown ethers

The first synthetically obtained macrocycles—cyclic oligoethers, which for their specific
conformation in complexes were named ‘“crown ethers” by their creator—were reported by
Pedersen in 1967.1*7-3% In their simplest form, they are composed of repeating ethyleneoxy units
(Figure 2, B) which oligomerize in a fashion that the oxygen atoms are located on the inner surface
of the cavity and the outer surface is constituted by ethylene fragments making crown ethers less
polar on the outside, which endows them with solubility in organic solvents. The oxygen atoms in
the interior of the molecule implies electron donating properties of the macrocycle in
complexes.>?! Hence, crown ethers are well-known to bind metal ions (which makes them
outstanding phase transfer catalysts'>*), especially alkali-metals, and other cations (e.g., primary
amines>!). Noteworthy is the selectivity of each of the crown ether oligomers for the alkali ions:
due to the suitable radii stable complexes are formed between (n+2)-mer and the alkali ion of the
n-th period: [12]crown-4 with Li* (ionic diameter of 1.4 A), [15]crown-5 with Na" (1.9 A) and
[18]crown-6 with K* (2.7 A), etc.’®! Employing crown ethers of larger sizes ([24]crown-8), which
can be threaded by dialkylammonium cations in an effective fashion due to hydrogen bond
formation and electrostatic interactions, Stoddart and coworkers developed a new class of
mechanically interlocked complexes: (pseudo-) rotaxanes.l*”) These ideas were developed further
to obtain molecular machines prototypes, i.e., complexes in which external stimuli are able to
induce molecular motion in a highly precise manner.>®! Nowadays crown ethers as macrocycles

are utilized in various other fields including material chemistry.[>"!

2.1.5.3 Calix[n]arenes

Further development of host-guest chemistry was achieved with isolation of calix[n]arenes (CnAs)
first conducted by Zinke!*”! during his investigations of phenol-formaldehyde reactions and was
expanded in the works of Gutsche, who also coined the term for the new class of supramolecular
hosts.[®!] Cone-shaped CnAs are constructed by para-substituted phenol units bridged by
methylene groups in ortho-positions to hydroxyl groups, typically as tetra-, hexa-, and octamers
(Figure 2, C). Due to their structure, CnAs possess an electron-rich cavity which can encompass,
for instance, positively charged species (via electrostatic interactions) or aromatics (via m—mn
stacking). The disadvantage that these macrocycles have in their original form (zert-butyl
substituted phenols) is a poor water solubility which can be overcome by chemical modifications.

This renders CnAs highly versatile host species!®! with outstanding molecular recognition
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possibilities.[®*] Furthermore, notable is the ability of CnAs to bind fullerenes,!®¥ thus, opening an

important way of their purification.[®*!

2.1.5.4 Cucurbit[n]urils

The next rich contribution to the macrocyclic family happened upon discovery of cucurbit[n]urils
(CBns). First reported in 1905,/ these macrocycles were not characterized until 1981 when
Mock!®”! described the structure of hexamer CB6 and gave the new species its name due to its
similarity to a pumpkin (Figure 2, D). Indeed, CBns resemble a highly symmetrical torus
comprised of glycouril repeating units connected by two methylene groups with each of the
neighboring units. Hydrophilic ureidocarbonyl rim groups surround each of the two equal portals
into a hydrophobic cavity. Therefore, CBn can encapsulate neutral species within the cavity via
hydrophobic interactions as well as polar and positively charged species via ion—dipole
interactions and hydrogen bonds with the rim groups, which defines generally higher binding

5.[168691 A rapid development of the synthetic and

affinities with guests than in case of cyclodextrin
host-guest chemistry of CBns in the decades after their discovery led to the fabrication of various
homologues!””! (from CB5 to CB10 and beyond) as well as various methods of their
modification.”!l As in the case of other macrocyclic species, the host properties of the CBns are
drastically dependent on the size of the homologue: the cavity diameter increases from 4.4 A for

CB5 to 8.8 A for CB8.1®® Therefore, whereas the cavity of CB5 is small enough to form complexes

[72] [7

with gases,!”?! metal ions,!”) or aliphatic amines (including spermine)’*, CB6 (due to its larger
size) is capable of binding to a vast variety of different guest molecules including alkylammonium
salts, charged N-heterocyclic compounds, alcohols, amino acids, nitriles, etc.!®7>! Noteworthy is
the next homologue, CB7, that due to a higher water solubility (somewhat analogous to -CD) was
shown to form exceptionally stable complexes with K, reaching ~10'” M! for a complex with
diamantane diammonium guests,/’®! thanks to the diamantane body perfectly fitting the
hydrophobic cavity of the host and two ammonium moieties forming 14 ion—dipole bonds with
the rim groups. The size of the cavity of CBS, in its turn, allows two guest molecules being
encompassed simultaneously, thus, forming a supramolecular termolecular complex.””) Among
all the advantages that are offered by the efficient binding affinities of the CBn family in chemical
and biomedical applications,”>’8 it is worth noting the utilization of the ternary CB8 complexes
as supramolecular crosslinks in the fabrication of thermally responsive hydrogels!”! and photo-

switchable adhesives.!®"]
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2.2 Pillar[n]arenes

One of the most recent breakthroughs in the field of host-guest chemistry happened in 2008 when
Ogoshi for the first time reported a synthesis of a new pillar-shaped macrocycle—pillar[5]arene
(P5A)—by the reaction of 1,4-dimethoxybenzene (DMB) with paraformaldehyde (Scheme 1) in
the presence of a Lewis acid in 1,2-dichloroethane (1,2-DCE)."!

[ /
/ [ 0 0
(0] 0 \ \
(HCHO),,, BF3-OEt, '
1,2-dichloroethane o
0 RT, 3h / /0
/ (o] o

Scheme 1. Original DMP5A synthesis by Ogoshi.l’/

DMPS5A as a cyclic pentamer has a highly symmetrical structure resembling a pentagonal cylinder
with its 5 sides formed by DMB units connected via methylene bridges located in 2- and 5-
positions (Figure 2, E; Figure 3, A, B). The inner cavity of the macrocycle is formed by aromatic
faces being, therefore, m-electron-rich, and capable to accommodate electron-accepting moieties
as guests.®!) Both rims of the DMPSA are composed of 10 (5 per rim) easily modifiable methoxy
groups, which determines an outstanding versatility of the host. As pointed out by Ogoshi et al.,!'"’
each of the described features resembles previously discussed macrocycles: structural symmetry

is characteristic for CBns; electron-rich cavity is a feature of CnAs; and CDs possess a high

number of rim-groups.

A)

Figure 3. Side and top view of structures of the first two PnA homologues: A), B) P5A; C), D) P6A. Grey, white, and
red spheres represent carbon, hydrogen and oxygen atoms, respectively. (The models are based on the data

published by Zuilhof et al.l5%)
10
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A year after the pentamer, a hexamer, hexagonal pillar[6]arene (P6A, Figure 3, C, D), was
synthesized and isolated.®] Due to its larger (compared to P5A) cavity size, this homologue
significantly expanded the horizons of host-guest chemistry of the new macrocycle family. In the
following years, homologues with higher number of repeating units (up to 15) were reported, 348

however, obtaining them in high yields still remains a challenge.

2.2.1 Synthesis of pillar[n]arenes

As already mentioned, PnAs are obtained, in a general procedure, by reacting equimolar quantities
of hydroquinone diether and paraformaldehyde in the presence of a catalyst—a Lewis acid
(Scheme 2). Originally, dimethyl-/dialkylethers were used as a repeating unit, however, the scope
of the monomers was later significantly expanded onto numerous other ether substrates that do not
interfere with Friedel-Crafts alkylation conditions. The cyclooligomerization reaction proceeds as
shown in Scheme 3.1 In the first step, hydroquinone diether 1 reacts with paraformaldehyde 2a
activated by Lewis acid yielding benzyl alcohol 3. Then, by the elimination of water a benzylic
cation 4a is formed, which reacts with another benzylic alcohol 3 giving a dimer 5. In the
following, the steps of benzyl cation formation/benzyl alcohol addition are repeated until finally
the macrocycle 6 is formed.

R R
/ 7

0 0

(HCHO),,, Lewis acid . Q n=5-15
1,2-DCE/CHCI3/DCM
o]

/

R

Scheme 2. General synthetic scheme of PnAs.

.
RO He Os A H %A | RO RO RO
H -~ H OH +
2a 2b - +H* CH, CH,
OR -LA OR -H0 OR JOR
1 LA = Lewis acid 3 4a 4b

Scheme 3. Friedel-Crafts mechanism of P5A formation (based on Ref. [5%)
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In order to achieve a selective synthesis of each of the cyclic homologues, and to suppress
formation of polymeric by-products, the reaction conditions were meticulously studied and
optimized (Table 2).

Formation of the pentamer is conducted under thermodynamic control.[®”] Firstly, the solvent has
a great impact on the yield of the reaction. As shown by Szumna,'®®! a pronounced template effect
is observed if 1,2-DCE is used as a solvent for the reaction. Whereas the yields achieved in
dichloromethane (DCM) and chloroform only reach 26 % and 15 %, respectively, DCE as a
solvent provided 81 % yield of per-methylated P5A due to the geometry of the solvent molecules,
which are a perfect fit for the cavity of the P5A and, therefore, act as a template for the macrocycle
to form “around” them. Furthermore, the choice of the catalyst was also proven to be crucial for
the selectivity of the reaction: under optimized conditions, trifluoromethanesulfonic acid (PSA
yield: 66 %*%) and BF3-OEt: (71 %% were demonstrated to be among the most effective,
however, still being inferior to trifluoroacetic acid (TFA), as proposed in the work of Szumna.[*®]
Interestingly, conducting the reaction in DCE with TFA as a catalyst not only provides PSA with
a very high yield, but is also little moisture-sensitive with the yield dropping to 77 % in the
presence of 0.05 M water. Although even higher yield (88 %) was reported for a system proposed
by Cao and Meier®! based on DCM with FeCl; as Lewis acid, the pathway is not as selective as

previously discussed systems.

Table 2. Reported reaction conditions for the synthesis of PnA homologues.

Macrocycle Solvent Catalyst Temperature Time Yield Ref.
DCM TFA, 5 vol.% n/r 2h 26 % [88]
CHCI; TFA, 5 vol.% n/r 2h 15 % [88]
1,2-DCE  TFA, 5vol.% Reflux 2h 81 % [88]
P5A DCM TfOH, 5mol.%  RT 6h 66 % [89]
DCM TsOH Reflux 50h 65 % [89]
1,2-DCE BF3-OEt; 30 °C 30min 71 % 901
DCM FeCls RT 2-3h 88 % o1
CHCI3 FeCls RT 2-3h 3045 % (1]
DCM [ChCI][FeCl3]l. RT 4h 53 % 921
PoA MeCN H>SO4, 30 mol.% RT Smin  71% [86]
neat H>SO4, 10 mol.% RT 10min 84 % [93]

12
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Selective synthesis of P6A is, however, more challenging. Because of a larger cavity size, the
template method in the case of P6A requires use of special agents.[** So, using chlorocyclohexane
as a solvent the group of Ogoshi®! obtained P6A under thermodynamic control at a high yield
(87 %). Noteworthy, by switching the solvent templates the interconversion between P5A and P6A
was shown, confirming the proposed reaction control (and proving the dynamicity of the covalent
chemistry underlying pillar[n]arenes®®). More commonly, the synthesis is conducted under
kinetic control, with subsequent isolation of the product from the mixture of homologues (P5A is
always formed as a by-product in comparable quantities) and linear oligomers.®¥ FeCl; was
demonstrated®!! to be the most effective catalyst for the fabrication of P6A in reasonable yields,
especially if the reaction is conducted in CHCls: for various O-alkyl-substituted hydroquinones
the yield of the hexamer ranged between 30 % and 45 % (with 22-31 % P5A formed). This ratio
could be further improved by using a deep eutectic solvent choline chloride—2-FeClz as a
catalyst.”>®! Finally, the use of polar solvents (e.g., acetonitrile) as well as solid-state reaction

were proven efficient for selective synthesis of P6A.[36]

2.2.2 Functionalization

One of the intrinsic features of PnAs that determined the extraordinary rapid development of their
chemistry and possible applications is facility of their functionalization. Indeed, the alkyl rim
groups can be easily removed and replaced with other functional groups or moieties allowing
further modifications via Williamson etherification, which results in a vast range of possibilities
to tailor their properties such as solubility or molecular recognition.”’°! In order to achieve a
precise control over the properties of PnAs, various protocols were devised that offer mono-, di-,
multi- (e.g., rim-differentiated), and per-substitution of the rim alkyl groups (Figure 4). Although
solutions were reported for the substitution of phenyl protons of the hydroquinone units'%! as well

101

as at methylene bridges!'’!, these modification ways will not be covered in the present work.

2.2.2.1 Mono-functionalized pillar[n]arenes

Monosubstitution of PnAs, by which only one of the 10 alkyl groups is replaced with a functional
moiety is a promising way of their chemical modification without significant alteration of the host-
guest affinity.””l In 2011, two different approaches were suggested for obtaining mono-
functionalized PnAs.

The first approach, co-cyclooligomerization, developed independently by the groups of Huang!!%]
and Stoddart,'3] implies that the functional group is introduced in the hydroquinone to form a non-
symmetric diether before macrocyclization reaction, which is then reacted with an excess (4—

16 eq.l'%l) of DMB and paraformaldehyde (Scheme 4, route A). This way, groups can be

13
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Mono-functionalized A1/A2 A1/B1

Per-functionalized | A1/B2 A1/C2

Rim-differentiated A1/B1/D1 A1/B2/D1

¥ 1 1

Figure 4. P5A functionalization patterns discussed in the chapter.

incorporated as “side chains” such as bromide or alkyne that can serve as reactive platforms to
obtain more complex architectures.[' For instance, introduction of a UPy group led to a

formation of a supramolecular polymer based on orthogonal interactions (charge-transfer host-

A) Co-cyclooligomerization P5A as a
O by-product

Unreacted PSA
can be recycled

Scheme 4. Synthetic pathways towards monofunctionalized P5A: A) co-cyclooligomerization’ and B)

deprotection of non-functionalized P5A.'%] The shaded sphere represents a functional group.

14
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1051' A P5A-based chain transfer agent for controlled

guest interaction and hydrogen bonding).!
radical polymerization was synthesized by bromide with amine and further reaction with a
thiocarbonothioylthio-moiety.['%! Despite relative simplicity, co-cyclooligomerization has a
drawback, namely, statistical distribution of products, which indicates that a tedious separation of
the product mixture is a defining step. This, in its turn, limits this approach to P5A, since it is the
only homologue that can be obtained selectively.

The second approach, mono-de-O-methylation, devised by the group of Ogoshil'” suggests that
per-alkyl-PnA without “unique” functional groups is formed in the first step followed by removal
of one alkyl group using deficient amount (0.9 eq.) of BBr3 to form a hydroxyl group, which can
be etherified in presence of a suitable base (e.g., K2COj3 or NaH) to introduce a functionality onto
the macrocycle (Scheme 4, route B). Clearly, the demethylation proceeds in a statistical manner
and the desired product must be isolated from the mixture containing unreacted PnA and multi-
OH-products. Interestingly, the reaction was later found to proceed under kinetic control and
optimized conditions were found affording mono-OH-P5A in a 60 % yield after 1.5 h by using an
excess (4 eq.) of BBr; at cooling (-8 to —5 °C).[1%! Since the substrate for this reaction is a pure
PnA, the approach is not limited to one homologue.['%! Moreover, the unreacted substrate can be
isolated and re-used for the de-methylation reaction once again, which further increases the
conversion, and which is impossible in case of co-cyclooligomerization. Using this approach,
Wang’s group!!!” obtained an acrylate-functionalized P6A, which was co-polymerized with
methyl acrylate. By mixing this host-polymer with a ferrocene-containing guest polymer a redox-

responsive supramolecular hydrogel was developed.

2.2.2.2 Di- and multisubstitution

Whereas synthesis and isolation of monofunctionalized PnAs can be considered an established
procedure, obtaining macrocycles with a higher number of substituents is a challenging task, since
because of the high number of possible regioisomers (5 and 10 in case of di- and tri-substituted
P5A, respectively!!!!112l) complications with product mixture purification arise. Usually, to
differentiate between the regioisomers a special nomenclature is used, in which each of the
substituents receives a code consisting of a letter A to E (for P5A) referring to a hydroquinone unit
and a number 1 to 2 referring to a rim, at which the substituent is located.

A1/A2 isomer (i.e., having two substituents at the same aromatic unit of the macrocycle) is by far
the easiest one to fabricate, for which two strategies were developed (Scheme 5). Firstly, the above
mentioned co-cyclooligomerization method yields the A1/A2 isomer of P5A if a di-substituted

113

hydroquinone ether is used.!''¥ This approach proved feasible for fabrication of P5A-based

H4I5) In the second approach devised by

15

supramolecular polymeric structures and networks.!
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A) Co-cyclooligomerization P5A as a
by-product

o; RO
Q . Q (HCHO),, Lewisacid /o
0 OR

B) Oxidation to quinone

Unreacted P5A
can be recycled

Scheme 5. Pathways towards A1/A2-di-functionalized P5A. A) Co-cyclooligomerization,!'"/ B) Oxidation—reduction

route.'"”l R = alkyl chain.

Ogoshi,"''?l hydroquinone unites are oxidized to quinone providing two OH-groups at A1/A2
positions of the macrocycle.!''®) Noteworthy, unlike co-oligomerization, this strategy is applicable
to both P5A and P6A and offers recycling of unreacted PnA.

Despite the complex endeavor, researchers achieved progress in isolating other isomers of di- and
trifunctionalized macrocycles. This far, an A1/B2-substituted P5SA was selectively obtained by
Ogoshil'" using AlBr; in a simultaneous cyclization-and-deprotection approach. After a thorough
investigation of the kinetics of per-methoxy-P5A deprotection with BBr3 the Stoddart’s group!!!”!
devised a strategy involving deprotection and activation (by modification with triflate groups)
steps to isolate several regioisomers from the mixture. The group was able to obtain crystals of
Al/Bl1, A1/B2 and A1/C2 di-modified species as well as A1/B1/D1 and A1/B2/D1 tri-modified
isomers (Figure 4).

A special type of multifunctionalized PnA, which is possible to fabricate due to symmetry of the
unmodified macrocycle, is rim-differentiated PnA (Scheme 6).%! Statistically, if a non-symmetric
hydroquinone diethers are used for the homo-oligocyclization, only 1/16™ part of the P5A
macrocycles are in Cs-symmetric conformation (i.e., when each rim contains only substituents of

18] Despite this fact, a pre-oriented strategy was devised by Sue, Zuilhof and

one sort).!
coworkers!!1%12% that increases fraction of rim-differentiated P5A up to 56 % with an isolated yield
as high as 19 %. When this approach was combined to obtain P5As with substituents exhibiting

different susceptibilities towards hydrogenation (like benzyloxy and methoxy groups), a platform
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,Bn
o OH
FeC|3
é
1,2-DCE
o RT, 4h
Me/ 20%

Scheme 6. Fabrication of rim-differentiated P5A by the pre-oriented approach according to Sue, Zuilhof and co-
workers.?1 Blue spheres represent functional groups.
was created for fabricating P5SAs with numerous combinations of functional groups on opposite

rims of the macrocycle.

2.2.2.3 Per-functionalized and water-soluble pillar[n]arenes

Finally, one of the most important types of functionalization is the one, by which all the rim groups
are substituted with the same functional group (Figure 4). The fact that only one per-functionalized
isomer can be obtained renders obtaining such species relatively simple. Similarly to the
previously described protocols, two major strategies are applicable for the production of per-
functionalized PnAs (Scheme 7): cyclooligomerization of modified hydroquinones, and full
dealkylation of alkyl-PnAs followed by etherification.[”]

Following the first approach, a hydroquinone diether is synthesized bearing two modifiable
moieties, such as bromide!'?!??! (modification by nucleophilic substitution) or alkyne!!?3:124l
(Huisgen-type [2+3]-cycloaddition). Importantly, unlike in case of lower degrees of

functionalization, this approach is not restricted to P5SA: formation of dodeca-bromoalkyl-P6A was

reported in CHCI; with FeCls as Lewis acid.!'?’! Despite the clear versatility of this method due to

A) Cyclooligomerization

9

o]

Q (HCHO),, Lewis acid

Scheme 7. Synthetic pathways towards per-functionalized PnAs. A) Cyclooligomerization of functionalized
hydroquinone ethers; B) Full demethylation of non-functionalized PnA followed by etherification. Blue spheres

represent functional groups.
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a broad possibilities of further chemical modification, one drawback of it is that it is still limited
to the substituents that do not undergo any reactions under Friedel-Crafts alkylation conditions.
The way for the second approach was paved in the seminal work by Ogoshi,['! in which his group
implemented a complete demethylation of per-methoxy-P5A using an excess (20 eq.) of BBr3.
Per-OH-PnA obtained this way serves as an important intermediate for introduction of functional
groups, such as carboxylic groups or oligoethyleneglycols.!!?127] Noteworthy, functionalized
homologues composed of up to 10 hydroquinone unites were reported to be obtained by this
approach.!?8!

Investigation of molecular recognition in host—guest complexes in water is essential since
biochemical processes take place in aqueous medium, hence, making the estimation of
transferability of experimental results onto biological systems more precise. Although
pillar[n]arenes are, undoubtedly, highly versatile macrocycles, their poor water-solubility is a

129

major issue for a broad range of biomedical, sensing applications, etc.['>’] Therefore, work of many

research groups was aimed at synthesizing water-soluble PnA (WSPnA) derivatives (Figure 6).
The first ones to reach this milestone were Ogoshi’s group!!?®! who created a deca-carboxylate
P5A (Figure 5, A) by reacting per-OH-P5A with ethyl bromoacetate followed by basic hydrolysis
and ammonium salt formation. Later using an analogous approach anionic P6As were obtained.!*"]
Wang’s group developed water-soluble PSA and P6A by substituting bromide in per-
bromoalkylated macrocycles obtained by cyclooligomerization method by anionic phosphate
groups.[31]

Similar strategies were employed to synthesize fully substituted cationic water-soluble

pillar[n]arenes (Figure 5, B) with various functional groups, such as quaternary ammonium, !

pyridinium3?! and imidazolium!'**) moieties. Furthermore, as a non-ionic water-soluble P5SA

10 NH,* 10 Br

A) Anionic water-soluble P5A B) Cationic water-soluble P5A C) Non-ionic water-soluble P5A

Figure 5. Different types of water-soluble PnAs (examples): A) anionic, B) cationic and C) non-ionic
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derivative, per-(triethylene oxide)-P5SA (Figure 5, C) was developed showing an LCST behavior

that can be tuned by host-guest interactions.[!?”]

2.2.3 Host—guest properties

As already mentioned, it is a unique combination of different supramolecular interactions that
defines the binding affinity between a host and a guest molecule. In the previous chapters it was
shown how rich the chemical toolbox is, which allows the researchers to adapt PnA structures for
almost any kind of purpose. The main purpose of using a macrocycle is encapsulation of guest
molecules, and, therefore, the host properties of PnAs have been extensively investigated and

significantly expanded over the past years due to the facility of their functionalization.[!*-81:9°-134]

2.2.3.1 Features defining affinity towards guest molecules

Generally, there are three features which all PnA homologues and derivatives share that dictate
their molecular recognition properties: 1) hydroquinone-constructed walls, which render the
cavities highly electron-rich; 2) a cavity size defined by the number of the aromatic monomers,
and 3) rim-substituents.

Similarly to other host molecules, the cavity size of PnAs is an intrinsic property of the macrocycle,
which not only serves as the upper limit for a guest molecule dimensions but, generally, shows
which size would maximize the strength of the interactions inside of the cavity, i.e., which
molecule would be a perfect fit. PSA and P6A possess cavities of 4.7-5.5 A (close to cavity sizes
of a-CD and CB6, and alkyl chain thickness) and 6.7-7.5 A (comparable with y-CD and CB7),
respectively,!!3>136] which determines the range of guest moieties capable of being accommodated

in the cavities of the two homologues. Whereas P5A is affine to such moieties like linear

138 139]

alkanes, 37! (charged) amines,!'!*! five-membered cyclic groups!'*® and (charged) pyridine,!

1401 aromatics,"*"1 adamantane!'*? and

P6A can engulf bulkier entities like branched alkanes,!
ferrocene.['%”]

The increased electron density within PnA cavities implies that electron-accepting moieties can be
beneficial for inclusion complexes relying on charge transfer or electrostatic interactions. This
group of guest moieties include, for instance, positively charged amines and heterocycles.[*:143:144]
Further, the aromatic ring enables formation of a special type of hydrogen bonds, namely,
C — H--m,"1 which can also play a role due to a multiplicity of the hydroquinone units. Such
hydrogen bond is considered for a current host—guest pair if the distance between a hydrogen atom
and a m-plane is less than 3.05 A.['% This is the reason for a good affinity to alkyl-substituted guest

molecules.!3”146] Importantly, binding affinity can be additionally increased by introducing
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electron-withdrawing end-groups to the alkyl chain. However, complexes with aldehydes, ketones
and esters were shown to be rather unstable.['4”]

In addition to the above-mentioned features that lie, literally, in the core of PnA—guest interactions,
rim-groups have, clearly, a pronounced effect on the molecular recognition properties by
accommodating the end-groups of guest molecules. As an example of their influence on inclusion
complex formation, it was shown that a rim-differentiated PSA containing 5 methoxy and 5
pentoxy group on its opposite rims forms regioselective complexes with non-symmetrical
guests.['*8 1-bromo-4-cyanobutane was oriented in the cavity in the way of CN-group facing the
methoxy rim and bromine facing the pentoxy one due to preferrable interactions.

The cooperativity between all three features is what determines the manifold of precise inclusion

complexation patterns of PnAs emerged rapidly since their first discovery. In the following,

several examples will be discussed highlighting the influence of these features.

2.2.3.2 Complexes of neutral PnAs with neutral guest molecules

Li and co-workers conducted an extensive research on PnA-based inclusion complexes having
investigated a broad range of various guest molecules interacting with PnAs.[®!! In the course of
their studies it was found that one of the strongest binding affinities to PSA is exhibited by alkane
dinitriles'!! (Table 3). The complexes of per-methoxy- and per-ethoxy-P5SA with succinonitrile
and adiponitrile (AN) in CDCls demonstrated such a high stability that on NMR spectra no free
host is present in the system at host:guest ratios < 1 and no free guest at ratios > 1 (according to
the condition (15), Chapter 2.4.2), which suggests K, > 10°. Such a strong binding affinity was
explained by a cooperative action of multiple C-H---m and C—H:--O bonds, which are more
polarized due to the electron-withdrawing cyano groups, as well as interactions of the CN groups
with alkoxy rim groups via C—H---N bonds. The effect of the third type of interactions was proven
by using mono-nitrile 1-cyanobutane, whose affinity appeared to be at least 3 orders of magnitude

lower (Ko =400 M™1).

Table 3. Binding affinities of PnA complexes with aliphatic and aromatic (di-)nitriles obtained by NMR.

Host Guest Solvent Exchange Kai, M Ref.
Ne~CN CDCl; Slow  >>10* [
Ne~CN 81\/9183")16/ CDCly Slow  >>10* 1]

9, viv

Per-EtO-P5A

NC~~CN CDCl; Slow ~ >>10* (1]
NC~~CN DMSO-d¢/CDCls g0y sxq0r 01

(1:9, v/v)
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Host Guest Solvent Exchange Ka, M Ref.

NC N CDCl; Fast 400 (]

D CN DMSO0-ds/CDCl;3 B B [
N (1:9, v/v)

DMSO-d¢/CDCl3
(1:9, v/v)

Per-MeO-P5A  Ne~~CN Slow 2.4x10% [11]

NCS~CN CDCl3 Fast 9.5 [141]

CN
. c,—@—/ CDCl; Fast 41 [141]

As already mentioned, linear alkane chains fit perfectly into the cavity of PSA, which maximizes

Per-EtO-P6A

the interaction between the host and the guest. A benzene ring, however, is too bulky to fit inside,
therefore, no interaction with P5A was observed for a 1,4-bis(cyanomethyl)benzene. In contrast
to P5A-based complexes, host-guest interactions with P6A demonstrated opposing trend and
generally significantly weaker affinity.!'*!] In CDCls, from the investigated aliphatic dinitriles only
AN demonstrated somewhat quantifiable binding strength (K, = 9.5 M™!). This value was around
4 times smaller than the affinity of 1,4-bis(cyanomethyl)benzene that proved to form the most
stable complexes with P6A (K, =41 M ') of all nitriles under investigation. The reason for such a
dramatic difference of the interactions of alkane dinitriles with P5SA is the larger cavity of P6A,
which does not provide an optimal engulfing of the aliphatic chains leading to a reduction of the
hydrogen bonds number. Aromatic rings, on the contrary, are a better match for the cavity
dimensions; the complex is, therefore, stabilized by 4 different types of hydrogen bonds: C—H:--N,
C-H---0, C-Hgvst- - .thost and C—Hs"- - -zt ag shown by X-ray crystallography.

The same interactions are responsible for effective complexation between P5SA and guest species
containing neutral heterocyclic substituents. Li and co-workers demonstrated (Table 4) that alkane
chains with heterocyclic end-groups (imidazoles and triazoles) are capable of binding to a per-
alkoxy-P5A with association constants reaching K, > 10%[1*3149] The highest K, values were
achieved with 1,4-bis(1,2,3-trazol-1-yl)butane and 1,4-bis(imidazol-1-yl)butane as guest species
(1.6x10* M ! and 2.0x10* M, respectively), which were by 2 order of magnitude higher than in
case of corresponding guests with only one heterocyclic substituent. According to the reported
results, formation of, firstly, C—H:--O bonds between guests’ hydrogen atoms and P5A’s oxygen
atoms on the rim, and, secondly, C—H:--N hydrogen bonds between the nitrogen-containing end-
groups and alkyl rim-groups plays a crucial role in stabilizing the complex. The former type

determined the highest affinity of the bis(imidazole)-substituted guest: three such hydrogen bonds
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are formed compared to one in case of the bis(triazole)-substituted species. C—H---N bonds define
that the presence of an “outer” nitrogen atom endowed the complexes with higher stability through
more efficient interaction with the rim groups: e.g., the binding affinity of 1,4-bis(1,2,3-trazol-2-
yl)butane to PSA was by 3 orders of magnitude lower, K, = 11 M!. This was additionally proved
by studying complexes of 1,4-bis(1,2,4-triazol-1-yl)butane with PSA containing butoxy, ethoxy
and methoxy rim-groups. Per-methoxy-P5A demonstrated up to 6.1 times lower binding affinity
than the other macrocycles, thus, establishing the influence of the rim groups on the inclusion

complex stability.

Table 4. Binding affinities of P5As complexes with aliphatic guests bearing neutral heterocyclic groups obtained by
NMR.

Host Guest Solvent Exchange Ka, M1 Ref.
NN ~"CN CDCls Slow  2.0x10° [149)
— N,
NI;\N\/\/‘”\;,“ CDCl3 Slow 1.6x10* [138]
=N N
(N,N\/\/\"Nj CDCl3 Fast 11 [138]
Per-EtO-P5A N N
L\N—\NJ\/\NE? CDCl; Slow 6.6x10° [138]
) ad CDCl1 F [149]
Ny N 3 ast 240
N:\ 138
L\N,NJ\/ CDCl; Fast 100 [138]
N@N\/\/\”@” CDCl3 Slow 4.7%10° [149]
Per-MeO-P5A N N
L\N_,\N\/\/‘“\':? CDCl3 Slow 1.2x10° [138]

The rim-groups effect can be highlighted further by alkane diamines complexation (Table 5).
Stoddart’s group!'¥) studied inclusion complex formation between per-methoxy-P5A and 1,8-
diaminooctane. However, because the binding predominantly relied on the C—H:- -7 interactions,
the complex stability in CDClswas reported to be relatively weak: Ko,=70 M!. Li and co-

workers!!?3

' modified the macrocycle by decorating it with ten 1,2,3-triazole groups around its
portals. As a result, a drastic increase of the binding affinity occurred by 2 orders of magnitude
(Ka=2.6x10° M for the same guest and 9.0x10°M!' for 1,4-diaminobutane), which is
considered to be due to formation of stabilizing C—H---N and N-H---N hydrogen bonds between

the guests’ end groups and the triazole moieties.
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Table 5. Comparison of binding affinities of 1,8-diaminooctane with P5A bearing various rim substituents.

Guest P5A substituents Solvent Method  Ka, M! Ref.
1,8-diamino- | 1(0x H’os“"e CDCls NMR 70 [13]
octane

HoN N=N

10 af°\)ww () coci; NMR  2.6x103 [123]
X
o.

8% Y Me

0 ﬁchh/ﬂ\;EOH ITC  2.89x10° 116

1, viv

2 x H/o\)LOH
10% ﬁ(o\)j\o— na  Naphosphate buffer ITC 3.0x107 [150]

2.2.3.3 Complexes of neutral PnAs with charged guest molecules

The high electron density inside of the cavity of PnAs allows formation of electrostatic cation—n
bonds. Since this type of supramolecular interactions is characterized by a higher energy than
hydrogen bond or hydrophobic interactions (Chapters 2.1.3 and 2.1.4), it is expected that inclusion
complexes with positively charged species would exhibit better stability, i.e., higher association
constants.

One of the prominent examples of the cationic organic molecules viologens (Table 6), or
quaternary bipyridinium salts, which due to their dicationic nature can form strong electrostatic
bonds. First reported in the seminal work by Ogoshi,”! the inclusion complex formation between

193] It was shown that

viologens and per-hydroxy-P5A was further developed by the group of Li.
charge transfer occurred upon complexation with a characteristic absorption UV/Vis band at
450 nm. The inclusion complex in methanol was proven to be highly stable with K. exceeding
10* ML, Even stronger binding was demonstrated by Huang and co-workers!!>! for paraquat (or
methyl viologen) with per-(ethylene oxide)-substituted PSA in acetonitrile: K, =3.35x10* M !
(Table 6), the key for the stability being a combined strength of multiple hydrogen bonds (in a
similar fashion as discussed above) and a n—m stacking interaction inside of the P5A cavity.
Noteworthy, the binding strength of the host and guest moieties was controlled by redox stimulus:
reduction of paraquat dication by Zn powder led to the decrease in binding affinity to the point of

complete decomplexation (as proved by NMR spectroscopy), afterwards, the system was brought

to the bound state upon exposure to the air oxygen.
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Table 6. Binding affinities of selected PnA—charged guest complexes.

Host Guest Solvent Method Ka, M1  Ref.

Per-OH-P5A Cs“n—'@—@—cs“w MeOH Fluorescence  1.2x10* 1
=N MeCN ITC 3.35x10* (151

Per-(ethylene =/ N\ ©
oxide)-PSA NN MeCN . L [151]
Mono-
carbazole- Ferrocenium (Fc" CI_{C13/M6CN Fluorescence 2.0x10* [109]
undecabutoxy- (5:1, v/v)
P6A
Per-butoxy-P6A  Ferrocene (Fc) (CS],)ICIS//S)DﬁN NMR 18 [109]

191 for the complex of

Analogous stimuli responsiveness was reported by Wang’s group!
ferrocenium cation with per-butoxy-P6A. Whereas the oxidated form (Fc") exhibited pronounced
affinity towards P6A (K, =2x10* M™! for the complex with mono-carbazole-substituted P6A,
Table 6), the affinity of its reduced form (Fc) was over 1000 times lower (18 M!). Such redox-
responsiveness of the complex Fc'@P6A was further employed by the same group for the
formation of a supramolecular gel capable of switching between sol and gel states on demand.!'!"]
This behavior is, in fact, reciprocal to the system Fc—B-CD, which exists in a bound state in a

solution with the reduced form of Fc.[!3%]

2.2.3.4 Complexes of charged and water-soluble PnAs with ionogenic and charged guest
molecules

Decorating the macrocycle with ionogenic/ionic rim-groups inevitably leads to a further increase
in the binding affinity, especially in the case of oppositely charged host and guest molecules.
Previously it was mentioned that a PSA macrocycle containing 10 1,2,3-triazole groups on its rims
was reported to form stable complexes with alkane diamines (Ka < 9x10° M).['%3] Introducing
just two carboxylic moieties into the A1/A2 positions of the macrocycle enabled ionic
interaction/proton transfer formation between the rim groups and the amino end-groups of the
alkane diamines. As a result, all homologues from pentane diamine to decane diamine were
reported to exhibit association strength in the range K,=(2-3.5)x10°M!

chloroform—methanol!''®! (Table 5).

in the system

Further improvement of the complex stability can be achieved if more ionic groups are introduced
onto the rims, therefore, implying that in the systems with per-functionalized WSPnAs and

ionogenic guest moieties the equilibrium might be shifted towards the complex formation even
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further. The group of Mal'>% investigated the interactions between Na salts of 5, 6 and 7-membered

THEORETICAL BACKGROUND

per-carboxylic-PnAs (Table 7) with various dyes, alkyl-, and arylamines in aqueous medium
(sodium phosphate buffer). The influence of three binding modes on the stability of the complexes
was evaluated in their study—electrostatic forces, hydrophobic interactions, and n—mn stacking—
which was found to decrease in this row. The factor that affects the stability the most was the
matching encapsulated guest length to the distance between the carboxylic groups on the opposite
portals (9.8 A). It was demonstrated that linear octane diamine with a chain length of 11.2 A, that
was the closest match of all investigated homologues for the cavity length, also exhibited the
highest binding affinity (3.0x10” and 4.8x10” M ™! for WSP5A and WSP6A, respectively), which
was a further stability improvement by 2 orders of magnitude compared to the complexes with the
same guests discussed above (Table 5). Spermine as an example of naturally occurring (poly) alkyl
amines was also investigated in the course of the study regarding its affinity. K, value was
increasing with the increasing cavity size from 2.7x10° (WSP5A) to 1.9x10” M~ (WSP7A), which
can be explained by the size matching effect: with 12-atomic chain between the two NH> end-
groups spermine is longer than the optimum (8 atoms), therefore, a perfect size match can be
achieved, for instance, by taking coiled conformation. Since the cavity of WSP7A is the most
spacious, it offers the most volume for coiling and, hence, maximization of interactions between
host and guest. These values are, however, still lower than the K. reported for the ammonium salt
of WSP6A: 2.58x10" M 1.!33] Finally, to ultimately highlight the dominating character of
electrostatic interaction contribution to the complex stability, the authors used ethylene bis(/V-
methylpyridinium) moiety as a guest species. Due to two positively charged pyridinium faces
(analogous to paraquat cation) and the ethylene linker between them to match the cavity size this
dication was demonstrated to form an outstandingly stable inclusion complex with WSP7A:

Ka=3.8x10'" M, which is the highest-reported association constant value for a PnA complex.

Table 7. Binding affinities of water-soluble PnAs with various ionogenic guest molecules.

Host, counter-ion Guest Solvent Method Ka, M!  Ref.
e~ NH: Na phosphate  Dye 5 [150]
HaN buffer displacement 6.3x10
NH, Na phosphate  Dye 6 [150]
HN buffer displacement 1.8x10
WSP5A, Na* Na chosoh D
NH, a phosphate ye 7 [150]
HN buffer displacement L.1x10
HZN/\/\Hj Na phosphate  Dye 2 7%106 [150]
HN A~N buffer displacement :
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Host, counter-ion Guest Solvent Method Ka, M!  Ref.
NH, Na phosphate  Dye 7 [150]
g buffer displacement 1.5x10
WSP6A, Na* H
HN "N Na phosphate ~ Dye 6 150
H,N N . 3.8x10 [150]
AN buffer displacement
NH, Na phosphate  Dye 6 [150]
HN T buffer displacement 4710
/\/\H
WSP7A, Na* Ha :i) Na phosphate -, 1.9x107 (150
NN buffer
— /+_\ — Na phosphate quicator 38x10!1  [150]
\ 7 buffer displacement '
H
. HZN/\/\Nj Phosphate 7 [153]
WSP6A, NH4 HzN\/\/H buffer ITC 2.58>< 10
Arginine D20 NMR 5.9x10° [154]
WSP5SA, NH4* Lysine D,O NMR 1.8x103  [154
Histidine DO NMR 1.5x10° [134]

Furthermore, due to the efficient complexation of anionic WSP5A with organic amines, it can
serve as a molecular receptor for basic amino acids lysine, arginine, and histidine. As demonstrated
by Li, Jia and co-workers!!>¥ (Table 7), due to the charge delocalization at the guanidine fragment,
arginine exhibits the highest binding affinity (K. =5.9x10°> M), which by more than 3 times
exceed that of lysine and histidine (K. = 1.8x10° and 1.5%10° M !, respectively). None of the other
naturally occurring amino acids (neutral and acidic) showed affinity to the host implying the
electrostatic interactions between amino and carboxylate to be the driving force for the
complexation.

Lastly, inclusion complex formation with acids can be enabled by functionalization of the
macrocycle with cationic moieties. As an example, the combination of electrostatic and
hydrophobic interactions provided a highly stable (K= 1.33x10* M!) host—guest complex
between cationic P5SA decorated with 10 quaternary ammonium groups and sodium 1-

octanesulfonate in water.[!?!]
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2.3 Smart gels

2.3.1 Polymers and polymerization

Macromolecular chemistry was born in the works of Hermann Staudinger, who could demonstrate
the existence of polymers—molecules of a very high molecular weight consisting of a high number
of repeating units.!'>!

Monomers can be reacted with each other to obtain macromolecules in the process of
polymerization (Figure 6), which can be conducted as a chain reaction or in a stepwise manner.[!*¢]
Unlike small molecule synthesis, polymerization is an inherently statistical process, therefore, one
of the crucial challenges is to find ways to control this process in order to obtain products with
tailored structure and, hence, properties. Major breakthroughs in this field were achieved in the
last decades with the introduction of controlled polymerization protocols such as atom-transfer

157]

radical polymerization (ATRP)! or reversible addition—fragmentation chain-transfer

polymerization (RAFT).[138:159]

Since their discovery, polymer chemistry has not only been firmly established as a scientific
branch.['%% Over time, polymers of various origins, both natural and synthetic, became one of the
most important industrial products due to their unique properties as materials, such as light-weight,

fatigue resistance, inertness, elasticity, insulation, ete.[161

2.3.2 Chemical and physical crosslinking

Crosslinking is one of the common ways to chemically alter the properties of the polymeric
materials, in which polymer chains are bound together forming a three-dimensional network.
Hence, if placed into a solvent, a crosslinked polymer can only swell without dissolving. Such
system consisting of a spatial network and a liquid phase confined inside it, is called gel.!®
Usually, one discriminates between hydrogels, if an aqueous solution is used as a liquid phase, and

organogels, if an organic solvent is used.

________
’’’’’

S_—_——" S

Figure 6. Schematic image of a polymerization reaction. The monomer units (white circles) are combined into long-

chain molecules upon activation of the initiator (red circles).

27



PADERBORN
THEORETICAL BACKGROUND lLl UNIVERSITY

A) Chemical crosslinking B) Supramolecular crosslinking

Figure 7. Two different types of crosslinking: A) Chemical (irreversible) crosslinking,; B) Supramolecular

(reversible) crosslinking. The latter type is reversible under action of a stimulus.

It is curious that crosslinking approach had been known and applied for polymer modification
before the Staudinger’s works on macromolecules: in 1830—40s rubber vulcanization by reacting
with sulfur was discovered by Charles Goodyear, which paved the way for the production of elastic
and durable tires.['®?! This was one of the first examples of chemical crosslinking, i.e., when the
polymer chains are connected by covalent bonds (Figure 7, A). This way, mechanical properties
of the networks can be tailored by adjusting the concentration and the nature of a crosslinking
agent. As was discussed earlier in Chapter 2.1.1, these bonds are highly stable in a wide range of
conditions, which leads to covalently crosslinked polymeric networks exhibiting improved
mechanical properties at the expense of irreversibility.[163:164]

Polymer chains can as well be bound by non-covalent, supramolecular bonds, thus introducing
reversible physical crosslinks into the networks (Figure 7, B), which renders materials susceptible
to the surrounding environment.''®*! The behavior of a system, at which the system changes its
properties under the influence of an external stimulus, is known as stimuli-responsiveness.?1¢]
The reversible networks with supramolecular crosslinks are often called “smart” gels due to their
inherently stimuli-responsive nature and ability to undergo macroscopic changes in their properties
upon controlled application of external triggers such as pH, temperature, light,
oxidation/reduction, or chemical composition of the medium.-1¢”]

Over the years, numerous architectures were implemented for the construction of smart gels, which
involve different types of supramolecular bonds as crosslinks, and the choice of an interaction type

is heavily influenced by the desired gel properties as well as the application area with an arsenal
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168]

of possible triggers. Selected examples of responsive materials containing various

supramolecular crosslink types and employed in various fields are presented in Table 8.

Table 8. Selected stimuli-responsive supramolecular gels with various crosslink types.

Supramolecular

crosslink type Stimulus Property change Application Ref.

Redox Sol-gel transition ~ — (21]

Metal-ligand

complexes Temperature, .. Self-healing [169]
shear stress Sol-gel transition "\ ials
Increased Ultra-tough, self- [170]
Temperature chain mobility healable materials
Hydrogen bonds Temperature
) : [171]
humidity Surface energy Adhesives
Redox Sol—gel transition Self-healing (172]
materials
Host—guest .. . [173]
interactions uv Sol—gel transition ~ Drug delivery
Redox,' : Sol-gel transition ~ — [174]
competitive guest
. Temperature Sol-gel transition Drug delivery, L 07l
Hydrophobic tissue engineering
interactions i
Temperature Sol—gel transition Iny e.:ctables, drug [176]
delivery
*Suggested by authors

2.3.3 Dually crosslinked gels

One remarkable point about the supramolecular gels summarized in Table 8 and simultaneously
one of the main limitations is that the property change observed in response to an external stimulus
is almost exclusively a sol—gel transition, which implies that such responsive system loses all of
its mechanical properties by turning into sol, therefore, becoming virtually useless as a material.
On the other hand, from the practical point of view, it is beneficial to possibly combine different
properties in a single “multitalented” material, such as: high toughness and self-healing ability,
flexibility and chemosensitivity, high elastic modulus and degradability, multi-shape memory. To
challenge this, materials with a higher level of complexity are required. One of the ways!!’"! to
devise such versatile materials is via introducing a second crosslink into the system, thus, obtaining

dually crosslinked single gels.*) Based on the nature of crosslinks, three different categories of
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A) CC DCSG B) CN DCSG C) NN DCSG

Figure 8. Types of dually crosslinked architectures: A) Covalent-covalent gel; B) covalent-non-covalent gel; C)

non-covalent-non-covalent gel.

DCSG can be implemented: covalent-covalent (CC), covalent-non-covalent (CN) and non-

covalent-non-covalent (NN) systems (Figure 8).

2.3.3.1 Covalent-covalent dually crosslinked gels

The gels from the first category, in which two different types of covalent crosslinks are utilized to
achieve a polymer network, are mostly designed to improve mechanical properties compared to
gels with only one crosslink type. For instance, cellulose was crosslinked with epichlorohydrin
and PEG-diglycidyl ether to obtain short and rigid bonds with the former and long and flexible

(1631 This endowed the hydrogel with greatly increased strength at

bonds with the latter crosslink.
stretching and at compression (by 26 and 84 times, respectively) in comparison with the cellulose
crosslinked only with epichlorohydrin. A gel layer with two-dimensional network density gradient

1781 by employing a terpolymer with two of the comonomers susceptible to two

was devised!
different stimuli—Ilight (photo responsive methacrylyloxybenzophenone) and temperature
(thermally responsive styrene sulfonyl azide). The authors demonstrated that the swelling ratio in
such gradient network varies in both dimensions.

Despite the advantages in mechanical performance, dual covalent networks exhibit the same
disadvantages as gels with a single type of covalent crosslinks, namely, lack of reversibility and

adaptability.

2.3.3.2 Dually crosslinked gels with non-covalent linkages

Incorporation of supramolecular bonds as crosslinks between polymer chains renders smart,
dynamic, and adaptable systems.[¥! Generally, both CN and NN networks possess properties
characteristic for physically crosslinked systems, such as stimuli responsiveness and self-healing
ability. Moreover, reversible bonds often contribute to the improvement of their mechanical

properties in two ways: firstly, by increasing the crosslink density; secondly, by acting as
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“sacrificial bonds”, i.e., providing a pathway for energy dissipation while being under mechanical

THEORETICAL BACKGROUND

stress.['”) This results in materials with outstanding toughness and reversibility.!?”-13!

CN DCSGs uniquely combine one reversible and one irreversible crosslink, which results in
materials that are simultaneously mechanically strong and dynamic.[*! The amalgamation of
responsiveness (due to the physical bonds) with stability of the network (due to the chemical
bonds) yields reusability—the property anticipated for numerous applications (Table 9).

Introduction of a second supramolecular crosslink into the material leads to double or, in some
cases, multiple stimuli-responsiveness. NN DCSGs are fully reversible implying arguably lesser
stability and, therefore, usually inferior mechanical performance. This disadvantage is
compensated by enhanced resistance to fatigue and total recoverability and self-healing ability
owing to the dynamic nature of both constituting crosslinks. In addition, if a network is assembled
via a pair of linkages susceptible to stimuli, which do not affect the other one in the pair (i.e.,

181y " such design can pave the way to (multi-)shape-memory

orthogonal stimuli responsiveness!
materials.[*]
Various combinations of covalently and/or non-covalently crosslinked DCSGs with respect to

their applications are presented in Table 9.

Table 9. Selected DCSGs with at least one reversible crosslink type and their applications published in literature.

Crosslink 1 Crosslink 2 Application  Particularity Ref.
CN DCSGs
Covalent Host—guest . Burst release of a drug [182]
(norbornene) (a-CD-azobenzene) Drug delivery upon UV exposure
Covalent Host—guest ij ectables, Covalent c‘ross'hnk is .
. tissue promoted in vivo after
(thiol—ene) (B-CD—-adamantane) . . S
engineering  injection
. Covalent crosslink is
Covalent Hydrophobic Injectable promoted in vivo after (341
(thiol—ene) gels .
injection
Recovery of > 99 % of
Covalent Tonic interactions Self-healing  tensile strain and > 92 % [184]
(MBA) materials of tensile strength within
20 h
o
H-bonds Self-healing Recp very up to 58 %
Covalent o . strain and up to 40 % [185]
(tannic acid— materials, .
(MBA) . . stress; adhesion to
alcohol/amide) adhesives . .
materials of diverse nature
Covalent Host-guest Adhesives EW;EZIEE%)? (eitllleecstlr(;lcla(lm/()ff [186]
(divinylbenzene)  (B-CD-Fc) Y

current

31



THEORETICAL BACKGROUND

PADERBORN
lLl UNIVERSITY

Crosslink 1 Crosslink 2 Application  Particularity Ref.
. Shape-
Covalent Hydrophobic . [187]
(MBA) interactions memory Multi shape memory
materials
Covalent Shape-
(MBA/PEG H-Bond memory Triple shape memory [188]
. (Glycinamide) 3
diacrylate) materials
Covalent Host—guest D1ffereqt shap s of . [189]
(MBA) (B-CD—Fc) Actuators assemblies via mechanical
stresses between parts
Time-dependent relaxation
Covalent H-bond ) [190]
(DMAAm-AAC) Actuators of different parts of an
assembly
Covalent Host—guest Ovarian cancer biomarker
. = Sensors detection with LOD of (7.191]
(DMIEA dimers) (B-CD-Fc) 0.122 uM
NN DCSGs
Dynamic covalent Metal-ligand Tissue Cell p ro liferation; [192]
(Boronic acid) (Ca**-C00") engineering formation of a new
cartilage within 3 months
. H-bonds . o
Metal-ligand Self-healing 94 % rupture stress (193]
(Fe**—~CO0") (Cellulose materials recovery after 48 h
nanofibrils—AAc) Y
H-Bonds Host—guest Self-healing  Recovery of 93 % strain [194]
(Urea stacking) (a-CD-PEQG) materials after 48 h at 55 °C
Self-healing,
H-Bonds Metal-ligand shape 27]
(UPy) (Fe*—COO0") memory Increased strength
materials
Metal-ligand Host—guest Shape Triple stimuli- 195
memory ) (193]
(Ca**-C00") (a-CD-azobenzene) . responsiveness
materials
Hvdrophobic Motion Underwater motion
Tonic interactions > 0P sensor, detection; adhesion to [196]
interactions . .
adhesives surfaces of different nature

2.3.4 Gels as sensors
As devices transforming physical, chemical or biological input into a measurable signal, sensors
play a vital role for precise and accurate detection of species of various nature in many fields such

51971 In order to perform such

as biomedicine, environmental monitoring, forensic studies, etc.!
detection, a sensor must contain an element which specifically binds to the analyte, thus,

implementing recognition, and a transducer element, which is responsible for the translation of a
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binding event into a signal. Supramolecular interactions present a rich toolbox for the design of
sensing platforms due to a broad range of natural and synthetic receptors possessing selective

1981 Moreover, the library of recognition elements

binding affinity to a vast variety of analytes.!
continues to grow as new, tailored receptors are designed, as was demonstrated in Chapter 2.1,
which offer even higher affinity and selectivity towards desired analytes. Hereby, systems
involving macrocyclic host molecules play an increasingly important role.

Gels have the advantage of combining both recognition and transducing components in their
network, which makes them potential materials of choice for fabrication of physical, chemo- and
biosensors.[>!?! Firstly, supramolecular recognition moieties can be integrated into chemically
crosslinked polymer chains. The signal in such case can be, e.g., fluorescence emission or
quenching resulting from formation of a supramolecular complex in the bulk of the gel. Secondly,
if these moieties serve as reversible crosslinks, a system with analyte-dependent shape or volume
modulation is obtained, which translates a number of binding events into a macroscopically
measurable parameter, such as gel volume. In this regard, CN DCSGs are among the most
promising architectures due to their ability to exhibit volume expansion/contraction while
maintaining general integrity of the system.

Due to the rising concerns about quality of life in industrial countries, there is an increased demand
for sustainable industry and production, healthy environment for living as well as effective medical
treatment. Therefore, gel-based sensors for the detection of biomedically and environmentally

relevant agents move into focus of research of various scientific groups worldwide.!'*”]

2.3.4.1 Gels for environmental monitoring

In the field of environmental monitoring, sensors have been developed for the detection of various
chemical pollutants, such as heavy metals, pesticides, and organic waste as well as for measuring
parameters such as temperature, humidity and pH.?°"! In this part, application of gels as sensors
for environmental contaminants will be elucidated in detail.

Heavy metal ions such as Hg?" or Pb*" circulating in the water bodies are extremely toxic even at
low concentrations and pose a serious threat to the environment and to human life.[*°!] Therefore,
design of sensors for such metals capable of precise detection of ion concentrations with low LOD

(2021 pendant thymine-reach DNA

is of utmost ecological importance. In the design of Liu group
strands were covalently incorporated into an acrylamide-based hydrogel to obtain a highly
sensitive Hg?" sensor. Each of the DNA strands can accommodate up to 7 mercury ions, and such
aggregates induce green fluorescence upon addition of a SYBR Green I dye (Figure 9). Specificity
of the detector is provided by the fact that the fluorescence turns yellow in the absence of Hg?".

When soaked in a water sample spiked with mercury ions, the hydrogel absorbs Hg?" ions from
33
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Green luminescence

Figure 9. Supramolecular sensor for detection of mercury ions. Pendant DNA strands form complexes with Hg*" by
forming a hairpin structure. Upon presence of fluorescent dye SYBR Green I, the complex exhibits green
luminescence. Yellow luminescence is observed without Hg ions.
the solution due to their binding to the acrylamide, which drastically increases the concentration
of mercury within the hydrogel. Hence, it was possible to increase the sensitivity resulting in
detection of Hg?" at a concentration as low as 10 nM. Further, the same approach was applied by

2031 For this purpose, a Pb-selective DNA sequence

the group for the detection of Pb*" ions.
AGROI100 was selected in combination with thiazole orange dye for fluorescence imaging,
whereby visual observation of 20 nM Pb?" solutions was achieved. It was demonstrated that the
combination of mercury and lead-sensitive gels paves the way for fabrication of shape-encoded
multi-ion detecting sensor arrays.

Another design of Pb ion sensor was developed by the group of Tang.!***! A purely DNA-based
hydrogel was designed, whose scaffold was formed by two DNA strands: a Pb-sensitive
DNAzyme and a substrate strand. Ion-sensitive DNAzymes contain a region for metal ion docking,
which acts as a trigger for cleaving the substrate strand by the DNAzyme. This, in turn, leads to a
collapse of the hydrogel and a release of DNA fragments, which can be directly detected by
fluorescence method. The resulting UV/Vis sensor platform was highly specific and sensitive with
a determined LOD of 7.7 nM of Pb*".

Various precursors used in chemical and polymer industry to produce, e.g., plastics or dyes, can
be dangerous if found in wastewater or products. Bisphenol A (BPA) is a common monomer
employed in the production of polycarbonate plastics that act as a material for numerous products

of daily use in modern life. In recent years, BPA was demonstrated to cause severe adverse effects
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on human health, including endocrine disruption, and impairment of fertility.?%! Hence, to
minimize exposure to BPA, its levels in products must be monitored. For this purpose, a sensor
was developed by Xiao group?® based on DCSG with a chemical (MBA) and a supramolecular
(B-CD—tert-butyl) crosslink. The pendant CD moieties function as recognition element of the
sensor due to the affinity of B-CD to BPA, which acts as a competitive guest moiety. Upon its
presence the B-CD—fert-butyl complex is disrupted leading to decrease of the crosslink density
and, hence, to gel expansion. The role of the transducer element in this system is played by
photonic crystals in the form of monodisperse polystyrene microbeads (d = 600 nm) embedded
into the hydrogel. Photonic crystals possess long-range spatially ordered, evenly distributed
structure, which diffracts light with wavelengths corresponding to the photonic band gaps, thus,
yielding structure coloration.[?°”) In the sensor designed by Xiao group, the photonic crystals were
arranged in the hydrogel in a two-dimensional fashion. The expansion of the DCSG led to the
increased distance between the microspheres and, therefore, to the shift in gel coloration from blue
to red upon increasing the BPA concentration. Such architecture provided an LOD of 1 pg/mL.
The peculiarity of this sensor is the existence of the second transducing mode, which is the intrinsic
fluorescence of BPA. Upon inclusion of the analyte into the cavity of -CD, the fluorescence is
enhanced, yielding its intensity as the second concentration-dependent parameter, which is
characterized by an even lower LOD of 0.001 pg/mL. Together, both modes provide a significant
range of linearity for quantitation of BPA concentrations.

A hydrogel with embedded photonic crystals was employed by Yu, Cheng and coworkers2%!

asa
sensor platform for 2-naphtol, a precursor for various dyes. Fe3O4 nanoparticles (d = 104 nm) were
arranged in 1D arrays by external magnetic field and incorporated into acryl amide-NIPAAm-
based covalently crosslinked hydrogel with pendant B-CD moieties, which are known to form
host—guest complexes with 2-naphtol and act as recognition components. Similarly to the
previously discussed sensor architecture, upon presence of the analyte, the gel expands, leading to
the red shift in its color due to the increased distance between the nanoparticles. The determined

LOD of the sensor was 0.01 uM. Due to the pH-dependent reversibility of the 2-naphtol--CD

complexes, the sensor exhibited complete reusability.

2.3.4.2 Gel-based sensors for biomedicine

In biomedical milieu, sensors are practical solutions for diagnostics of severe diseases, the
detection of which at early stages is crucial for the success of the treatment. In this regard, the role
of biomarkers cannot be underappreciated, which are defined as measurable biological and
biomolecular characteristics that can be objectively assessed to determine the state (stable/disease

(2097 Among all, the group of molecular biomarkers is especially interesting
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since the analysis can be done on a sample of bodily fluids using an external, highly sensitive
instrumentation.

One of such molecular biomarkers is a polyamine spermine (SP), which is shown to be an indicator
of tumor growth in prostate cancer (see Chapter 4.1.1).12!% In the group of Serpe,?!! a hydrogel
sensor for the detection of SP involving host—guest interactions with CB7 was devised (Figure 10).
Incorporated into the NIPAAm backbone of the microgel, fluorescent dye Nile blue (NB) was used
as an anchor for embedding CB7. Upon host—guest complex formation (K,=2.5x10°M™),
nonfluorescent NB dimers were disrupted, which led to a fluorescence response and an increase
in microgel diameter, since NB dimerization acted as a secondary crosslink. Upon presence of SP
in the system, it replaced the dye in the cavity of CB7 due to a higher stability of SP@CB7 complex
(Ka=2.0x10° M), which resulted in fluorescence quenching via NB dimer reformation and
slight shrinkage of the gel due to partial removal of CB7 from the bulk. Under optimized conditions
(Ccp7 =100 uM), the LOD of the sensor in NaxHPO4/HCl buffer, diluted serum und diluted urine
were determined 0.6 uM, 0.6 uM, and 0.5 uM, respectively, with linear concentration dependence
over 3 orders of magnitude. The hydrogel sensor was demonstrated to be selective towards SP in
the presence of various cations as well as amine-containing biomolecules except spermidine (SD),

which is a precursor for SP and is often considered a biomarker along with SP.

N

A=635nm Weak hv CB[7]

-

.

H,
@ N NH.
H:;?IMN/\/\/G)\/\/@ 3

H
Spermine (SPM)

/ \ . /
H gmg@gwg’h
: 2

\ PNIPAmM-co-NB / \ PNIPAmM-co-NB-CB[7] /
B CBI[7] NB NB dimer

Figure 10. Sensing mechanism of a hydrogel sensor for detection spermine. Upon immersion in CB7 solution, 1:1

host—guest complexes are formed resulting in enhanced fluorescence of NB. Presence of the analyte leads to
replacement of the dye from the CB7 cavity and decrease of fluorescence through Nile blue dimer reformation.

Reprinted from Ref. ']
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In our working group, hydrogel-based sensors were developed with hydrogel volume acting as a
transducer element, the alteration of which was monitored using SPR spectroscopy technique (see
Chapter 2.5). Firstly, taking advantage of an extraordinary high affinity between biotin and
streptavidin (SAV) (K, =2.5x10" M 1)2121 3 DMAAm-based chemically crosslinked gel with
pendant biotin moieties was obtained on a gold surface of an SPR chip.?!*) When SAV was
injected into the flow cell, it could enter the hydrogel volume and bind to the biotin leading to an
increase in hydrogel layer thickness, which was reflected in the SPR spectrum. The sensor
exhibited linear response in the streptavidin concentration range 0.5-200 uM.

Further, a DCSG architecture was adopted involving a chemical crosslink and a supramolecular
host—guest interaction between -CD and Fc as a reversible second crosslink (Figure 11). Due to
a moderate stability of the FcPo¥™I(@B-CDPOY™r complex (Ka = 2.5x10° M), it can be disrupted

by molecular analytes with higher binding affinity to B-CD, such as adamantane!'!!

or
lysophosphatidic acid (LPA).[”' LPA was found to be a biomarker for ovarian cancer, which shows
significant differences in expression already at early stages of tumor development compared to

2141 DCSG was assembled by mixing Fc- and B-CD-containing polymers and

healthy patients.
immobilized on an SPR chip by spin-coating and curing under UV light. Upon presence of the
analyte in the soaking solution, analyte@B-CD complexes were preferably formed disrupting the

secondary crosslink and leading to hydrogel expansion, which was recorded by SPR. DCSG
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Figure 11. Dually crosslinked hydrogel for detection of ovarian cancer biomarker LPA. Fc@p-CD complex is
disrupted upon presence of LPA in the medium, which leads to decrease in crosslinking density and to gel layer
expansion. The change of layer thickness is monitored by SPR spectroscopy. Reprinted with permission from [/,

Copyright 2020 American Chemical Society.
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sensor’s LOD for adamantane was 24.3 uM. In case of LPA, LOD was calculated to be 0.122 uM
in water and 2 uM for mimicked plasma conditions, which in both cases was lower than the cutoff
value for ovarian cancer, thus, proving the selectivity of the sensor platform and providing accurate

and reliable diagnostics.

2.3.5 Polymer networks with pillar[n]arenes

Due to the directionality, high specificity and chemical versatility of inclusion complexes, host—
guest interactions are vastly employed in the fabrication of smart gels, with some examples
provided above. Since their discovery, PnAs (Chapter 2.2) have been playing an increasingly
important role for the design of supramolecular materials,**?'>! and for stimuli responsive gels in

2161 Currently emerging polymer networks involving PnAs incorporated physically,

particular.
chemically or as a host moiety in a supramolecular crosslink are applied for a palette of purposes
including self-healing materials, controlled drug release, and adsorbents. In the following, an
overview of various PnA-based gel architectures (formed by polymer strands) will be given, and

the applications will be briefly discussed.

2.3.5.1 Chemically crosslinked networks

The groups of Lin and Wang developed hydrogels with physically embedded molecular water-
soluble deca-carboxylate modified PnAs. In the first approach,?!”! acrylamide was copolymerized
with MBA as a covalent crosslinker and a hydrophobic Fc-containing monomer. Since a binding
affinity exists between WSP5A and Fc, the gel exhibited a drastic increase in swelling degree upon
immersion in WSP5A solution (up to 11-fold increase), which was due to the electrostatic
repulsion. Further, the possibility to influence the swelling behavior by various stimuli was shown,
such as redox, competitive guest species and pH. Importantly, an uptake and pH-controlled release
kinetics of doxorubicin (with a burst-release of 80 % cargo within 0.5h at pH2) was
demonstrated, which opens a way for a potential application of the gel as a drug delivery agent.
In the second approach,?!® trimethylammonium groups were incorporated into the network as
pendant guest moieties. Initially swollen in pure water, the hydrogel shrank when immersed in a
WSPS5A solution, which was attributed to the host—guest complex formation between WSP5A and
guest groups, enhanced by electrostatic attraction forces. WSP5A-controlled drug release was
demonstrated using calcein and rhodamine B as model drugs. Using anionic calcein, a high uptake
into the cationic hydrogel was reported (96.7 % vs. 44.3 % in case of rhodamine). The release of
calcein (up to 97.4 %) from the hydrogel back into the medium was achieved only by soaking in
WSP5A solution, whereas in pure water or NaCl solution the release could not be observed.A

unique architecture was designed by the group of Hoogenboom, in which PSA was used as a
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(1641 As was mentioned above, covalently crosslinked gels are

chemical crosslinking agent.
fabricated as mechanically strong and stable networks. Therefore, A1/A2 carboxylic acid di-
substituted P5A was reacted with pendant 2-oxazoline moieties of poly(2-isopropenyl-2-
oxazoline) to obtain a high-strength chemically crosslinked gel, which was demonstrated to remain
intact under up to 0.9 MPa compression. The presence of PSA fragments between the chains
endowed the system with guest-dependent swelling behavior as well as with excellent adsorption
abilities: 24-hour uptake of such pollutants as BPA, 2-naphtol, methylene blue and methyl red
from their 0.05 mM solutions was 61-93 %. The reusability of the gel was shown by release of

the pollutants by soaking in DMF.

2.3.5.2 Physically crosslinked networks

The versatility of host—guest interactions involving PnA leads to the development of a broad
spectrum of various supramolecular networks. In Table 10, selected examples of such networks
are presented, in which covalent polymer chains are crosslinked via formation of inclusion
complexes with PnAs. Information whether a host or guest is covalently attached to a constituent
polymer (pendant) or resembles a homoditopic “low-molecular” species, is specified for each
moiety. Furthermore, for each PnA moiety, the synthetic strategy leading to the desired mono-
substituted product is specified. Clearly, various species are employed as guest moieties for the
construction of supramolecular gels, including Fc, pyridinium, imidazolium and ammonium
cationic species as well as nitrile being the only neutral species in this row (Table 10). Fc endows
the systems with redox-responsiveness,!%l while host—guest complexes with other components
are mostly susceptible towards temperature and competitive agents. Importantly, the reversible
character of the complexes renders networks able to undergo ultrafast self-healing: a system based

on nitrile@P5A complexes was able to recover its mechanical performance within 90 s.[2!"]

Table 10. Architecture and responsive properties of physical networks crosslinked with PnA-based host—guest

interactions.

Host moiety Guest moiety Responsiveness Particularity Ref.

P6A, pendant + Redox, competitive Competitive host- [110]
(monodealk.) Fc', pendant host/guest controlled viscosity
PSA, pendant Pyridinium, Temp er.aj[ure, [115]
(co-cycloolig.) ~ homoditopic competitive o
' host/guest

C=N Hydrolysis of the
P3A, pendant 1) Homoditopic; backbone (dynamic Self-healing (10 min) [220]
(monodealk.) ..

2) Pendant imine)
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Host moiety Guest moiety Responsiveness Particularity Ref.
P5A, pendant Me3RNY, Fatigue resistance, [221]
(monodealk.) homoditopic Temperature, pH self-healing (30 min)
P5SA, pendant Pyridinium, .\ . o [222]
(monodealk.) homoditopic Competitive anion
P5A, pendant Methyl- [223]
(monodealk) ~ \midazolium, - -
' homoditopic
P5A, pendant C=N, CTerrrllpeetriétlituze, Moldability, [219]
(co-cycloolig.)  homoditopic pettv self-healing (90 s)
host/guest
PSA Crosslink density
homZ) ditopic Pyridinium, Redox (dynamic monitoring by [224]
(co-c clocI))Ii ) pendant disulfide) fluorescence color
yeooTs (pyrene)

2.3.5.3 Dually crosslinked networks

In the recent years, PnA inclusion complexes started to be utilized in dually crosslinked
architectures for improving mechanical performance of the systems as well as to render multi-
stimuli responsiveness.

Ji and coworkers?>! implemented a PMMA-based CN DCSG with enhanced mechanical
properties by incorporating PEG-dimethacrylate as a covalent crosslinker and pyridinium@P5A
complex as a supramolecular linkage (Figure 12, A). As opposed to singly crosslinked networks
that contain either only host or only guest pendant groups, the obtained DCSG demonstrated an 8
times higher elongation at break (up to 119 %) as well as significantly improved toughness, which
was attributed to the reversible crosslinks serving as sacrificial bonds under mechanical stress.
Furthermore, stimuli responsiveness was demonstrated by increased swelling ratio in a solution of
a competitive guest (imidazolium) compared to swelling in pure solvent (CHCl3).

A NN DCSG was designed by Zhang et al.”?? in which two types of crosslinking were combined:
nitrile@P5A supramolecular complex and n—r stacking of azobenzene (Figure 13, B). The non-
covalently crosslinked gel obtained by mixing a host- and a guest-bearing polymers was soft and
demonstrated relaxation of mechanical stress at high strains due to the ability of supramolecular
bonds to break and quickly re-form. The system exhibited thermo- and chemical responsiveness
(competitive guest) with sol—gel transition, whereas UV-irradiation did not lead to significant
macroscopic changes, arguably because the n—r stacking was maintaining the azobenzene dimers

even after the isomerization of the moieties. Furthermore, xerogel fabricated from the NN DCSG
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A) k I m

O

Figure 13. Dually crosslinked gels with P5A-based linkages. A) CN DCSG architecture with improved mechanical
properties from Ref. 1. B) NN DCSG architecture with azobenzene n—r stacking as secondary crosslink as per
Ref. 1279,
was demonstrated to effectively adsorb iodine from 1.22 mM aqueous solution with over 98 %

efficiency.

2.4 Quantification of supramolecular interactions

In the field of supramolecular chemistry, being able to quantify the strength of interactions between
host and guest molecules is as vital as the affinity of an enzyme to a substrate in biochemistry or
of a drug to a receptor in pharmacological chemistry. In the previous chapters, complexes of
various macrocycles with guest molecules were compared in terms of their binding affinity. The
current chapter will provide an explanation of the principles underlying the quantification of
binding affinity and a brief overview of the available techniques for the determination of

complexation strength.
2.4.1 Supramolecular equilibrium!27-23

2.4.1.1 Association constant

Since, as discussed above, supramolecular interactions are intrinsically reversible, a
supramolecular “reaction” is always an equilibrium process. In the example provided in equation
(1), a host (or receptor) H interacts with a guest (or ligand) G to form a complex of a stoichiometry

m:n H,Gy.

mH +nG 2 H,,G, (1)
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The measure of this process is change in Gibbs free energy AG (equation (2)), which can be
determined at a given temperature T using equilibrium (association) constant K. expressed for the

reaction (1) as shown in equation (3).

AG = —RTInkK, (2)
[HmGr]

= ————— 3

[HI™[G]" ®)

In the equation (3), [H], [G] and [HnGn], are the equilibrium concentrations of the free host, free
guest, and the complex, respectively. Hence, in principle, knowing these concentrations in the
system (solution) as well as the stoichiometry of the interaction (m, n) is sufficient for calculating
the constant and, therefore, drawing a conclusion about the strength of the interaction under
investigation or, in other words, about the stability of the complex. In real experiments, however,
it is often impossible to obtain these values because of, e.g., overlapping signals or one of the
species being “silent”, i.e., not producing signals in the method used. Since the total host and guest
concentrations, Ho and Gy, are normally set in the experimental design by the researcher, it is
possible to reduce the number of unknown variables by substituting [H] and [G] according to
equations (4) giving equation (5), in which the equilibrium complex concentration is the only

unknown parameter.

[H] = Hy — m[HmGn]
“4)
[G] = Go — n[HmGn]

[Hin Gn]
(HO - m[HmGn])m ’ (GO - n[HmGn])n

K, = )

2.4.1.2 1:1 equilibrium!??7-228
In the simplest case of a 1:1 equilibrium (i.e., when m = n = 1), the expression for K. is expressed

as (6).

[HG] [HG]

Ka =THT 1G] ~ (Ho — [HGD) - (Go — [HG])

(6)
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By rearranging the parameters, a quadratic equation for [HG] can be formulated (equation (7)),

solving which an expression for [HG] is obtained (equation (8)).

[HG]Z—[HG]-<G + H +i>+HG =0 (7)
0 0 K oYo

a

R (CRT ey T ®

a a

N| =

The expression (8) is helpful in cases where direct determination of [HG] is not possible and a
change in physical property (e.g., spectral absorbance) dependent on the concentration [HG] is
used instead. If such physical property Y can be represented as a linear combination of

contributions of single components (Yu, Yc, Ync), the expression (9) is obtained.

Y=YH'[H]+YG'[G]+YHG'[HG] =
=Yy - (Hy — [HG]) + Y5 - (Go — [HG]) + Yy - [HG] = )
=Yy -Ho+ Y Go+ (Yyg — Yy —Y5) - [HG]

If the terms in (9) are defined according to (10)—(12) and [HG] is substituted with the expression
in (8), equation (13) is obtained.

Yo =Yy Hp (10)
Y=Y, =AY (11)
Yue —Yu — Y6 = Yang (12)

Yane 1 1\?
AY:YG'G()‘l' (Go+H0+_)_ (Go+H0+_) _4"H0'GO (13)

2 K, K,

The equation (13) demonstrates how the physical property Y changes from the host solution
(Go = 0) to a host—guest mixture solution with total guest species concentration of Go. Furthermore,
if a titration is conducted, in which the guest is stepwise added to the host (the concentration of
which is kept constant, Ho), this dependence describes a generalized binding isotherm, in which

Y can in principle be obtained from a separate experiment, and the only unknown parameters are
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Ka and Yauc. By applying the equation (13) for a non-linear fitting to the titration curve, the
equilibrium constant K. can be derived as one of the fitting parameters. This method, as pointed

227 produces the most accurate results for the determination of binding affinity

out by Thordarson!
in a supramolecular system with 1:1 stoichiometry because it does not contain any simplifications.
Further in the chapter, the applicability of the dependence (13) for different analytical techniques

will be discussed.

2.4.2 [Experimental design and limitations

As mentioned above, performing a titration experiment, and fitting the obtained titration isotherm
with (13) using non-linear regression can deliver the binding constant value Ka. However, it is as
important to set the experimental conditions (that is, selecting the host concentration Ho and
concentration range for Go) accordingly in order to avoid large uncertainties and systematic errors.

In the works of Hirose?*®! and Thordarson,??’

I the conditions for minimization of possible
systematic errors are defined.

According to Hirose, for a reliable experiment condition (14) must be fulfilled since otherwise the
difference between binding isotherms becomes less distinguishable, which leads to small

experimental errors being increasingly magnified.

Hy K, <1 (14)

Thordarson makes the abovementioned condition less strict (condition (15)) by taking into account
simulated errors, at the same time, however, pointing out that no reliable results can be obtained

above this limit.

Hy - K, < 100 (15)

This condition not only sets an upper limit for the host concentration, but also shows that in order
to conduct a proper titration experiment, a prior information (an educated guess or a comparison
with similar known systems) about the binding strength K. of the investigated complex is required.
Moreover, it implies that the prior knowledge of the magnitude of K. is crucial even for a selection
of an appropriate analytical technique, since different methods require different working
concentrations (e.g., 10°~1072 M in case of NMR).

The product Ho-Ka. is furthermore important for setting the guest concentration range Go.
Hirose!?*! derives upper and lower limits for the Gy that also depend on the magnitude of the

association constant (condition (16)).
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<Gy <— (16)

According to Thordarson,'??’! several cases can be considered, each implying its own range for Go,
within which 15-20 data points should be obtained:
1. In case of Ho'Ka <1 (Ka is small) the guest moiety must be taken in an excess (up to 50
equivalents and more) in order to complete the titration curve.
2. In case of Ho'Ka= 1 up to 10 equivalents of guest are required, which is regarded as an
optimal regime.?*®]
3. Incase of Ho-Ka > 1 (Kais large) the range between 0 and 1 eq. of guest must be thoroughly
investigated for a reliable determination of K.
To sum up, for a proper titration experiment that yields reliable data, prior knowledge or estimation

of K, is vital because it defines the possible ranges for Ho and Go, which, in turn, influences the

choice of an appropriate analytical technique.

2.4.3 Determination of complex stoichiometry

The previous discussion was based for simplicity on the assumption of a 1:1 binding stoichiometry.
However, for a supramolecular system it is not uncommon to exhibit stoichiometries of a higher
order, e.g., 1:2, 2:1 or 2:2 and higher,[228’230] which require different models for data evaluation.
Hence, the initial determination of the binding stoichiometry is one of the essential steps in the
investigation of supramolecular interactions, which ensures that a correct model is applied to the
experimental data. Thordarson!??”) elaborates on available ways that allow proving that the selected
binding model corresponds to reality, including comparison of the parameters obtained by
different techniques, evaluation of structural information, robustness of the data (invariability of
the parameters at different host concentrations).

A technique vastly employed for the stoichiometry determination in supramolecular chemistry is
the method of continuous variations, or Job’s method.?*'! Continuous variations method relies on
the fact that the dependence of the host—guest complex concentration [HnGn] from a component’s
(typically, host’s) mole fraction Xu reaches its maximum, which can be shown??’! to correspond
to the host’s fraction in the complex, if in the course of the experiment the total concentration (Cor,
equation (20)) is maintained constant (Figure 13). The graphical representation of the method
known as Job plot not only serves a visualization purpose but can as well deliver quantitative
information about the supramolecular system. Since the curve is described, in a general case,

implicitly with equation (5), association constant can theoretically be obtained by non-linear

45



PADERBORN
THEORETICAL BACKGROUND lLl UNIVERSITY

I
I
I
|
_ I
O I
T 1
= |
1
X m
' m+n
1
1
| /
T T } T T
0.0 0.2 0.4 0.6 0.8 1.0

Xy

Figure 13. Example of a Job plot. Red dots resemble experimental data, the solid line is a theoretical curve. The
position of the curve's maximum on the x axis corresponds to the host fraction in the complex. Instead of [HG] any

physical value proportional to it can be used.
regression. For the 1:1 complexation, the Job plot is described explicitly (equation (18)).1231232]
Moreover, the plot allows one to qualitatively estimate the binding constant K, (at a given Co) by
its shape: sharper or more angular shape of the maximum indicates a higher affinity between the

reactants than a smoother one.?3?!

Cior = Hy + Gy (17)

_ Crot Ko+ 1—/(Cror - Kg +1)>—4-Ch - K - Xy - (1 — Xp)

[H,,G,] = 2K, (18)

In practice, since the [HmGn] often cannot be measured directly, a physical property proportional
to it is used instead.

Job’s method is, however, prone to disadvantages that significantly limit the applicability of the
technique for reliable data evaluation to the point that it was proclaimed “dead” for analytical
applications by Brynn Hibbert and Thordarson.?**

Firstly, the obvious disadvantage of the continuous variations technique is that, since the maximum
of the dependence corresponds to the mole fraction of the host Xy, the method does not distinguish
between complexes, in which m = n. Although the Job’s plot curves of different stoichiometries
of that kind are not equal in each case, they are indistinguishable in a practical experiment.[>3?!
Secondly, the method is demonstrated to reliably prove the stoichiometry only in the case where
the process yields a single species as a product.*23] In a real experiment, however, if more than

two molecules are expected to form a complex, the aggregates of lower stoichiometries may as

well produce a signal. The group of Jurczak?* utilized simulated titration curves to show how
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the magnitude of Co and K (defined by (19)) affects the appearance of the Job plot of the HG»

complex formation.

[HG] - [G]

Astonishingly, in the simulated experiments (Ki-Co < 100, K2/K1 < 0.25) none of the plots exhibits
its maximum at Xy =0.33. Therefore, the authors restrict the method usage only as a qualitative
analytical tool. Deviations of the maximum from Xy = 0.5 recorded at higher concentrations can
signal presence of higher binding stoichiometries, which, still, cannot be predicted based on the
actual shape of the curve or its maximum.

Ultimately, in order to find the true binding model for the system under investigation, different

227) and

models can be sequentially applied to the experimental data, as suggested by Thordarson!
Jurczak,?*! with increasing number of parameters until no more significant improvement of the
fitting is observed. As an indicator of a model correctness the residual distribution is considered,
which resembles a random scatter around the average in case of a correct model and a regular,
typically, sigmoidal distribution, if the chosen model is inappropriate. Furthermore, the correctness
of a model selection can be shown in a robustness experiment, i.e., by repeating the titration at
another Hy (it is recommended to use a concentration which differs by at least 5 times from the

initial one).!?%!

2.4.4 Analytical techniques for the determination of binding affinity
Despite the vast variety of the tools for binding affinity investigations (including fluorescence
measurements'??®) and mass spectrometry?*¢l), NMR, UV/Vis and ITC will be in the focus of the

further discussion.

2.4.4.1 NMR spectroscopy
2.4.4.1.1 Method overview

Nuclear magnetic resonance (NMR) spectroscopy is an analytical method that allows chemical
structure elucidation and investigation of molecular dynamics based on their interaction with a

237 NMR s a particularly valuable technique for investigation of supramolecular

magnetic field.!
interactions because of the amount of information it can deliver: from the quantification of the
association equilibrium by observing chemical shifts in 'H spectra to the insights about the spatial

structure and geometry of the complexes by studying spectra arising from nuclear Overhauser

effect.[238.2%]
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NMR spectrometers routinely operate with solution concentrations of 10°~10"2 M, which makes
this technique practically suitable for complexes with K, < 10° M "', according to the condition
(15) as discussed above.[227228]

NMR signals are characterized by two parameters, chemical shift o, reflecting the chemical
environment of the corresponding nucleus, and integral /, in case of 'H NMR proportionate to the
amount of the nuclei of this sort. In the course of a titration the ratio of the components changes,
which influences /, and/or a new environment is created upon complex formation affecting 8. For
looking into a supramolecular equilibrium using NMR spectroscopy, it is crucial to consider

kinetics of this process: the association constant K, can be expressed with complexation and

decomplexation reaction rates (kcom and Kaec, respectively) as shown in equation (20).

k
Ka _ ‘“com (20)
kdec

Relative to the timescale of the NMR experiment, the investigated system can be, therefore, in a
fast or slow regime depending on the complexation/decomplexation rates. Strictly speaking, one
can define the fast regime, if condition (21) is fulfilled.**"! Here, Ve and Vbound are signal
frequencies of the host in free and bound states, respectively, Tfee and Tohound are the lifetimes of

these states, and Thound = 1/Kdec.

1 1
anvfree - Vboundl < < + > (21)
Tfree Thound

If, instead, the system behaves according to the condition (22), it is in a slow regime.

1 1
anvfree - Vboundl > < + > (22)
Tfree Thound

Interestingly, expressions (21) and (22) imply that the change in the chemical shift Ad of a host
signal caused by complexation is dependent on the lifetime of the corresponding nucleus in the
free and complexed states.[??]

In this concern, it is important to outline complex stability. Although it may intuitively seem valid
that a high association constant, i.e., high complex stability, automatically implies a slow exchange

on the NMR time scale, this implication is in fact not correct.**!! Since the lifetime of the bound
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state Thound 18 reciprocal decomplexation rate constant, kqec the complex stability is higher, if kqec 18
smaller. However, the association constant K, is a ratio of the rate constants according to (20);
therefore, its value can be low if the rate constants are comparable in magnitude (both high or both
low implying a fast or slow exchange complex, respectively), or high if keom > kdec (depending on

the magnitude of ke, both exchange regimes can take place).

2.4.4.1.2 Slow exchange
The regime of the exchange influences the appearance of the signals on the spectrum and the

approach for evaluation thereof (Figure 14).[23"

If the system is in the truly slow exchange regime,
the lifetime of free and bound species is longer than the time scale of the NMR measurement
meaning two different signals (on of the free host and duc of the complexed host) are observable
simultaneously (Figure 14, A). Since, as mentioned before, the signal intensity / is proportional to
the number of corresponding nuclei (and therefore, to the number of molecules), this method
theoretically allows obtaining equilibrium concentrations [HG] directly. Because [HG] is
connected to the total host concentration Hy, it can be calculated according to the equation (23),
where m is host stoichiometry in the complex, /u and /uc and the integrals of the free and bound

host signals, respectively./??"!

IHG

1
HG)=— —2X% .

H, (23)

Further, calculation of K. is proceeded according to (5). Normally, in case of 1:1 complexes the
spectrum of a solution is evaluated, in which Ho = Go. This evaluation procedure is then called
“single-point method”.[242-243]

To determine the stoichiometry at a slow exchange regime, a Job plot is obtained using
Thost,complex/ (Thost,free T Thost,complex)'Ho as a value proportional to the equilibrium complex

concentration [HG].1??!

2.4.4.1.3 Fast exchange

In case of a fast exchange complex according to the condition (21), the time scale of an NMR
measurement is significantly longer than the complexation/decomplexation event. Therefore, the
signals of a free and complexed host species are superposed as a single peak with a constant
integral value (since the host concentration is kept constant) and its observed chemical shift dact 1S

expressed as a weight average of signals of the two “extreme” cases (equation (24)).1??’]
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A) Slow exchange rate B) Fast exchange rate
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Figure 14. Evolution of the NMR spectra of a supramolecular system in the course of NMR titration. A) For the
system with a slow exchange rate a separate complex peak is observed. Upon addition of the guest G, the complex
peak intensity Inc increases whereas the host peak intensity Iy gradually decreases. B) For the system with a fast
exchange rate the host signal undergoes gradual shift from oy towards dnc. The intermediate chemical shift values

are weight average between the free and bound states.

m- [HG]) i s m- [HG] (24)
HG '~

Sfact = O - (1 TTTH, i,

For the case of a 1:1 complex stoichiometry, the equation (24) can be rearranged into the binding

isotherm (13) in its form for NMR titration (25).1227-228

2

A5 =6 5, = 2 (G +H+1) (G +H+1) 4-Hy-G (25)

At constant host concentration, the equation (25) contains two unknown parameters K, and danG
resembling the chemical shift of the investigated nucleus in a fully complexed state. Therefore, the
association constant K, of a fast-exchange complex can be obtained by fitting of the experimental

data using the non-linear regression method.
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To determine the complex’s stoichiometry, a Job plot is obtained for a fast exchange system by

plotting Xy against AS-Ho.?*"!

2.4.4.1.4 Intermediate exchange

The methods for K, determination were demonstrated for the systems characterized by a slow or
a fast exchange rate. In case if the difference between the resonance frequencies of the free and
bound host is comparable to the sum of inversed lifetimes of these states (equation (26)), the

intermediate regime is observed.

1 1
27T|Vfree - Vboundl - <Tfree * Tbound) (26)

The intermediate exchange regime may cause significant signal broadening accompanied by

240

significant distortion of the Lorentzian shape of the peaks.[**”) This may lead to enormous errors

in K, estimation if one of the models discussed above is applied for data treatment. Therefore, this

regime cannot be utilized for a reliable NMR titration.!?*!

2.4.4.1.5 Sample preparation

One of the assumptions that were made for deriving the isotherm (25) was that the total host

concentration is kept constant. Since the titration is conducted in the way that aliquots of the guest

solution are added in a stepwise manner to the stock host solution, dilution correction must be
considered to obtain reliable data. There are several ways how to arrange an NMR titration in order
to assure a constant Ho throughout the complete experiment.[?*"]

1. Each of solutions with different Ho:Go ratios can be prepared in a separate tube. Although
in this case the Ho may slightly vary between the tubes, this method has an advantage of
lower systematic error arising from multiple pipette/syringe usage.

2. The experiment is conducted in a single tube. The guest solution is prepared by dissolving
the guest moiety in the host stock solution (Ho). This solution is then added into the tube
with the host stock solution (with the concentration of Ho) used to record the initial
spectrum (Go = 0).

3. A highly concentrated guest solution is added to the host solution. High guest concentration
allows the aliquots to be small enough to keep the dilution of a minimal level. Alternatively,

special software can be employed to take the dilution into account at the data evaluation

step.
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2.4.4.1.6 NOESY NMR

Undoubtedly, '"H NMR spectroscopy is a powerful tool for the investigation and quantification of
supramolecular processes. However, other NMR techniques can provide valuable complementary
information for further understanding of structures of supramolecular complexes.

Nuclear Overhauser enhancement spectroscopy (NOESY NMR) utilizing nuclear Overhauser
effect is a highly useful method for elucidation of a compound’s or complex’s geometry and spatial
orientation. The effect describes the change of a resonance intensity of a nucleus upon saturation
of another nucleus, which is located in a close proximity to the first one, with radio frequency
irradiation.[?3%23%24 Interestingly, the magnitude of the resonance change depends on molecular
weight of the species: whereas for small molecules an increase up to 38 % is observed, the
resonance of the macromolecules can appear completely inversed (—100 % decrease) with an
inversion point at which the resonance reaches zero at around 6002000 Da.?%*]

For the effect to take place, two nuclei must be <5 A away from each other, which is especially
beneficial for clarification of complex bio- and macromolecule structures. In case of
supramolecular complexes, the method allows determining the positioning of the guest molecule
in the host by considering the NOE cross-peaks corresponding to both species, which is vital for

the complex structure clarification.

2.4.4.1.7 DOSY NMR

Diffusion-ordered spectroscopy (DOSY NMR) is a technique developed in the early 1990s,24¢]
which allows the determination of translational diffusion of components in a sample quantified
using diffusion coefficient D. This is possible by applying magnetic field gradients within a pulse
sequence varying gradient strength G. By using a set of different G, a set of one-dimensional 'H
NMR spectra is obtained with peaks of different components decaying at different rates. These
signal intensity changes are analyzed with Stejskal-Tanner equation (27), in which /(G) and /o are
signal intensities at the magnetic field gradient of strength G and without gradient, respectively; y
is the gyromagnetic ratio of a nucleus; 52! is the duration of the gradient; A% is a delay between
two gradient pulses, or in other words, the diffusion time.**”] The diffusion coefficient D can be

obtained as a parameter by fitting the dependence of signal intensity /(G) versus gradient strength

G.

1) =1Io-exp [~D - (y - G - §9794)2 . (A97ad _ §97ad /3)] 27)
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Not only does DOSY offer the analysis of complicated substance mixtures by discriminating
between the components’ diffusion, but it can also deliver vital information for investigating the
supramolecular complex formation.

The diffusion coefficient D of a particle depends on the particle size r according to Stokes—Einstein
equation (28), where kg is the Boltzmann constant, T is a temperature, and 7 is the viscosity of the
solvent. Therefore, if one assumes that the guest molecule is small enough to be fully encompassed
by the host molecule, the size of the guest, and, accordingly, its diffusion coefficient should

become equal to the ones of the host species.

kB ¢ T
D=——— (28)
6w - 1T
However, the ultimate reduction of the guest’s D to the host’s value can only be expected in the
case of a slow exchange complex, i.e., when the species in the system remain in one state during
the measurement. If the complex is characterized by fast exchange, then the obtained D value
corresponds to the weighted average between the free and bound states, which, therefore, opens a

new way for the determination of the binding constant, namely, from the diffusion experiments.?*!]

2.4.4.2 UV/Vis spectroscopy
UV/Vis spectroscopy is suitable for the investigation of the systems, the components of which
have characteristic absorption bands in the ultraviolet and/or visible region of the spectrum, i.e.,

2481 The absorbance A at a given wavelength ) is proportional to the

when they are chromophores.
species’ concentration C according to the Lambert—Beer law (29), where ¢ 1s molar absorptivity of
the species at this wavelength and / is beam path length. Importantly, reliable linearity is provided

in the concentration range where A < 1.
AV =eV)-1l-C (29)

Because the typical duration of the UV/Vis relevant transitions is much shorter than the lifetime
of the complexes, the supramolecular equilibria are always in the slow regime.[?*8! Therefore, the
absorbance of all the chromophores present in the solution is observed simultaneously, and
absorbance at a given wavelength A (A) can be expressed as a linear combination of the

components’ absorbances respective their equilibrium concentration in solution (equation (30)).

A = eg() - L [H] +&6(D) - 1 - [G] + ep(A) - L - [HG] (30)
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The general binding isotherm (13) for host—guest complexes of 1:1 stoichiometry is applicable for
UV/Vis spectroscopy and the change in the observed absorbance AA between the system without
guest and containing total guest concentration of Gy is expressed in the form of (31) where eang is

defined by equation (32).1227-2281

EAHG 1 1)
AA=EG'G()+ 2 (GO+HO+K_)_ <GO+HO+K_) _4"H0'GO (31)

a a

EAHG = €HG — € — &6 (32)

Equations (31) and (32) imply that, for the more pronounced increase in the titration curve, species
and/or a wavelength has to be chosen so that the difference between the molar absorptivities of the
interacting components eang 1s large in value. On the other hand, since the expression (31) should
be valid regardless of the wavelength, a binding isotherm for each A can be obtained and fitted
using K, as a common parameter. Therefore, a much more reliable value for the complexation
constant can be obtained.**"]

For the stoichiometry determination, value (A —enHo—ée6'Go) can be used due to its
proportionality to [HG] to obtain a Job plot.!?*!

Typically, concentrations in the micromolar range!??’-22*23% (1074-107° M) are employed for
UV/Vis spectroscopy, which according to the abovementioned condition (15) affords accurate
determination of association constants as high as 10® M !,[2?®) implying that this technique is

suitable for the investigation of complexes whose stability is out of the NMR accuracy range.

2.4.4.3 ITC

2.4.4.3.1 Method overview

249

Since its first development in the 1960s,2*’! isothermal titration calorimetry (ITC) was established

as another powerful technique for the investigation of intermolecular interactions. This method

relies on measuring heat that is produced or absorbed in a course of the addition of guest solution

250

to host solution in order to monitor the equilibrium in the system.[?*" Since almost all processes

221 a5 well as biochemistry!?>*! are

in physics,?!1 chemistry, supramolecular chemistry
characterized by a heat (Q) or enthalpy (AH) change, ITC is a universal method that is suitable for
interactions which involve either non-chromophores (as in case of UV/Vis spectroscopy) or
species that are too complex to be able to distinguish and monitor signals of single protons (in case

of NMR). The importance of this technique is underlined by the fact that within a single titration
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(2541 stoichiometry n, association

one can obtain all the thermodynamic parameters of the process:
constant Ka, process enthalpy AH —from the non-linear fitting of the experimental data; Gibbs

free energy of the process AG and process entropy AS—from equations (2) and (33).

AG = AH — TAS (33)

2.4.4.3.2 ITC instrumentation

Modern calorimeters mostly employ power compensation method for producing the signal in the
course of an experiment.!*>>] This means that an instrument has a sample cell and a reference cell
surrounded by an adiabatic jacket to maintain isothermal conditions. Constant cooling is applied
to both cells, and a constant heating power is applied to the reference cell by a reference heater,
whereas a heater on the sample cell is controlled by a temperature sensor. During the titration, the
rise (exothermic reaction) or drop (endothermic reaction) in temperature is sensed and the power
of the sample cell heater is decreased or increased, respectively, to keep the temperature equal to
the reference cell. The difference in the heating powers between the sample and the reference cells
is the resulting time-dependent signal Q of such instrument. The sample cell is equipped with a
stirrer to ensure proper mixing of the components, and the guest solution is injected into the cell

in precise volume increments using a syringe.

2.4.4.3.3 Experimental design

As with other analytical techniques discussed above, it is essential to determine the conditions for
the controlled parameters (Ho and Go) in order to produce reliable n, K. and AH values. The
experimental conditions have to be chosen in such a way that 1) the heat produced by the addition
of each guest aliquot is large enough to be accurately measurable, and 2) the heat changes of
subsequent aliquots must yield a distinguishable curvature of the binding isotherm.[2>3-236!

To describe the steepness of the isotherm, Wiseman parameter ¢ equal to the product of the number
of non-interacting binding sites n (stoichiometry), association constant K, and starting (total) host
concentration Ho (equation (34)) is employed.””” It was demonstrated that the most accurate
determination of the binding constant from the non-linear regression is achieved for ¢ = 40[2%8,
however, conditions (35), which bear similarities to the condition (15), are considered to be

acceptable for obtaining reliable data with minimized error (< 1 %).[233-256:259]

c=n-K;-Hy (34)
10 < ¢ <100 (35)
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Therefore, for each system, the host concentration must be selected according to (35) but large

2391 The sensitivity of the instrument is, thus, a defining

enough to produce measurable heat signal.!
factor for upper K. limit: calorimeters with sub-pJ sensitivity allow determination of K, as high as
108-10° M2 It is recommended for Go to be set as 20—50-fold Ho,[*>®) however, it was
demonstrated that optimal ratio between the total guest and total host concentrations depends on
the ¢ parameter and can as well contribute to the minimization of experimental error.?>"!

A further critical factor in the design of the experiment is the heat of mixing that can arise from
unequal host and guest solution compositions. Because of the sensitivity of modern calorimeters
and since, as mentioned above, due to the universality of the ITC, processes of different nature can
cause signals in the experiment, it is crucial for a correct evaluation to eliminate the contributions
of the components’ dilution, which is done by conducting blank experiments. Hence, the true
interaction heat Qcorrected 1S Obtained by subtraction of dilution heats of host Qnost,dit and guest
Qguest,dil and the instrument blank (titration of the pure solvent into the pure solvent, Qinser) from the

observed signal Qobs (equation (36)).2%!

Qcorrected = Qobs - Qhost,dil - quest,dil - Qinstr (36)

Because studied interactions can include (de-)protonation of the species (e.g., in biochemical
systems), buffer solutions are often used to control the process. Interestingly, the magnitude of the

ionization enthalpy can be manipulated by buffer system selection.**°]

2.4.4.3.4 Data treatment

Normally, the guest solution is added into the sample cell filled with the host solution in precise
aliquots, and signals arising on the time-dependent thermogram upon addition of each guest aliquot
have shape of spikes because for a valid quantification, the difference between the sample and
reference heater powers must reach zero before the next aliquot can be injected. Integration of the
corrected signal and plotting the integral heat versus the total amount of guest added yields the
titration curve, which, when a correct model applied for a non-linear fitting thereof, can deliver
the desired thermodynamic parameters of the interaction (Figure 15).

The simplest model for a system of interest is a 1:1 binding, or more general, a single set of n
identical (since biologically relevant macromolecules are often act as hosts/receptors) binding sites
(it is assumed that a binding event at one site has no influence of another site).?>>?°%! Based on
equation (6), the binding constant can be expressed as (37), where f'is a fraction of bound host

sites (or host molecules) defined by (38).122%!
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Figure 15. Hypothetical ITC experimental data. Left graph shows raw signal, right graph depicts a titration
isotherm, in which each data point is an integral of a peak on the left graph. From the curve the thermodynamic
parameters can be obtained: process enthalpy AH as a difference between the maximum and minimum heat;
association constant K, corresponds to the steepness of the curve; stoichiometry n is the x-coordinate of the

inflection point of the isotherm.

f

K =T =P 167

(37)

[HG] [HG]

I = T TH + HGT (38)

In this case, the heat of the supramolecular process is connected to the parameters n, K,, and AH
using adjusted equation (13) in the form of (39).?8) Equation (39), however, only describes the
total heat content of the system Q; after the i-th guest aliquot addition.*> Therefore, the total host
(Ho,i) and guest (Go,i) concentrations are changing upon each injection. In order to describe the
heat change in each spike and, further, the binding isotherm, the heat of the previous injection
Q(i—1) must be subtracted and the exemption of the solution volume equal to the aliquot volume

AV; from the sample cell must be considered (equation (40)).

_AH'VO

1 1\?
Ql 2 (GO,I: + n- Ho'i + K_) - (Go'i + n- HO,I: + K—> - 4-71 * HO,I: * Go'i (39)
a a
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AV,
AQ; = Q; + T (Qi +Qi—1) — Qi1 (40)
0

This model can be extended to two or even multiple independent sets of identical binding sites,

each with its own association constant Ka; (equation (41)).[2>]

fi

Kt =T 16]

(41)

Sequential binding sites model take into consideration that the following binding events are
affected by the previous ones resulting in stepwise association constants (Chapter 2.4.3). For a
host molecule having » binding sites, each constant is expressed according to equations (42)—

(44).12%]

_ w6y o [HG) W)
ECIE I  C T TG
Ho = [H] + ) [HG] #3)
i=1
Go =[Gl + ) i-[HG] (44)
e

The correctness of the data evaluation can be estimated by the stoichiometry value »n obtained from
the non-linear fit. Clearly, n should be integer and, therefore, serious deviations from integer values
are a sign of wrong host or guest concentration. Importantly, the determination of a correct value

(2361 if the deviation is caused by

of Gy is more crucial, since, as pointed out by Lewis and Murphy,
incorrect Ho, the other obtained parameters—K, and AH—are still determined accurately and

represent the true values, and otherwise, if the Go is incorrect.

2.4.4.4 Summary of the techniques
A brief summary of the analytical methods for the determination of the binding affinity in

supramolecular systems discussed in this chapter is given in Table 11.
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Table 11. Summary of the discussed methods for binding affinity determination.

Technique Suitable for Concentration Ka range Disadvantages
range
Intermediate exchange
Organic conditions and many-
NMR molecules, 10°-102M <10°M! component mixtures are
polymers not suitable. Relatively
low K. range
UV/Vis Chromophores 10— 10%M  10°— 108 M~ ot applicable for non-
absorbing systems
. _7 3 9,1 Sensitive towards side
ITC Everything >10"M <10°-10"M

processes involving heat

2.5 Surface plasmon resonance spectroscopy

Surface plasmon resonance (SPR) spectroscopy is a highly sensitive optical method of analyzing
the composition of thin films and studying processes occurring on metal surfaces.[®?*") The
technique relies on the phenomenon of surface plasmons—electromagnetic surface waves excited
at an interface between two media, whose dielectric constants & have opposite signs, such as a
metal—dielectric interface—which can be excited by light. The theory behind this phenomenon,
first observed by Wood[?°!l on grating metal surfaces, was described decades later by Fano,!?6?!
and developed further for the case of systems with attenuated total reflection in works of Ottol?%*]

as well as Kretschmann and Raether®%* in 1968.

2.5.1 Excitation of surface plasmons

Surface plasmon is a TM-polarized evanescent wave propagating along the interface, meaning that
the magnetic vector H is parallel to the interface and the intensity of the wave exponentially
decreases with distance from the interface (Figure 16).2° As a condition for the light to excite
such plasma wave, the light wave vector’s parallel component must match the one of the surface
plasmon, thus inducing the resonance.!®! Furthermore, to achieve the coupling, the incident light
must be p-polarized.

As already mentioned, it is possible to observe a surface plasmon at the interface of two media:
metal and dielectric characterized by dielectric constants (of opposite signs) em and &g,
respectively. From the Maxwell’s equations for a wave propagating along such interface, the

parallel wavenumber component kx(®) is determined by the equation (45), where o is the angular
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Metal (e.g. gold)

Interface

Dielectric (e.g. air)

Surface plasmon intensity

Figure 16. A perpendicular profile of a metal-dielectric interface. The surface plasmon wave propagates along the

x coordinate (vector k) in a TM-mode: Magnetic vector is orthogonal to the propagation vector and parallel to the

interface plane (vector H is directed into the plane). The red curves represent the distribution of the plasmon

intensity along the z axis.

frequency of the electromagnetic wave and c is the speed of light in vacuum. For such mode to

exist, the two media’s dielectric constants must comply with the condition (46).!

dielectric, €4 > 0, which implies that &, must be negative.

w
kx(w) = ? :

Em < —&dq

2651 Usually, for a

(45)

(46)

Clearly, the wavenumber of the surface plasmon (equation (45)) is higher than the wavenumber of

light in vacuum (or dielectric) (equation (47)), therefore, it must be increased, e.g., by passing the

light beam through a coupler, i.e., medium with a higher refractive index ¢ (equation (48)). Then

the resonance condition of the surface plasmon excitation for a light beam falling onto the surface

at an incidence angle Ospr 1s expressed as equation (49). Hence, the resonance can be achieved by

adjusting the angle of incidence 9.
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w
k(@) =~ 47

k() = % VE-sind (48)

\/E - sin HSPR = (49)

In case the matching condition is fulfilled, a part of the energy of the incident light is transformed
into surface plasmon (and further dissipated in the metal) leading to a loss of light intensity in the

reflected light compared to the incident light.

2.5.2 Otto and Kretschmann configurations

If a glass prism is used as a coupler, one can work under the conditions of total internal reflection
of the light beam from the inner wall of the prism, thus obtaining an evanescent wave, which can
induce the surface plasmon through a layer of a dielectric or a metal. The former configuration
where a glass prism is separated from a metal film by a layer of air (Figure 17, A) was designed
by Otto.?3] The latter one was implemented by Kretschmann (Figure 17, B).2%1 In this
configuration, a thin metal layer is grown directly on the prism wall, and the evanescent wave
produced by the total internal reflection of the incident light couples with the surface plasmon on

the “outer” surface of the metal, i.e., on the metal—air (or any other dielectric) interface. Due to a

A) B)

3 k 3 K
Dielectric ol gake & Metal allan Em
\YJ > \VJ V >
Metal & U v €m Dielectric v U ksp €4

Figure 17. Configurations for surface plasmon excitation using (attenuated) total internal reflection. A) Otto
configuration. The incident light is passed through a prism with dielectric constant &, which is separated from metal
with a dielectric layer, and is reflected from the back wall of the prism. Through the dielectric layer, the evanescent
wave excites a surface plasmon at the metal—dielectric interface. B) Kretschmann configuration. The incident light

is passed through a prism and reflected from a prism—metal interface. The evanescent wave penetrates the metal

layer and excites a surface plasmon on the outer surface, i.e., metal—dielectric interface.
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significantly easier practical implementation, the Kretschmann configuration is the one employed

in modern SPR systems.

2.5.3 Penetration depth and sensing principle

The surface plasmon as an electromagnetic wave reaches its highest intensity at the surface and
exponentially decays with increasing distance from it. Therefore, plasmons are characterized by
penetration depth Ly (i.e., distances from the interface, at which the intensity decays by a factor
of e), which depends on the wavelength X as well as on the dielectric constants of the media.[¢]
Typical intensity distribution perpendicular to the interface plane is shown in Figure 16. Due to
the fact that |em| > |eq| the intensity decay is significantly slower in the dielectric compared to the
metal leading to a considerably higher concentration of the field and penetration depth Lyq in the
dielectric. In case of metals such as gold and silver, typical Lyq values for a surface plasmon with
A = 630 nm are 2429 nm into the metal and 160220 nm into the dielectric.**"!

Thus, a propagating plasma wave can effectively “probe” a dielectric layer of about 400 nm in
depth. Any changes occurring in the layer lead to a change in &4, which affects the plasmon
wavenumber according to (45), and therefore, the resonance angle Ospr. This dependence underlies
the working principle of SPR-based bio- and chemical sensors: the angular spectrum of the
reflected light intensity depends on the composition and optical behavior of the dielectric layer
and can be analyzed using Fresnel equations to obtain the information about dielectric constant
(or, similarly, refractive index nq) as well as thickness d of the layer.

An example of angular dependence of the relative intensity of the reflected light beam from
incidence angle is presented in Figure 18. Here, a system is assumed, in which a thin gold layer
(d = 50 nm; &rear (real part of dielectric constant) = —12.3; €imag (imaginary part) = 1.29) is located
between two semi-infinite media: air as a dielectric (¢ = 1) and N-LaSF9 quartz (¢ = 3.4036) as
coupler. Two distinct features are clearly recognizable on the curve: an intensity increase at the
critical angle (angle of total internal reflection) 6tr and a minimum of intensity corresponding to
the resonance at the angle Ospr. For given coupler’s and dielectric medium’s parameters, the shape
of the spectrum around the critical angle and the position of the plasmon resonance depend on both
the layer thickness drec and the refractive index (RI) ng,rec of a receptor (polymeric gel/biofilm/etc.)
layer on the surface of the gold. Typically, the angle Ospr increases with increased drec and ngrec.
However, if the layer thickness exceeds a critical value (in practice, around 400 nm), the plasmon
wave cannot discriminate between different thicknesses anymore, and the position of the
resonance minimum becomes solely dependent on the RI, whereas the area around Ortr is

susceptible to variations in both drec and nqec even for much thicker layers.2%!
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Figure 18. Simulated angular SPR spectrum at the interface 50 nm gold layer/air. As a coupler a N-LaSF9
(¢ = 3.4036) quartz prism was assumed. Angle of total internal reflection and angle of the surface plasmon

resonance are marked accordingly.

2.5.4 [Experimental setup

A typical SPR-sensor setup in Kretschmann configuration for angular modulation measurements
is shown in Figure 19. A light beam of a constant wavelength is excited by a laser. A chopper
mounted after the laser generates rectangular modulation, which suppresses the noise and leads to
a better signal-to-noise ratio. By an optical system, the beam is guided through two polarizers. The
first one is responsible for the intensity of the incident beam, the second one endows the beam
with p-polarization, which is, as mentioned above, one of the coupling conditions. Further, the
light is passed through a quartz prism in a sample holder. Within the prism, the light’s momentum
is increased to match the momentum of the surface plasmon in accordance with the conditions
(48). Normally, the metal layer is grown or deposited on a separate quartz wafer rather than directly
on the prism, therefore, to eradicate possible undesired reflections at the wafer—prism interface,
both are brought in contact using an immersion oil (index match) which has a refractive index
close to that of the prism and wafer. A receptor (e.g., a gel) is immobilized on the metal layer on
the outer surface of the wafer and covered with a flow cell, by means of which an analyte can be
injected or a medium (e.g., air or a buffer solution) can be changed. The whole sample mount is
set on a goniometer equipped with two stepper motors, the purpose of which is concerted as well

as individual rotation of the sample and the detector (by 6 and 20, respectively) around the vertical
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Figure 19. A setup for an SPR-sensor based on Kretschmann configuration.
A detailed description is given in the text.
axis, and various screws for adjusting the incidence and reflection of the beam. After the reflection
inside the prism, the beam reaches the detector coupled with an amplifier, which transforms the

light intensity into an electric signal to obtain angular spectra as the one shown in Figure 18.

2.5.5 Applications of SPR spectroscopy

The possibility to conduct a highly sensitive, selective, and label-free analysis of systems accounts
for the fact that SPR spectroscopy—an optical analytical technique based on the effect of SPR—
is irreplaceable in many fields including chemistry, microbiology, medicine, and environmental
monitoring. 6]

From the perspective of chemical applications, SPR is a powerful tool for studying processes
occurring in hydrogels. So, the technique was employed for the investigation of swelling and de-
swelling of hydrogels based on copolymers containing responsive units, such as NIPAAm, which
is well-known to exhibit a LCST behavior. It was demonstrated that the transition temperature is
such gels is dependent on the thickness of the initial dry gel, and two swelling behavior regimes
are distinctly observable with a critical thickness deric = 280—500 nm.[27-268] Fyrthermore, SPR
spectroscopy allows investigating the formation of hydrogel bilayers by applying a two-layer
fitting model. The layers of a bilayer system comprised of a non-responsive and a responsive
hydrogel were shown to maintain their swelling behavior compared to individual states.?*"]

By immobilizing various receptor materials on the surface of gold, a sensor array can be
constructed with high selectivity towards the desired analyte. This approach can be applied to
environmental monitoring for the detection of various contaminants. A sensor for simultaneous
detection of multiple pesticides (DDT, carbaryl and chlorpyrifos) was obtained via immobilization

of analyte—protein conjugates of the gold surface with self-assembled alkanethiolates.?’"! An
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antibody binding inhibition principle was employed for the detection of the pesticides to achieve
LOD in the range of 18-54 ng/L. A similar binding inhibition principle was applied for the
detection of BPA, where BPA-modified sensor chip was treated with BPA solution containing a
certain amount of a BPA-antibody.?’!) Under such conditions, an elevated BPA concentration in
the solution inhibited binding of the antibody to the surface. The LOD of such immunosensor was
estimated around 10 ppb.

Further, SPR-based biosensors are utilized in medical diagnostics. Such immunoassays were
devised for the detection of various cancer types at early stages using disease-specific biomarkers,

27122731 An SPR-sensor for breast cancer

such as RNAs, exosomes, proteins or antibodies.!
diagnostics was developed by Sina, Vaidyanathan et al.?”* Using biotin—-SAV binding motif, a
gold surface was modified with exosomal markers exhibiting affinity towards different types of
exosomes. Therefore, exosomes were captured from the injected solutions, and the cancer-specific
ones, HER2, were detected from the population using HER2-antibody. This approach showed
remarkable sensitivity with LOD as low as 2070 exosomes/pL.

To highlight the medicinal applications of the SPR spectroscopy, the technique was recently
widely employed for the detection of corona viruses. SARS-CoV-2 is an RNA virus capable of
causing a respiratory illness COVID-19, which caused a worldwide pandemic in early 2020. Since
then, efforts have been made to develop a cure to the disease as well as methods for reliable and
accurate detection of SARS-CoV-2 in humans. Since the COVID-19 outbreak, various SPR-based

2751 One of the most recent biosensors was designed by

assays were devised for the said purpose.
the groups of Jia and Liu, in which spike protein antibodies were immobilized on Au surface as a
bioreceptor for SARS-CoV-2.27¢! The SPR sensor was demonstrated to be highly sensitive with
LOD of 1 ag/mL in pharyngeal swab solution. Astonishingly, by employing antibodies attached
to gold nanoparticles as an additional layer, the authors could improve the sensitivity even further
reaching the LOD for SARS-CoV-2 as low as 0.1 ag/mL.

Last but not least, SPR can be used along with the methods discussed in Chapter 2.4 to calculate
the association constant K, between the receptor and the ligand/guest/analyte.?’”) At a given
incidence angle 6;, the value of the equilibrated signal Req in the presence of the analyte in a
concentration of Go can be expressed according to (50), where Rmax is a signal at complete

complexation. Plotting Req against Go and fitting the resulting isotherm yields binding constant as

a fitting parameter.

_ Go * Rimax

Req =
Go + /g

(50)
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3 Pillar[S]arene-based dually crosslinked supramolecular

gel as a sensor for the detection of adiponitrile’

3.1 Introduction

3.1.1 Polymeric gels

Gels, i.e., polymer chains interconnected via covalent crosslinking moieties into three-dimensional
networks, represent one of the most important classes of synthetic materials.['*”’! Despite their
versatility for numerous applications, such networks exhibit often insufficient mechanical
properties and poor reversibility, which drastically limits the applicability of the gels. However,
their fusion with supramolecular chemistry paved the way for numerous opportunities to enhance
the properties of the gels, or even to endow the gels with unprecedented ones.[?3"! The introduction
of supramolecular interactions (such as ionic interactions?®!!, metal/ligand complexes!?®?,

2831 or host-guest inclusion complexes?*+?%) into the network results in the

hydrogen bonding!
reversible crosslinks between the polymer chains. This, in turn, bestows the systems with improved
mechanical properties?®® and susceptibility towards the changes in the medium and thus with
stimuli-responsiveness. This feature is the key for the fabrication of smart materials that can be
utilized in diverse areas ranging from tissue engineering!?®’! bioelectronics,?®®! and drug

289] 2901 actuators?®!, and sensors.?%28%-292]

delivery®® to self-healing materials!
Lately, the focus of various research groups has been shifted onto polymeric networks that
combine multiple types of crosslinks in one system*?)l. Utilization of dual reversible
crosslinking, for instance, was shown to endow the networks with multi-stimuli-responsiveness as

2941 Furthermore, incorporation of a covalent and a non-covalent

well as shape memory behavior!
linkage types in a single gel was demonstrated to be highly promising since it receives the
advantages of both types?>>l: the former provides an integrity of structure to the system, whereas
the latter is responsible for the reversibility and responsiveness. Such combination proved to be
beneficial for the fabrication of reusable devices, which is especially important in sensing
applications. Recently, dually cross-linked hydrogel sensors were developed in our working group
for the detection of small molecules!’®!! and ovarian cancer biomarker!”! LPA. Reversible
crosslinks in a form of a host-guest complex with B-CD were disrupted in the presence of an

analyte—a compound with a higher binding affinity to CD—which led to a decrease in the

crosslink density and, therefore, to an increased swelling. The swelling behavior was monitored

! Parts of this chapter were published in (278,
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by SPR spectroscopy!?’?!, the sensitivity of which offered a limit of detection of the LPA as low
as 0.122 uM.

3.1.2 Nitriles
Nitriles comprise a chemical substance family which is of high importance in various areas such

as chemical industry (where they are extensively used as precursors for plastics, fibers, etc.[2762°7])

or medicine (e.g., as biomarkers of chemotherapy-related kidney damage in cancer patients/?%%)).
In the field of chemical industry adiponitrile is one of the key members of the nitrile family. It is
used in the synthesis of nylon-6,6, which is the reason for a very high demand for it (annual

§[297

production over 1.5 million tons!?®”!). Despite being crucial for market, nitriles can exhibit high

(2991 and adiponitrile can pose a risk for human health (hence being listed in the List of

toxicity
Extremely Hazardous Substances by the US Environmental Protection Agency), especially at high
concentrations.['>*%! The studies conducted on fish revealed the lethal concentration of AN LCso
between 670 and 2140 mg/L'?! (corresponding to 6.2 to 19.8 mM; the values are dependent on the
species and the exposure duration), therefore, making it crucial to introduce a reliable method of

monitoring AN levels in the environment.

3.1.3 Aim of the current project

In the current work, we aimed at designing a supramolecular sensor chip for the detection of
adiponitrile. Benefiting from a stable complex formation between PSA and AN, a gel-based sensor
was developed bearing two types of crosslinks: chemical (irreversible) and supramolecular
(labile), the latter based on a host-guest complex with P5SA. Upon the presence of the analyte in
the medium around a pre-swollen gel, the competitive complexation takes place with the analyte
displacing the original guest species, which leads to disruption of the crosslinks and, thus, to the
decrease in the crosslink density. This change can be measured by change in the swelling using a

sensitive SPR technique (Figure 20).

Figure 20. The concept of a pillar[5]arene-based dually crosslinked gel sensor for the detection of adiponitrile.
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3.2 Synthesis and general considerations

3.2.1 Synthetic strategy

For a fabrication of a dually crosslinked system, it can be very beneficial to obtain separately host
and guest polymers (i.e., polymers with pendant host and guest groups) which upon mixing would
produce a supramolecular gel. Introduction of a photo-crosslinking moiety, such as
dimethylmaleimide!!®!!3-301:392] ‘brings an advantage of on-demand chemical crosslink formation,
which can be used to form a chemical gel in any form upon irradiation with light after conveniently
processing the polymer blend as a solution. Such host, guest and crosslinker groups can be
embedded into polymer chains either as comonomers in a copolymerization process or in course
of post-modification of polymers containing reactive groups. The former approach is not free from
disadvantages: firstly, the monomers might not have similar reactivities, thus, leading to an uneven
distribution of functional groups along the chain; secondly, this approach is less flexible towards
the composition of the resulting copolymers. Therefore, we chose the post-modification approach,
since it requires less components for the polymerization step (which means a higher adjustability),
and the initial polymer can be used for both host and guest polymers implying a similar distribution
of pendant moieties. As mentioned above, such post-modification requires a presence of a reactive

3931 VDMA has been gaining an

comonomer, such as 4,4-dimethyl-2-vinylazlactone (VDMA).!
increasing attention as a comonomer possessing an electrophilic ring, which can be opened in a
“click”-manner at a high rate and efficiency by various nucleophiles, especially by amines.?%
Recently, the advantages of this versatile monomer were employed to create adjustable and smart
co- and block-copolymers.[213:303:396.307] Hence, the utilization of a copolymer containing VDMA
allows highly efficient post-modification by a species possessing an amine functionality, which
serves as a foundation for the design of host and guest moieties.

One of the features of PnAs that make them highly versatile host species is the possibility of their
functionalization via rim-group substitution.!'%%”! Hence, various strategies were developed which
paved the way for selective substitution of one, two or more alkyl rim groups as well as for

97.98308] For a fabrication of host polymers

achieving regioselectivity thereof (see Chapter 2.2.2).!
with pendant PSA groups a selective mono-substitution is required, which can be implemented by
two major approaches: 1) by co-cyclooligomerization (the functionality is introduced directly
during the macrocycle formation) and 2) by forming “homo”-P5A followed by mono-dealkylation
and subsequent etherification. We chose the second pathway for several reasons. DMP5A in the
first step can be produced in a relatively high yield (> 70 %) and on a gram scale without complex
purification. For the selective mono-demethylation using BBr; it is crucial to find the perfect

conditions, however, the unreacted P5A can be recovered from the mixture, which minimizes
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losses and makes this procedure effective considering the overall yield. PSAOH containing a single
hydroxyl group can be easily converted into a mono-functionalized P5A, for instance, by
Williamson etherification. In the current work, we sought to improve the versatility of this method
by introducing a propargyl function as a side chain. This allows utilizing azide-alkyne [2+3]-
cycloaddition for further functionalization. As a result, PSA with a single triazole-containing
amine-terminated side chain (HT) was synthesized with a yield of 17 % over 5 steps (Chapter
5.2.2). The intermediates and the product were characterized by 'H, '*C and 2D NMR as well as
by MS. '"H NMR spectrum of the HT is demonstrated in Figure 21.

3.2.2 Choice of a solvent

For the binding studies as well as for AN detection using the gel sensor chloroform was selected
as a solvent for several reasons. Firstly, solubility of the investigated host and guest species is high
enough for performing NMR titration experiments in this solvent. Secondly, the combination of
relative low polarity as well as bulkiness of CHCI3 stimulates the binding between P5A and guests
in comparison to high-polarity solvents (such as in acetone or DMSO) or solvents that act as guest
species themselves (for instance, CH3CN or acetone).”%! High binding affinity is, in its turn,
beneficial for both stability of the second crosslink in the gel and its sensitivity upon presence of

the analyte. Thirdly, the fabricated polymers (as discussed further) were as well soluble in
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chloroform, therefore, providing an adequate estimation of the system behaviour already on the

low-molecular stage of investigations.

3.2.3 DMPSA-AN complexation

In order to create a chemoresponsive gel with supramolecular crosslinks which would break upon
the presence of the analyte, a thorough selection of a host-guest system is required. The complex
should possess a binding affinity in a certain range. On the one hand, it should not exceed (actually,
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Figure 22. 4) NMR titration of DMP5A with AN in CDCI; ([H]o = 6 mM). Green arrows and letters refer to the
DMP5A, blue ones — to the AN. Solid and dashed lines demonstrate the evolution of the peaks belonging to the
complexed and free species, respectively. B) NMR spectra of (from the bottom) DMP5A, AN@DMPS5A complex (at
[G]o: [H]o=2.2:1), AN. The change in peak shifts of host and guest is presented by the green and blue arrows,
respectively. C) Fragments of the NMR titration (AN@DMP5A), with only DMP5A peaks shown. The peaks of the

complexed host are depicted in bold.
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be at least one order of magnitude lower) the affinity between the analyte and the host moiety,
otherwise the analyte in the solution would not have any effect on the crosslink density and,
therefore, on the swelling behavior. On the other hand, if the binding affinity is too low, the
crosslinking might not be formed at all, which, again, means a drastic decrease in responsiveness.
As shown by Shu et al., '] AN is capable of forming particularly stable pseudorataxanes with PSA
(Chapter 2.2.3.2, Table 3) due to the combination of C—H---m and dipole-dipole interactions. In the
paper, the authors were unable to deliver any value for K. for the system per-O-alkyl-P5A/AN in
CDCI; because of the limitations of the NMR titration technique. 2?72 A similar trend is
observed in the case of the AN@DMPS5A complex. The NMR titration was conducted in CDCI3
at the constant host concentration [H]o =6 mM (Figure 22, A and B) and the results are in
accordance with previously reported ones.'!! In the spectra, peaks of both complexed and
uncomplexed species are observable indicating a slow exchange. Noticeably, the peaks of the free
AN do not appear until the 1:1 host:guest ratio is reached, and upon further addition of the guest
species the complete disappearance of the free host peaks was observed (Figure 22, C). All these
facts speak in favor of a highly stable binding between both species.

Further details of the complexation equilibrium can be provided by 2D NOESY NMR (Figure 23,
A). Notably, the strong negative cross-peaks demonstrate that the peaks of both free and
“threaded” AN belong to the same molecule, which implies that although the pseudorotaxane

exhibits slow equilibrium, the guest molecules still exchange in a cavity within the time of an

‘ ’ Lo ‘ ) ppm —
. Experiment:
| ] k-2 25| m [DMP5A]
' [ . . 0 ® [AN]
i ¥ | A - A [AN@DMP5A]
H \ Py Simulation for log K, = 5.0
' A4 < o 2204 |— puprsy
- ¥ | =H
. £ —— [AN@DMP5A]
. /o 1 IS Simulation for log K, = 4.0
. ! M = 15 |--- [DmPsA]
5 ! = . b2 s -- AN]
. s . 2 --- [AN@DMP5A
[ " < £ |l ineowesy |
) s i
: £ 101
L - > . B
o
\ / . 8 x y Q'Y 7'y 7'y
i )
; / ‘
i ] | | | ] ] [ ]
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s 7 6 5 a4 3 2 1 o 4 2 ppm [AN], (mmol/L)

Figure 23. A) 2D NOESY spectrum of the system DMP5A—AN (1:2 eq.). NOE cross-peaks indicating proximity
between AN and the macrocycle are marked green. B) Titration curves for DMP5A—AN system. Scattered plots:
experimental data, line plots: simulated curves for the corresponding species (solid lines: log K, = 5.0; dashed

lines: log K, = 4.0).
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experiment. This is further proved by NOE cross-peaks (marked green) which appear for all AN
protons.

To have an insight into the complexation strength the titration curves were simulated using
HySS 2009 (Version 4.0.31) softwarel®*'%! for a two-component system of 1:1 stoichiometry and
two different binding constants. The resulting curves (Figure 23, B, solid lines: log K. =5.0;
dashed lines: log K, = 4.0) resemble the evolution of free host [DMP5A], free guest [AN] and
complex [AN@DMP5A] concentrations depending on the total guest concentration [AN]o. As can
be seen from the figure, for both K. values the curves align almost perfectly with the experimental
data (the discrepancies taking place because of the AN and AN@DMPS5A peak broadening, which
results in an addition integration error) and with each other, therefore, demonstrating that

log Ka (AN@DMPS5A) is exceeding 4.0 but cannot be precisely determined using NMR titration.

3.2.4 Candidates for a guest moiety

From these considerations, as well as taking into account o

possible sensitivity issues, the upper limit for the binding N\CJN /\/\/\/NI j< HA-Boe

affinity of the desired guest moiety to DMPS5A can be set H

at around log K, =3.5. It is known that pillar[5]arenes “N@' /\/\/\/NIO\K MIHA-Boc
can form stable pseudorataxanes with various neutral and o,

positively charged heterocycle-capped <’:J e \([,r \|< THA-Boe

axles, 1381431443111 qych as imidazole, 1,2,3- and 1,2,4- . H

triazoles (Table 4), methylimidazolium and pyridinium- || ;N/\/V\/NIOK PHA-Boc

substituted species (Table 6). The complexes of PnAs H

with various guests in relation to the stability of the >'?/V\/\/N\IJO\|< TAHA-Boc
supramolecular entities is discussed in detail in Chapter Scheme 8. Investigated guest moieties

[223]

2.2.3.  Furthermore, methylimidazolium and

115.222225] derivatives have been successfully used by various working groups as guest

pyridinium!
moieties for the preparation of pillar[n]arene-based gels. Final condition, since the host and guest
moieties are designed as pendant groups on the polymer chains, the desired axles should only have
one side substituted.

In this work, with regard to the polymer post-modification arrangement, 6-aminohexan-1-ol was
chosen as a basic building block for the guest moieties. After substitution of OH group with a
bromine by refluxing in a concentrated HBr and subsequent Boc-protection of the amino group

(Scheme 11), it was reacted with various nitrogen-containing species to obtain corresponding

guests (Scheme 8). We chose the following axle substituents as potential candidates for the role of
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the guest in the gel sensor: imidazol-1-yl, (3-methyl)imidazol-1-yl, 1,2,4-triazol-1-yl, pyridinium

and trimethylaminium moieties.

3.3 NMR investigations of host-guest interactions'

In order to choose the best candidate, NMR titrations were conducted using Boc-protected
aminohexane bearing the corresponding groups on the other end of the alkyl chain: IHA-Boc,
MIHA-Boc, THA-Boc, PHA-Boc and TAHA-Boc (Scheme 8). Boc-protected moieties are much
closer chemically to the pendant group structure in real gels (compared to the deprotected ones
which are required for polymer modification), hence they were selected for the NMR titration.
From the investigated guest moieties, MIHA-Boc (Figure 24 and 25), PHA-Boc (Figure 26 and
27) and THA-Boc (Figure 28 and Figure 29) exhibited fast exchange, while IHA-Boc (Figure 30
and 31) and TAHA-Boc (Figure 32 and 33) showed slow exchange on the NMR time scale, which
is indicated by the presence of separate peaks of free and complexed species. For each complex
Guest@DMP5A the titration was conducted up to 3.25-4.7 guest moiety equivalents. In case of
the fast-exchange systems, the assignment of the proton signals of complexes was conducted by
the analysis of the corresponding peak shifts evolution in the NMR titration spectra as well as
using 2D COSY NMR, whereas for the systems exhibiting slow exchange, 2D NOESY spectra

were analyzed to assign the signals.
3.3.1 Fast exchange complexes

3.3.1.1 MIHA-Boc@wDMP5A

For the system DMP5A—-MIHA-Boc the concentration of the guest moiety in the range of 0 to
14.4 mM (corresponding to host:guest ratios from 1:0 to 1:3.6) was used (Figure 24). On the
spectra the shift of the peak positions can be traced. Firstly, the protons of the MIHA-Boc alkyl
chain undergo an upfield shift, which is induced by the inclusion of the guest molecule into the
macrocycle. It can be noticed that the closer a methylene group is located to the imidazole
fragment, the more pronounced the shielding effect is (Figure 24, A; peak assignment according
to 2D COSY NMR, Figure 25, B): whereas for the proton Ha. (for [H]o:[G]o = 1:0.83) the
Ad =—2.26 ppm and a strong broadening is observed, for the proton He Ad =—0.14 ppm, and for
Hreven a slight deshielding takes place: A6 = +0.04 ppm with almost no broadening of the signal.
The protons of the imidazole fragment exhibit different trends. Hg which is normally the most
deshielded due to the positive charge of the MIHA-Boc shows a very strong upfield shift and signal
broadening in the presence of DMP5A (Ad =-2.47 ppm). The proton Hy, however, demonstrates

! The discussion of this chapter is based on results from Ref. 3121,
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Figure 24. A) NMR titration of DMP5A with MIHA-Boc in CDCIs ([H]o = 4 mM). B) ) NMR spectra of (from the

bottom) DMP5A, MIHA-Boc@DMPS5A complex (at [G]o = 3.3 mM), MIHA-Boc. The change in peak shifts of the
guest molecule is presented by the arrows. C) Fragments of the NMR titration (MIHA-Boc@DMP35A), with shifis of

only DMP5A peaks shown.

an opposing trend with a downfield shift: Ad =+0.40 ppm. 2D NOESY spectrum, however

(Figure 25, A), does not reveal any cross-peaks that might be indicators of the inclusion complex

geometry.

As for DMP5A signals (Figure 24, C), a clear trend can be noticed that deshielding takes place for

methoxy groups and aromatic protons, which is in accordance with earlier literature reports for

DMP5A.#) Interestingly, the protons of methylene bridges exhibit slight shielding in all fast

exchange systems.
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Figure 25. A) 2D NOESY spectrum of the system DMP5A-MIHA-Boc (1:1 eq.). B) 2D COSY spectrum of the MIHA-

Boc@DMP5A4 complex. C) Job plot of the DMP5A—-MIHA-Boc titration. The maximum of all three peaks of DMP5A

lie around 0.5, which proves a 1:1 stoichiometry of the complex (The lines serve as guides for the eye). D) Titration
curves corresponding to the DMP5A protons. The fit curves are obtained using a non-linear least square method

with K, as a common parameter for all dependencies.

From the DMP5A peak shifts, the stoichiometry of the MIHA-Boc@DMPS5A complex and its
binding constant was calculated. Job plots obtained from the shifts of each proton (Figure 25, C)
indicate a 1:1 stoichiometry of the pseudorataxane due to the maximum of all the curves lying at
approx. 0.5. Using the non-linear regression method for the 1:1 complexation model (Figure 25,
D), the constant K, as a global parameter and the chemical shift at full complexation Admax for
each of the peaks were obtained (Table 12). For the complex MIHA-Boc@DMPS5A, the obtained
value of Ky = (2150 + 470) M ! (log Ka = 3.32 £ 0.10).
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3.3.1.2 PHA-Boc@wDMP5A

The NMR titration was conducted in the PHA-Boc concentration range of 0 to 13.0 mM (1:0 to
1:3.25 host:guest ratio, respectively; Figure 26). Similar to the MIHA-Boc@DMPS5A complex,
the upfield shift of the alkyl protons Hy—H. (Figure 26, A, B) can be traced with decreasing
shielding effect strength (Ad =—-2.49 ppm and —0.07 ppm for Hy, and He, respectively; assignment
is performed using 2D COSY spectrum, Figure 27, B). The shielding effect on the proton Ha is so
strong that its signal is not observed in the spectrum of the pseudorotaxane. In contrast to the other

protons of the alkyl chain, Hf undergoes a slight deshielding upon DMPSA presence

A) G
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*r Hoo 13.0mM
f\ e J ) ‘k 10.0mM
Y |
f I\ ) Jt N 5.7mM
f t \ f 3.6mM

t T ‘I \ 2.6mM
TI T ‘ \ 24mM

Ly b

—
—— ] -

T I ‘ N T T ‘ \ 1.3mM
TH. THh 1 Hy N Jme T Hy H'Ic \Hb 0.9mM
L JLL. L | c(PHA-Boc) =0 mM
S

CH, | O-CH;
13.0 mM

10.0 mM

8.8 mM

5.7mM

3.6mM M
A
A
A

3.2mMm
26mM
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1.3 mM

0.9 mM
C(PHA-Boc) =0 mMJL

67  ppm 3.8 3.7 ppm
Figure 26. A) NMR titration of DMP5A with PHA-Boc in CDCI; ([H]o = 4 mM). B) NMR spectra of (from the
bottom) DMP5A, PHA-Boc@DMPS5A complex (at [G]y = 3.6 mM), PHA-Boc. The change in peak shifts of the guest
molecule is presented by the arrows. C) Fragments of the NMR titration (PHA-Boc@DMPS5A), with shifts of only
DMP5A peaks shown.
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Figure 27. A) 2D NOESY NMR of the complex PHA-Boc@DMP5A. The NOE cross-peaks between host and guest
species are marked green. B) 2D COSY spectrum of the PHA-Boc@DMP5A complex. C) Job plot of the DMP5A—
PHA-Boc titration. The maximum of all three peaks of DMPS5A is around 0.5, which proves a 1:1 stoichiometry of

the complex (The lines serve as guides for the eye). Titration curves corresponding to the DMP5A protons. The fit

curves are obtained using a non-linear least square method with K, as a common parameter for all dependencies.

(Ad =+0.12 ppm). From the aromatic peaks of the PHA-Boc the significant upfield shift and

broadening is exhibited by the ortho-proton Hg, suggesting a pronounced shielding due to the

inclusion into DMP5A and coulomb interaction with the electron-rich cavity thereof. Interestingly,

even the “outer” para-proton H; exhibits a slight upfield shift whereas the meta-proton Hy shifts

to the low field. The inclusion complex formation was further supported by 2D NOESY NMR

(Figure 25, A). The spectrum shows cross-peaks corresponding to the interactions between Hy as

well as Hq¢ and He of PHA-Boc with methoxy groups of DMP5SA.

The peaks of the host molecule shift similarly to the MIHA-Boc@DMP5A complex (Figure 26,

C). The maximum of the Job plots (Figure 27, C) indicates a 1:1 stoichiometry of the
pseudorotaxane. The binding constant K, = (4580 = 980) M! (log Ka = 3.66 + 0.09) determined

78



PADERBORN
UNIVERSITY

A

using to the non-linear method (Figure 27, D) is higher than for MIHA-Boc@DMPS5A implying a

RESULTS AND DISCUSSION

more stable complex.

3.3.1.3 THA-Boc@wDMP5A

The DMPS5A titration with THA-Boc was conducted with the guest concentrations ranging from
0 to 19.2 mM (corresponding to host:guest ratios from 1:0 to 1:3.8; Figure 28). Unlike the
previously discussed complexes, the formation of THA-Boc@DMPS5A can be demonstrated™!?!
by broadening but no significant shift of the protons of the guest moiety (Figure 28, A, B).
Interesting to note the different behavior of the 1,2,4-triazole fragment protons: Hj situated closer

to the alkyl chain exhibits strong broadening whereas H; on the outer side of the heterocycle does

Hy Hy Hc He n o H,
A) | CrERR T
Hy ) J:'g NH H, 19.2mM
I JL‘ T T u 14.9mM
T JL T L 12.1mMm
T JL T Lb 9.5mM
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ll | JL__ T T U T 5.8mM
L N
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Figure 28. A) NMR titration of DMP5A with THA-Boc in CDCls ([H]9 = 4 mM). B) NMR spectra of (from the
bottom) DMP5A, THA-Boc@DMP5A complex (at [G]o = 4.0 mM), THA-Boc. C) Fragments of the NMR titration
(THA-Boc@DMP5A), with shifts of only DMP5A peaks shown.
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Figure 29. A) 2D NOESY NMR of the complex THA-Boc@DMP5A. The NOE cross-peaks between host and guest
species are marked green. B) Job plot of the DMP5A—THA-Boc titration. The maximum of all three peaks of
DMP5A is around 0.5, which proves a 1:1 stoichiometry of the complex (The lines serve as guides for the eye). C)
Titration curves corresponding to the DMP5A protons. The fit curves are obtained using a non-linear least square
method with K, as a common parameter for all dependencies.
not. This might be attributed to the positioning of the guest molecule in the DMP5A with triazole
peeking outside of the cavity. Due to such placement the outer proton Hy is not screened by the
macrocycle and, therefore, its relaxation proceeds slower compared to the proton Hg, which results

in a sharp peak even in a complexed state.
The host-guest complex formation was further proven by NOESY NMR (Figure 29, A). The cross-
peaks between triazole protons and the methyl as well as aromatic protons of DMP5A (highlighted
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green), demonstrate that the triazole tail of the THA-Boc are in proximity to the protons of the
cavity. However, since H, and Hr overlap in the investigated '"H NMR spectra, it is not possible to
determine which of the protons interacts with DMP5A.

The stoichiometry of the pseudorotaxane is determined with the Job plot (Figure 29, B) to be 1:1,
which allows the application of the 1:1 binding model to calculate the complexation constant:
Ka=(185+18) M ! (log Ko = 2.27 £ 0.04) (Figure 29, C). This value is by an order of magnitude
lower than the ones of MIHA-Boc@DMP5A and PHA-Boc@DMPS5A indicating a relatively weak
complex in CDCls.

It can be observed that from the systems with fast exchange on the NMR timescale the charged
species (MIHA-Boc and PHA-Boc) have a significantly (by one order of magnitude) higher
binding affinity (and therefore, more stable complexes) than neutral THA-Boc:
log Ka=3.32+0.10, 3.66 £0.09 and 2.27 + 0.04, respectively, see Table 12. The absence of
THA-Boc signal shifts can be hence explained by too weak interactions between the guest and

DMPS5A in CDCls.

Table 12. Binding constants and chemical shift at full complexation determined by NMR-titration

0O-CH; CHari CH,
Complex log K,
Aamax, ppm R2 ASmaXa ppm R2 ASmax, ppm R2

MIHA-Boc

@DMP5A 3.32+0.10 0.092+0.002 0.9853 0.064+0.002 0.9926 0.042+0.002 0.9680
PHA-Boc

@DMP5A 3.660.09 0.074+0.001 09950 0.046+0.001 0.9947 0.035+0.001 0.9813
THA-Boc

@DMP5A 227+£0.04 0.066+0.003 0.9853 0.090+£0.003 0.9926 0.026=+0.001 0.9680

3.3.2 Slow exchange complexes
As mentioned before, the results of this work suggest that the complexes IHA-Boc and TAHA-
Boc exhibit slow exchange on the NMR timescale, which is indicated by the presence of separate

peaks of free and complexed species.

3.3.2.1 IHA-Boc@DMP5A
For the IHA-Boc@DMPS5A this finding correlates with an extensive studies of PSA complexes

1.1491 According to their investigations,

with imidazole-substituted alkanes performed by Li, Jia et a
bis(imidazolyl)-containing guest molecules are characterized by a slow exchange with the DMP5A
(Table 4). Although IHA-Boc in the present work contains an imidazole moiety only on the one
end of the axle, the complex still exhibits a slow exchange (Figure 30) arguably due to a higher
number of methylene groups of the alkyl chain and a carbamate group on the other end. As is the
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Figure 30. A) NMR titration of DMP5A with IHA-Boc in CDCIs3 ([H]o = 4 mM). Normal and bold designations refer
to free and complexed species. B) NMR spectra of (from the bottom) DMP5A, IHA-Boc@DMP5A complex (at
[G]o = 4.9 mM), IHA-Boc. The change in peak shifts of the molecules is presented by solid arrows, dashed arrows
demonstrate the peaks of the free species. C) Fragments of the NMR titration (IHA-Boc@DMP5A), with shifts of
only DMP5A peaks shown.
case with other host-guest complexes in this work, the methylene protons of the hexane chain
undergo a strong shielding with a difference in chemical shift for the proton H. reaching

AS = -3.43 ppm (Figure 30, B).

The stoichiometry is determined by the integration of the peaks corresponding to the complexed
DMPS5A and IHA-Boc which interestingly revealed a 1:2 (DMP5SA:IHA-Boc) geometry for the
whole range of titration ratios. Although the spectra contain only one set of peaks belonging to

complexed species, the peaks of alkyl protons of IHA-Boc shielded by the complexation
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Figure 31. 2D NOESY NMR of the complex IHA-Boc@DMP5A. The blue dashed lines represent the relation
between the peaks of the free and bound guest. On the horizontal and vertical projections, the peaks of a bound and
free (respectively) guest signals are marked.

noticeably shift upon increasing IHA-Boc concentration (Figure 30, B). The assignment of the
alkyl chain signals was performed using 2D NOESY (Figure 31, which, however, does not provide
any cross-peaks characteristic for a host—guest complex). Surprisingly, unlike aforementioned
MIHA-Boc@DMP5A or PHA-Boc@DMPSA whose alkyl peaks exhibit deshielding upon guest
addition due to an increasing uncomplexed species ratio, the peaks of IHA-Boc (H. and Hg) shift
upfield suggesting an enhanced shielding and, therefore, a higher ratio of guest molecules taking
part in the pseudorotaxane formation. This implies a three-state equilibrium between free host,

free guest and two complex species in the solution (equation (51)).

K K
H+2G o HG+G < HG, (51

From these processes taking place in the system the first equilibrium (K1) is plausibly slow on
NMR timescale, whereas the second one (K») is fast, hence, the positions of peaks of Hc and Hq
resemble the weighted average between two- and three-component complexes. The in-depth
determination of the parameters underlying the interaction between IHA-Boc and DMP5A

requires further investigations which are out of the scope of the present study.
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The complexation constant K, was calculated using the following equation (52), where [HG2] is
the concentration of the complex (IHA-Boc)@DMPS5A, [H] and [G] are the concentrations of free
DMPS5A and IHA-Boc, respectively, from the spectrum of 1:2 (host:guest) mixture.

——2_ = 7900 M2 (52)

3.3.2.2 TAHA-Boc@DMP5A

In the case of TAHA-Boc the interaction between host and guest is also slow on the NMR
timescale (Figure 32). Alkyl peaks belonging to the axle included into the DMP5A cavity are
strongly shifted upfield compared to the free TAHA-Boc, and similar to the other complexes the
upfield shift and, hence, shielding of the protons decreases from H, to He (Ad =-3.15 ppm and
+0.01 ppm, respectively). The protons of the methyl groups of the quaternary ammonium tail
exhibit likewise a shift to the high field as well as a significant broadening. These protons are
further shown by the NOE cross-peak on the 2D NOESY spectrum to be in a proximity of DMP5SA
methoxy groups (Figure 33, A). These findings suggest the placement of the guest moiety with its
ammonium tail inside of DMP5A. The stoichiometry of the pseudorotaxane was determined by
the peak integration to be 1:1 (host:guest), and the binding constant was calculated from the 1:1
mixture to be Ka=336+20M "' (log Ka=2.53+0.03). The titration curves simulated for a
system with log K, = 2.53 align well with the experimental data for the beginning of the titration,
as shown on the Figure 33, B.

The equilibrium constants obtained in the course of the NMR titration experiments for the

complexes of 1:1 stoichiometry are summarized in Figure 34.

3.3.3 DOSY NMR

A further insight into the complex formation between DMP5A and the guest moieties was provided
by the diffusion-ordered NMR in CDCIl; (Figure 35). Since DMP5A is a large molecule, its
diffusion coefficient D can be expected to be lower than that of smaller and, hence, intuitively
more mobile guest molecules. Moreover, after the formation of the inclusion complex, the
coefficient D should become comparable to Dpmpsa because the dimensions of the pseudorotaxane
are mostly determined by the dimensions of DMP5A if the guest moiety is fully encompassed by
the host.['*] The graph in Figure 35 demonstrates the clear difference between neutral and
positively charged guest molecules: the former have higher D values than the latter roughly divided

by the coefficient value of the DMP5A (Dpwmpsa = 6.4x107 19 m?/s), the reason being arguably the
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Figure 32. A) NMR titration of DMP5A with TAHA-Boc in CDCI; ([H]o = 4 mM). Normal and bold designations
refer to free and complexed species. B) NMR spectra of (from the bottom) DMP5A, TAHA-Boc@DMP5A
complex (at [G]y = 4.3 mM), TAHA-Boc. The change in peak shifts of the molecules is presented by solid

arrows; dashed arrows demonstrate the peaks of the free species. C) Fragments of the NMR titration (TAHA-
Boc@DMP5A), with shifts of only DMP5A peaks shown.

solvation that occurs because of the polarity of the chloroform, which increases the size of the
molecule in the solution, thus, hindering the mobility.
Being the smallest molecule among the investigated species, AN has by far the highest diffusion
coefficient (Dan = 1.48x107° m%/s). Upon presence of DMP5A, the Dan value drops down to
1.02x107° m?/s for the peaks of the “threaded” AN and to 1.20x10~° m?/s if calculated for the
peaks of “free” AN. This highlights the finding made with NOESY NMR that although the

interaction is considered “slow” on the NMR timescale, the two states are not fully separated.
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Figure 33. A) 2D NOESY NMR of the complex TAHA-Boc@DMP5A. The blue dashed lines represent the relation
between the peaks of the free and bound guest. On the horizontal and vertical projections, the peaks of a bound and
free (respectively) guest are marked. Inset: The NOE cross-peak between host and guest species is marked green. B)
Titration curves for DMP5A—TAHA-Boc system. Scattered plots: experimental data, line plots: simulated (HySS
2009 software) curves. Calculated assuming 1:1 (host : guest) stoichiometry of the complex with log K, = 2.53.

Therefore, the diffusion coefficients of both free and complexed AN in solution are average values
between the isolated and fully threaded AN. It is worth noting that due to the strength of the binding
affinity of AN@DMPS5A these two states are distinguishable, which is not the case for other guest
species as will be shown further. Moreover, AN@DMP5A is the only pseudorotaxane by which
the mobility of DMP5A slightly increases up to 6.9x1071% m?/s.

5
[ ]Binding strength of complexes with DMP5A
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Figure 34. Comparison of the binding affinities of DMP5A with various guests, as obtained in this work.
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Figure 35. Diffusion coefficients D for DMP5A and the discussed guest molecules alone and as parts of the host-
guest inclusion complexes. In case of the complexes with a slow exchange, peaks of free and complexed species were
evaluated separately. The dashed line represents a D value for DMPSA (D = 6.4x1071° m?/s).

Other guest molecules are larger in size and, therefore, possess smaller D values than AN. The
diffusion coefficients of neutral THA-Boc (Drtua-Boc=8.8x10'1°m?s) and IHA-Boc
(Dina-Boc = 9.1x1071° m?/s) decrease upon presence of DMP5A in the system. The value of
DrHa-Boc@pMpsa = 7.4x10719 m?/s as expected for a fast exchange complex, lies as an average
between pure guest and pure host. DMPS5A diffusion is noticeably hindered as well, which implies
a size increase of the macrocycle upon threading with THA-Boc. The same behavior is observed
in case of the pseudorotaxane IHA-Boc@DMPS5A, where the differences in mobility between
“free” and complexed guest molecules is within the error and, therefore, insignificant
(Dia-Boc@pmpsa = 7.4x1071° m%/s). The diffusion coefficients of the isolated charged guests are
comparable to  (DmmaBoc=6.5x107""m?s) or lower than that of DMP5A
(DpHA-Boc = 4.3%107 1 m%/s, Drana-Boc = 5.1x1071 m?/s). As was with THA-Boc@DMP5A, for
the complexes exhibiting fast exchange the D value resembles an average between D values for
host and guest (for MIHA-Boc the values are within an error from each other). In case of TAHA-
Boc@DMP5A because the diffusion coefficient of the isolated guest (Drana-Boc = 5.1x1071% m%/s)
is close to the D of the complexed DMP5A, the values of the complexed TAHA-Boc do not change

much upon presence of the host species.
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Hence, using DOSY NMR it could be demonstrated that the formation of the host-guest assemblies
studied in the current work is affecting their mobility and size. Furthermore, alteration of the
mobility upon complexation was found to follow the pattern of fast exchange complexes, i.e.,
where the resulting diffusion coefficient of the guest was an average value rather than completely
reduced to the mobility of DMP5SA, which is in agreement with the previously discussed NOESY

results.

3.3.4 Guest moiety selection

From the investigated guest moieties two candidates—MIHA and PHA—demonstrated the highest
binding affinity towards DMPSA. Despite the K. of the complex MIHA-Boc@DMPSA being
lower than that of PHA-Boc@DMPS5A, they are of the same order of magnitude, and both moieties
were used to construct supramolecular gel systems by various research groups.!!!3222:223.225]
Nonetheless, lower binding affinity means a slightly higher lability in the presence of competitive
guests, therefore, a higher sensitivity towards AN, which is beneficial for the fabrication of a

sensor with a detection mechanism based on competitive complexation. Based on this, we have

selected MIHA as a guest moiety for further fabrication of a guest polymer.

3.4 Polymer synthesis and modification

VDMA as “click”-modifiable monomer was synthesized in two steps form 2-methyl alanine by a
slightly modified procedure from Levere et al.?%! (see Chapter 5.2.5 for the synthetic procedure
and Chapter 4.6.1 for a detailed discussion). DMIEA was obtained according to a known literature
procedure (Chapter 5.2.6).1"!! Since DMIEA contains a 3,4-maleimide fragment, as mentioned
above, it is capable of UV-light-induced [2+2]-dimerization for the subsequent gelation of the
polymer blends. VDMA was copolymerized with dimethyl acrylamide (DMAAm; DMAAm to
VDMA ratio 80:20) using RAFT polymerization with DMP as chain transfer agent and AIBN as
initiator (Scheme 19). Controlled radical polymerization was selected for achieving a regular
distribution of monomers in the copolymer (however, VDMA is known to have a higher
copolymerization rate than DMAAm, see Li et al®'* and Chapter 4.6.2). The copolymer
poly(DMAAm-co-VDMA) (P20) was characterized by 'H NMR and GPC. The results are
presented in Figure 36, A and Figure 38 and summarized in Table 13. Because of the susceptibility
of VDMA groups towards hydrolysis, the fresh copolymer was stored under inert atmosphere in a
tightly closed vial in a freezer.

P20 was used for further post-modification to obtain a host polymer (P20HTP, containing HT and
DMIEA as pendant groups, Figure 37, A), a guest polymer (P20MIHAP, containing MIHA and
DMIEA, Figure 37, B), and a photo-crosslinker-modified polymer (P20PC, containing only
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Figure 36. 'H NMR spectra of P20 in CDCl; (4) and P20PC in D;0 (B).

DMIEA groups, Figure 36, B). All moieties (HT, MIHA and DMIEA) were attached to the
polymer chains by mixing them with P20 in DMF in the presence of DBU. Because VDMA
undergoes the ring opening with nucleophiles, DBU was used to deprotonate the amine

hydrochlorides thus increasing the nucleophilicity. By the devising the modified polymer
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composition, the amount of the photo-crosslinker DMIEA was aimed at 3 mol% since it was

demonstrated earlier in our working group that the DMIEA monomer ratio of as low as 2.3 %

allows a stable gel formation.['”!] Furthermore, preliminary studies showed that at the host and

guest modifier ratio of 5-6 % the responsivity and sensitivity of the system towards AN is

insufficient, thus, their content was increased up to 11 % and 12 % for HT and MIHA, respectively.
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It is worth mentioning that all polymers including P20HTP were water-soluble, therefore, it was
possible to purify them by dialysis in water.

The effectiveness of the polymer modification, i.e., the functional groups content in the resulting
polymers was calculated (Table 13) by integration of the corresponding NMR signals (equations
(53)—(55)).

0.1- [(HT,7.0 — 6.4 ppm) - 79%

Xur (%) =
MY T [(DMAAM, 3.2 — 2.8 ppm)

(53)

L/s- [(MIHA,3.9 ppm) - 100%

X 0, =
mira(%) [(backbone, 2.85 — 2.35 ppm)

(54)

1/ [(DMIEA,1.9 ppm) - 100%

. . (55)
pmiea(%) f(backbone, 2.85 — 2.35 ppm)

GPC results (Table 13 and Figure 38) demonstrate that upon modification the increase in M, of
the polymer is observed, which is almost double as high in the case of P20HTP compared to P20.
This is expected due to a high molecular mass of the attached pendant groups (HT). Noticeably,

1.4 {|——P20
e P2OHTP
1 |=——P20MIHAP

1.2 H |——P20PC
D: 1.0 1
$ )
> 0.8
15 0.6
E 4

0.4

0.2

0.0 A

108 10* 10° 108 107

Molecular weight (Da)

Figure 38. The GPC chromatograms of the co-polymer P20 and its modification products. The elution conditions

are discussed in the text and the results are presented in Table 13.
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the My of P20PC is also significantly higher than that of the unmodified polymer. This can be
explained by DMIEA moieties dimerizing during the polymer work up or storing leading to the
crosslink formation between chains. This possibility is supported by a remarkably increased

polydispersity of the sample.

Table 13. Properties of the obtained polymers.

Host or guest Photo-

Polymer  Functionality oroup, %" crosslinker, % I\ O b
P20 — — — 48400 2.08
P20HTP HT, DMIEA 11% 2.8% 103200 2.21
P20MIHAP MIHA, DMIEA 12% 2.8% 68900 2.57
P20PC DMIEA — 16% 92700 4.45

iDetermined by 1H NMR spectroscopy. Per cent of total number of monomer units.

®Determined by size-exclusion chromatography.

3.5 Supramolecular gelation experiments

Prior to using the dually cross-linked system for the fabrication of sensor chips, interaction
between host and guest groups attached to the polymer backbone was investigated by the inverted
vial test with the intention to prove the concept of the sensor, namely, the formation of the
supramolecular crosslinks as well as their responsiveness towards AN. This investigation was done
by D. Helle in the framework of his Bachelor thesis.*!?!

P20 was modified with 6-aminohexyl-substituted PSA (PSAHA) to obtain a host polymer
(P20PSAHA) containing 7.2 % PSAHA pendant groups. Furthermore, a guest polymer P20MIHA
without DMIEA units was obtained (Figure 39). Each polymer was weighed in a 2 mL GPC vial
and dissolved in CHCI; on a stirring plate. Figure 39 A, B demonstrates that the solutions of a host
and guest polymers in chloroform separately are low-viscous liquids which flow down if the vial
is inverted.

In the next step, the solutions were combined at such volume ratio that the resulting concentration
of both P5A and MIHA groups was equal (0.184 M). Since it was done at constant stirring, a
dramatic increase in solution viscosity could be noted due to the hindered rotation of the stirring
bar. Figure 39, C shows that the mixed solution does not readily flow down upon vial inversion
indicating a formation of a supramolecular gel. The reversibility of the formed crosslinks and,
thus, the responsiveness of the gel was demonstrated by adding 20 pL AN into the mixture. The

disruption of the crosslinks by the competitive guest led to a drastic decrease in the viscosity upon
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Figure 39. Reversible gel formation upon mixing polymers with pendant PSAHA and MIHA groups. A) P20P5AHA
solution in CHCls. B) P20MIHA solution CHCI3. C) Upon mixing both solutions, a supramolecular network is
formed, therefore, the solution does not readily flow during the inverted vial test. D) Upon addition of 20 uL AN the
host—guest complexes are disrupted resulting in transition into sol.
transition into sol, which can be illustrated by Figure 39, D depicting solution freely flowing down

the vial after its inversion.

The demonstrated reversible sol—gel transition proved the responsiveness of the devised system
and the feasibility of the sensor concept. Therefore, PSA- and MIHA-modified P20 can be used
for chip fabrication, which will be discussed further.

3.6 SPR studies: adiponitrile responsiveness

Although for the environmental monitoring it is beneficial to be able to determine AN
concentration directly from wastewater samples, we consider water to be a poor solvent for the
sensing platform in its current design because of, on the one hand, its high polarity which leads to
a highly energetic solvation of the charged MIHA pendant groups, thus, hampering the initial host-
guest complex formation. On the other hand, considering an exceptional hydrophobicity of PSA
groups, water as a solvent promotes their aggregation, which not only hinders the possibility of
MIHA@PSA formation even further, but also it decreases the number of P5SA units available for
binding with AN. As discussed above, CHCI3 was selected for the detection studies due to a good
solubility of unmixed host and guest polymers as well as proven high binding affinities of the

participating species, which implies a high sensitivity of the designed sensor.

93



PADERBORN
RESULTS AND DISCUSSION lLl UNIVERSITY

3.6.1 Experimental setup and sample preparation
The sensor chip was prepared as shown in Figure 40. Host and guest polymer solutions were
prepared at a concentration of 4 wt.% in DMF separately. After stirring both solutions for 1 h they
were mixed at a 1:1 ratio of host and guest groups. The mixture was stirred overnight in a dark
place followed by filtering through a Chromafil® PTFE syringe filter (0.45 um) prior to spin-
coating. Spin-coating was carried out using a G3P-8 spin coater by Specialty Coating Systems.
The polymer solution (ca. 80 puL) was applied onto the wafer by static dispense method and coated
with a two-step program:

1. 1200 rpm (20 s ramp) for 180 s;

2. 1500 rpm (10 s ramp) for 60 s.
After the completion of the coating process the sample was dried in vacuo overnight in dark to
remove the rest of the solvent. Further, the polymer layer on the wafer was photo-crosslinked by
UV-irradiation for 300 s. The crosslinked gel layer was measured by SPR (dry layer thickness)
after equilibrating in an anhydrous CHCl; overnight.
Here, the gel swelling behavior was studied in CHCI3 and in the presence of the analyte—AN. The
scan measurement of a golden layer and a dry gel are demonstrated on Figure 41. The plasmon
resonance minimum is strongly shifted to higher angles (0pr = 90°) indicating a high refractive
index and, accordingly, high gel density. The parameters of the gel layer, obtained by a fit
simulation are given in Table 14. The fit is not matching the experimental SPR curve perfectly
because of the inhomogeneities on the gel surface, however, it is possible to draw conclusions
about the parameters of the gel by fitting the area around the angle of total internal reflection

(20°—25°) and the plasmon resonance minimum.

]

Polymer
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Immersion in / 1\ Crosslinking
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Figure 40. SPR sample preparation. Gold-coated N-LaSF9 wafer is immersed in an adhesion promoter solution
overnight. Then, a polymer (mixture) solution is spin-coated onto the wafer, followed by drying in vacuo and

crosslinking by UV-irradiation. After equilibrating in CHCI3 overnight the sensor chip can be measured
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Figure 41. SPR scan measurement of a gold-coated wafer (black circles), P20HTP+P20MIHAP gel in a dry state
(blue circles) and the fit by Winspall software (ved dashed lines).

Table 14. Parameters of the polymeric gel sensor in different mediums.

out Refractive
index nqg

11.6448 (£rcal)

Medium d"nm d*.nm d,nm 0 ng" ng

Gold layer 33.92 13854 (€imae)
Air - - 187.2 - 1.5595
CHCl; 269.6 482.7 752.4 4.02 1.4998  1.4771 1.4853
AN 1 uM 269.2 489.9 759.1 4.06 1.5000  1.4765 1.4848
AN 5 uM 267.6 491.3 758.9 4.05 1.5002  1.4764 1.4848
AN 10 uM 262.5 500.3 762.8 4.07 1.5000 1.4762 1.4844
AN 20 uM 266.2 497.7 763.9 4.08 1.4998  1.4760 1.4843
AN 50 uM 271.2 501.0 772.2 4.12 1.4998  1.4754 1.4840
AN 100 uM 272.5 507.1 779.6 4.16 1.4999  1.4749 1.4836
AN 200 uM 269.6 515.8 785.4 4.20 1.4996  1.4745 1.4831
AN 500 uM 262.3 543.5 805.8 4.30 1.4988  1.4732 1.4815
AN 1 mM 262.6 557.9 820.5 4.38 1.4987  1.4723 1.4808

3.6.2 Responsiveness of the sensor chip towards AN

Through the flow cell 1 ml CHCI; was pumped using a syringe and the gel was equilibrated for
2 h. Then, the gel layer was treated with AN solutions of increasing concentrations (in each case,
1 ml of the corresponding solution was injected into the flow cell and the gel was equilibrated for

10 min): 1 uM, 5 uM, 10 pM, 20 uM, 50 pM, 100 uM, 200 pM, 500 uM and 1 mM. Between
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every two injections the flow cell was purged with 1.5 ml CHCls. The gel behavior was
investigated using kinetic measurement at 76°. As can be seen from Figure 42, A, the system
P20HTP+P20MIHAP exhibits almost no responsiveness up to Can =20 uM, followed by a
decrease of intensity at a constant angle with an increasing concentration resulting in a linear
dependence from log Can. It is worth noting that the system exhibits almost complete recovery of
the intensity upon rinsing with CHCls, which proves the reusability of the constructed sensor chip.
To determine the sensitivity of the chip, scan measurements were performed after each AN
solution injection and equilibration. The angular spectra of the swollen gels are presented on Figure
42, B. In the spectra, two features are clearly recognizable and the changes in the system affect
these regions the most: the plasmon resonance around 82° and the waveguide (56° — 58°). For
layers of high thickness (> 300 nm) in a one-layer model the former is affected by the refractive

index ng4, whereas the latter by both the refractive index and the layer thickness (see
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Figure 42. SPR measurement of the P20HTP+P20MIHAP sensor chip with different concentrations of AN in
CHCI3. A) Kinetic studies at 76°. Between swelling in AN solutions the gel was rinsed with CHCIs, which led to the
gel returning to its initial state. B) SPR scan measurements of the gel swollen in AN solutions. C) Dependence of
swelling degree and refractive index with increasing AN concentration (dashed lines serve as guides for the eye).

Inset: Linear fit of the first section of the graph.
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Chapter 2.5).28] The shift of the plasmon minimum to the lower angles observed in Figure 42, B
and implies a decrease in nq and, therefore, evidence of the decreasing gel density upon the addition
of AN, which is expected due to the crosslinks being broken because of the competitive complex
formation.

Simultaneously, the change in the waveguide region can be noted, serving as a hint about gel
thickness changes. For the determination of the gel layer thickness the curve simulation based on
Fresnel equations is required. Unfortunately, for the obtained spectra, the one-layer model failed
to deliver a precise curve fit. Thus, a two-model simulation was utilized, which considers the
anisotropic character of the gel swelling.?®®3!4 In this model, the parameters of the inner layer
affect the plasmon minimum region the most, and the waveguide region can be precisely fitted by
optimizing the parameters of the outer layer. Layer thicknesses d as well as refractive indexes ng
were determined using a 2-layer model as follows.

The entire spectrum (45° —90°) was simulated and fitted iteratively by optimization of the x-
minimum, i.e., the plasmon resonance; only the parameters of the inner layer were varied during
the iterative process. Further, d and &ra of the inner layer were fixed for the second iterative
process where parameters of the outer gel layer were varied. This was performed using the full
curve optimization. The resulting d value was calculated as a sum of the thickness of both
simulated layers, and the average refractive index <ng> was obtained according to the equation
(72), Chapter 5.1.2.5.1.

From the Figure 42, C and Table 14 it is clear that the sensor chip developed in this work shows
responsiveness towards AN. With an increasing concentration of the analyte the gel thickness d
(and, therefore, swelling degree Q) increases and the ng value decreases, indicative of a reduced
density likely caused by breaking of the supramolecular host-guest crosslinks through a
competitive complex formation. It is worth noting that according to the obtained parameters the
inner layer does not undergo significant changes upon increasing AN concentration with the layer
thickness d' staying between 262-273 nm, whereas the outer layer thickness d°"* increases from
483 up to 558 nm with a significant decrease in refractive index.

It can also be noticed in linear coordinates that saturation of the supramolecular system is occurring
with increasing AN concentration. Thus, a linear section of the swelling degree dependence
(Figure 42, inset of C), was chosen for the calculation of the limit of detection for the fabricated
sensor chip (Table 15, equations (73) and (74)):3'> LOD = 25 uM.

The achieved limit of detection is significantly lower than the concentration limit in the toxicity
evaluation against fish as discussed earlier.!'?! This proves that the sensitivity of the devised sensor

chip is sufficient for the detection of AN concentrations that can pose a threat to the environment.
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Nevertheless, the value can be improved further, in our view, by optimizing the designed sensing

platform on chemical and/or methodological levels for further fabrication of sensing devices.

Table 15. Parameters for the calculation of the LOD according to equations (73) and (74)

AN concentration (uM)  (Qi — O,i)® n Sy/x Slope A (uM™)  LOD (uM)
1 9.99E-06
5 8.24E-05
10 3.98E-05
6 0.00851 0.00113 24.86
20 4.23E-07
50 1.23E-04
100 3.39E-05

3.6.3 Negative control: swelling experiments with P20PC

To prove that the responsiveness of the gel sensor is based on the built-in host-guest interactions
and to separately evaluate the influence of the other polymer components (DMIEA and DMAAm)
on the interaction with AN, an SPR measurement was conducted using a wafer coated with P20PC,
i.e., not containing any host or guest groups (Figure 43). The gel was measured in a dry state as
well as swollen in CHCI3 and in 1 mM AN solution (therefore, exposing it to a high concentration).
Figure 43 shows that no difference is noticeable between the two curves, and Table 16 reveals that
upon presence of the analyte the P20PC gel even exhibits a very slight shrinking, thus confirming
the expected mechanism of AN interaction with P20HTP+P20MIHAP gel sensor.

Dry sample

Reflective intensity (%)

4049175 Experimental
1 |——Fit
30 )
Swollen in CHCIy
11 o Experimental
20 o |—Fit
10 ] Swollen in AN 1 mM
1| © Experimental
1 |——Fit
0 T T T T T T T T T T T T T T
20 30 40 50 60 70 80 90

Angle (deg.)

Figure 43. SPR curves of the P20PC gel: dry (medium: air,; black curves), swollen in CHCIs (red curves) and in
1 mM AN solution (blue curves).
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Table 16. Parameters of the P20PC gel in different mediums.

Medium d, nm 0 nd
Air 122.0 — 1.4750
CHCI3 461.6 3.78 1.4732
AN 1 mM 457.8 3.75 1.4738

3.7 Summary and outlook

In this work, we constructed a sensor chip for the detection of adiponitrile based on a dually
crosslinked supramolecular gel. Chemical crosslinks formed by dimerization of DMIEA endowed
the network with stability, whereas supramolecular host—guest complexes with P5A acted as
reversible crosslinks disrupted upon presence of AN, due to the competitive complexation between
the moieties. For the design of the gel MIHA was selected as a guest moiety from various neutral
and positively charged amine- and heterocycle-substituted aminohexanes. The selection was
conducted by the evaluation of the binding affinity of Boc-protected axles with DMPSA. NMR
titration revealed that K, of MIHA-Boc (logK.=3.32+0.10) and PHA-Boc
(log Ka=3.66 + 0.09) with the macrocycle are by one order of magnitude higher than those of
THA-Boc (log Ka=2.27 +0.04) and TAHA-Boc (log K. =2.53 £ 0.03) complexes, while still
being lower than K, of the AN@DMPSA complex. IHA-Boc was found to form complex of 1:2
(H:G) stoichiometry with DMP5A. Additionally, it was demonstrated using 2D DOSY NMR that
for neither fast nor slow exchange complexes the mobility of the bound species is fully reduced to
the mobility of DMP5A. The diffusion coefficient D, therefore, stays an average between free and
“completely bound” states. HT as a host moiety was synthesized by a mono-demethylation of
DMPS5A and further etherification of the phenolic OH-group.

Host and guest polymers were synthesized by modification of a P20 copolymer containing VDMA
as a comonomer with HT, MIHA (which was our guest moiety of choice) and a photo-crosslinker.
By spin-coating and subsequent curing under UV-irradiation, a thin gel layer was fabricated, which
was treated with CHCl; and AN solution of different concentrations (1 uM up to 1 mM). By
measuring the change in swelling degree and refractive index using SPR technique, a limit of
detection was estimated as a sensitivity parameter of the sensor chip (LOD = 25 uM).

Thus, the designed polymeric gel system can serve as a starting point for the development of a
sensor for adiponitrile as well as other small molecules capable of forming stable complexes with

pillar[n]arenes. We believe that further tuning of the polymer parameters as well as methodology

99



PADERBORN
RESULTS AND DISCUSSION lLl UNIVERSITY

will help improve the performance of the sensing platform for the fabrication of sensors in a form

of devices.
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4 Spermine detection using water-soluble pillar[S]arene

4.1 Introduction

4.1.1 Polyamines and their functions

Polyamines such as putrescine (PUT), spermidine (SD) and SP are ubiquitous in eukaryotic cells
and vital for cell proliferation and growth.3!®) Due to their cationic nature, at physiological pH the
polyamines are fully protonated, which leads to the interaction and complex formation with
anionic species present in the cell such as nucleic acids, therefore, being involved in modulation
of the functions of DNA and RNA.!7*18] Hereby, since its charge density is higher than for other
polyamines (4 cationic groups versus 2 and 3 in case of PUT and SD, respectively), SP is bound
stronger and, thus, plays a more important role in the nucleic acid modulation.

Intracellularly, the polyamines are synthesized from the amino acid ornithine.*!"*!°! In the first
step, PUT is produced from ornithine under the action of the enzyme ornithine decarboxylase
(ODC), then, catalyzed by spermidine synthase, PUT is converted into SD, which is transformed
further into SP by spermine synthase (Figure 44). Because the polyamines support regulatory
function in cell proliferation, overexpression of ODC and, as a result, the polyamines are known

as markers of tumor growth and carcinogenesis.’*”) Various types of cancer including

[321 [322

leukemia,*2! pancreatic!®??! and breast cancer®*}! were demonstrated to be accompanied by higher

levels of PUT, SD and SP in bodily liquids such as urine, blood, or saliva. As was demonstrated

L-(+)-Ornithine g

H,N OH
NH,

l Ornithine decarboxylase

Putrescine

HZN/\/\/NHZ J

l Spermidine synthase

H
|.|2N/\/\/N\/\/NH2

Spermidine

l Spermine synthase

H
|.|2N/\/\N/\/\/N\/\/NH2
H

Spermine

Figure 44. Biogenic pathway of polyamines synthesis.
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by the group of Chung,*¥

is elevated (40.02 +4.49, 15.72 + 2.09, and 6.23 + 0.79 mg/L for PUT, SD and SP, respectively)

in serum of breast cancer patients the concentration of the polyamines

compared to healthy control group (analogously, 30.44+2.89, 11.76+1.2, and
3.19 £ 0.41 mg/L). This rendered estimation of the polyamine concentrations in bodily fluids of
cancer patients in the range of 1-10 uM in further works.[*?!

Prostate cancer is one of the leading causes of cancer-related mortality among the male population
in developed countries.[*?%) In 2023 in the USA, prostate cancer comprised the most new cases and
was the second-deadliest after lung cancer.*?”) Importantly, prostate tissue is the one producing
the highest amounts of SP and unlike other types of cancer, the prostate tumor progression leads
to the reduction in levels of excreted SP possibly as a result of malfunctioning metabolic processes
including polyamines with increased expression of SP-consuming enzymes.!'*32%32%] In the work

3291 3 possibility to use polyamines in urine as prostate cancer

of Wong, Ng, Wong and co-workers,|
biomarkers was demonstrated. The results obtained with ultra-high performance liquid
chromatography coupled with mass spectrometer showed that SP concentration in urine of prostate
cancer patients (normalized by creatinine) were lower (1.47 + 0.22 umol/g) than those of healthy
control (5.43 = 1.17 umol/g) or benign prostatic hyperplasia patients (5.87 + 0.71 umol/g). At the
same time, no significant differences in PUT or SD concentrations were detected. In another
work, 3% a significantly higher distribution of the detected SP concentrations in prostate cancer
patients’ urine compared to control group was demonstrated: 0.07—7.01 uM versus 0.46—2.86 pM.

Although this data somewhat contradicts the findings of the previous study, it provides the range

of SP concentrations in human urine for the design of an analytical experiment.

4.1.2 Spermine detection using macrocycles

In the discussed studies, the detection of polyamines was conducted mainly by chromatographic
methods. Although accurate and sensitive, chromatographic methods are not free from drawbacks,
such as long and tedious sample preparation and long analysis duration. The use of supramolecular
interactions and host—guest complexes specifically can help overcome these limitations and create
a platform for accurate, precise and, at the same time, express detection of the analytes. In
particular, such platforms can benefit from the utilization of CBns and PnAs, since these

[150.331] Tn the literature,

macrocycles were shown to form stable complexes with polyamines.
multiple examples of macrocycle-based supramolecular polyamine sensors can be found, which

will be discussed in the following.
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4.1.2.1 Detection with CBns

A sensor array for SP detection based on the immobilized CB6 monolayer was devised by the
groups of Biedermann and Hirtz.**?! Initially incubated with an indicator tetramethylrhodamine
cadaverine, the array exhibited fluorescent properties. Upon incubation in a 10 uM SP solution in
PBS buffer, fluorescence intensity dropped almost instantly due to replacement of the dye in the
CB6 cavity with SP as a more affine guest species.

An example of a hydrogel-based detection of SP employing host—guest interaction of CB7 with

incorporated dye moieties'!! is discussed in detail in Chapter 2.3.4.2.

4.1.2.2 Detection with PnAs
Unlike CBn-based sensors, which solely rely on fluorescent probes, sensors based on PnAs
reported in the literature utilize various detection mechanisms: fluorescence, colorimetry, and

voltammetry.

4.1.2.2.1 Fluorescence-based detection

The first fluorescence-based molecular sensor for alkylamines and polyamines (including PUT,
SD, and SP) was devised in the group of Stoddart.['*] In their design, a fluorescent pyrene group
was attached to the PSA via azide-alkyne coupling (Figure 45, A). The signal was quenched upon
complexation with alkylamines in 1:1 MeCN/H20 mixture, which allowed determining the
binding affinity.

Ma and co-workers?®>*! presented a unique WSP6A-based probe, in which pyrene moieties are
attached to alternating methylene bridges of the macrocycle (Figure 45, B). Such architecture
provided, in contract to the previous example, an increased fluorescence intensity upon SP addition
with a linear range between 22 and 50 uM. Importantly, the molecular detector possessed high
selectivity towards the analytes with SP and SD being the only polyamines able to induce the
enhanced emission. Nevertheless, the authors could not reliably determine the complexation
stoichiometry presuming that the interaction occurs both inside and outside the host molecule.

3341 suggested fluorescent dye replacement technique for the

Recently, the group of Biedermann!
detection of polyamines in artificial and natural bodily fluids. For this purpose, host—guest
complexes between per-sulfonic PSA (Figure 45, C) and two diazapyrenium dyes containing either
two methyl or two bromobutyl groups were applied. Whereas the first dye had somewhat lower
binding affinity to P5SA in PBS buffer (Ka=1.5x10" M) and could be replaced by all the
investigated polyamines (SP, SD and cadaverine), the second dye exhibited significantly higher
binding (Ka=6.0x10* M!) with only SP being a more beneficial guest (K.=35.9x10°M1).
Therefore, by applying both dye@host complexes the combined polyamine as well as selective SP

content could be determined. The robustness of the method was shown by conducting the analysis
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Figure 45. PnA derivatives used for polyamine detection as reported in literature. A) Mono-pyrene modified P5A
from Ref['1 B) WSP6A with pyrene moieties on methylene bridges.**3 C) Per-sulfonate P5A from Ref.’3¥
D) WSP5A used for Ag nanoparticle stabilization.[] E) Per-cationic P5A derivative utilized for Au nanoparticle
synthesis and stabilization.**S! F) Bis(2-mercaptoethyl)-P5A4 for electrochemical detection.3”]
in artificial urine, human urine as well as human saliva spiked with the amounts of polyamines
typical for healthy individuals and cancer patients (Table 17). Furthermore, the method proved to

be highly sensitive with practical limit of detection as low as 1 uM.

Table 17. Spiking concentrations (uM) of polyamines corresponding to healthy and diseased levels in human urine

according to Ref.33¥

Cadaverine Putrescine Spermidine Spermine
Healthy individuals 17.1 15.5 10.7 8.8
Cancer patients 62.2 59.5 253 46.6

4.1.2.2.2 Colorimetric-based detection
The Xue group was the first to develop colorimetric detection of SP.** In situ produced silver
nanoparticles were stabilized in aqueous solution using WSP5A (Figure 45, D). Due to the inherent

surface plasmon resonance of Ag, the nanoparticle solution was yellow-colored with absorption
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maximum at ~400 nm. Upon addition of millimolar SP solution, the nanoparticle aggregation
occurs leading to the coupling of plasmon absorbances and, therefore, to a color change from
yellow to black. Interestingly, only analytes with polyamine chain long enough to penetrate two
WSP5A macrocycles belonging to different Ag nanoparticles were causing such change, which
proves a certain degree of selectivity in the sensor.

This approach found further advancement in the work of Tan, Zhao and co-workers.**®! According
to their design, gold nanoparticles were generated in situ from HAuCly solution via reduction using
positively charged per(N-(2-hydroxyethyl)-N,N-dimethyl-aminiumethyl)-substituted PSA (Figure
45, E). Through oxidation of the terminal OH-group, a carboxylate is obtained, and the resulting
zwitter-ionic P5A forms a monolayer on the surface of the Au nanoparticles, thus, stabilizing them.
The plasmon resonance band of such nanoparticles at 520 nm endows the solution with wine red
color. The color is gradually turned to black upon SP addition-caused aggregation of the
nanoparticles. The absorption intensity decrease is linearly dependent on the SP concentration in
the range of 0.1-4.0 uM, with LOD 0.034 uM, which covers well the physiological concentration
range. Similarly to the Ag-based detection, shorter alkyl- and polyamines do not induce a color

change in Au nanoparticles.

4.1.2.2.3 Electrochemical detection

Finally, electrochemical detection involving A1/A2-bis(2-mercaptoethyl)-PSA (Figure 45, F) was
introduced by Cragg’s group.l*3”! Two thiol groups at the opposite portals of PSA served as anchors
for attaching to the surface of a gold electrode. When polyamines (pentylamine, PUT, SD and SP)
were present in the solution, inclusion complex formation with P5SA facilitated the electron transfer
between the amines and the gold surface. Cathode and anode peak currents were demonstrated to
be linearly dependent on SP concentration with LOD = 113 uM. Although this value is too high
for the analysis of real patients’ samples, it was found that the method can discriminate between

the polyamines based on their voltametric responses, which is unique among the discussed sensors.

4.1.3 Novel hydrogel-based design for the sensor

All things considered, it is of utmost importance for the treatment of cancer patients to be able to
detect polyamines and SP particularly at early stages in bodily liquids. The existing detection
possibilities are prone to disadvantages, e.g., they are time-consuming, not sensitive enough or

lacking reusability.
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Herein, a hydrogel sensor for the detection of SP is proposed based on the polyDMAAm strands
with pendant guest moieties as well as dimerizable DMIEA groups as photoactivated crosslinkers.
When immersed in a WSP5A solution, the pre-swollen hydrogel changes its thickness (depending
on the charge of the guest moiety) due to the WSP5A macrocycles being attached to the polymer
via inclusion complexation with guest anchor groups. After the gel is pretreated this way, it can
detect SP in the analyte solution according to the mechanism graphically presented in Figure 46.
If the complexation constant of SP@WSP5A is higher than that of Guest@WSP5A, SP replaces
the pendant guest group from the WSP5A cavity leading to the newly formed complex being
removed from the gel volume. This, in turn, results in a reverse change in hydrogel layer thickness.
In order to utilize SPR spectroscopy as a highly sensitive technique to monitor the evolution of the
gel thickness, the hydrogel should be immobilized on a surface of a gold-coated quartz chip. The

washed off host moieties can be re-introduced by subsequent immersion in WSP5A solution, thus,

establishing the reusability of the detection platform.

1tAh

4

~

Figure 46. The concept of the hydrogel sensor for spermine based on water-soluble pillar[5]arene.

4.2 WSP5SA host molecule

4.2.1 Synthesis of WSP5A
The host macrocycle WSPS5A containing negatively charged carboxylate groups was synthesized

3381 (in our working group, this strategy was established in

in 5 steps from 1,4-dimethoxybenzene
René Probst’s Bachelor thesis®*!). In the first step, DMPSA was obtained by
cyclopentamerization with paraformaldehyde in the presence of an acid.® Then, the obtained
macrocycle was reacted with an excess of BBr; to remove all methyl groups providing
decahydroxy-pillar[5S]arene (DHP5A). DHP5A showed a very high sensitivity towards oxidizers
such as atmospheric oxygen resulting in it turning from white to black after few hours on air

[340]

(according to literature data, it can be stored for several days if submerged under deionized

water immediately after isolation). From multiple attempts to synthesize DHP5A, in only one it
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could be isolated and characterized; in the other cases it was used for the next step without
isolation. In the further step, ester functionalities were introduced to the macrocycle by the
etherification of the phenolic groups of DHP5A an excess of ethyl bromoacetate. The synthesized
deca-ester DECMPSA was hydrolyzed using NaOH followed by acidification to collect DCMPSA
containing 10 carboxylic acid functionalities. On the final step, an acid-base reaction with NH3 led

to the formation of the decaammonium salt WSP5A.

4.2.2 Investigation of the WSP5A structure

Since it is challenging to obtain sufficient information on the formation of the decasalt (i.e., the
actual number of cations per molecule) using NMR spectroscopy, MS and elemental analysis were
utilized for this purpose. The mass spectrum of a WSP5A sample is presented on Figure 47. The
spectrum contains peaks corresponding to the negatively charged macrocycle (denoted as An'®")
with different number of protons (see the insets): from six-fold to nine-fold protonated species.
Moreover, species with Na* as cations are also present on the spectrum due to the ionization
method. Such species are responsible, for instance, for repeating peaks with an interval of ~11 m/z
in the case of doubly negatively charged species (Figure 47, middle inset). No evidence of
ammonium cations was found, the reason for which might be the protonation of the species in the
aqueous solution. Hence, the MS only provided information about the presence of anions and
because no NH4" cations were found, this information is insufficient for the determination of the

molecular weight of the product.
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Figure 47. Mass spectrum of WSP5A. Insets represent spectrum excempts with ions of interest.
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Therefore, elemental analysis was conducted to elucidate the composition of the compound
(Table 18). The analysis was conducted twice, and the average value was used for the evaluation.
For the determination of the amount of ammonium cations per macrocycle the ratio between N
and C atoms was compared. The experimentally obtained N/C ratio was found to be less than the
theoretical one, which corresponds to 8.8 NHjs'-cations per macrocycle. However, since the
calculated elemental composition for the species with 8.8 NH4" still does not fit the experimental
data, it was supposed that there are still water molecules present in the sample. Indeed, with 9 H.O

molecules per macrocycle the calculated values correspond to the obtained data.

Table 18. Elemental analysis of WSP5A.

C, % H, % N, % 0, % N/C
Found 43.89 6.24 8.18 0.1865
Calculated (10 NH4") 48.53 5.92 10.29 35.26 0.2120
Calculated (8.8 NH4", no H>0) 49.26 5.70 9.20 35.83
Calculated (8.8 NH4", 9 H20) 43.95 6.29 8.20 41.56

Thus, it is assumed that the sample contains 8.8 ammonium cations and 9 H>O molecules per
macrocycle, and the effective molecular mass is therefore M = 1501.6 g/mol. Since the drying
overnight in vacuo was shown to be insufficient, the product was stored in a desiccator under

reduced pressure.

4.3 Investigation of WSPSA-SP interaction

4.3.1 NMR titration

The interaction between WSPS5SA and SP was evaluated in terms of binding affinity and the
complexation constant K. was determined using NMR titration in DO in the course of R. Probst’s
Bachelor thesis 3! (Figure 48). To the solution of WSP5A in DO (13.6 mM) SP solution in D,O
(76 mM) was added in portions (corresponding to 0.13, 0.51, 0.83, 0.96, 1.24, 1.65, 1.93, 2.17,
3.22, and 4.10 equivalents of WSP5A) followed by sonication for 10 min prior to NMR analyses.
An almost linear downfield shift of aryl (6.77 ppm) and methylene (3.89 ppm) protons of the
WSP5A was observed until the ratio reached 1:1 and a slight upfield shift upon increasing the
concentration of SP.

Such trends in the NMR titration may imply a highly thermodynamically beneficial 1:1 complex
formation so that almost all the WSP5A molecules in the solution are bound into complex as soon
as a sufficient amount of SP molecules are available. A Job plot was used to confirm the
stoichiometry of the complex (Figure 49, A). As one can observe, the maximum of the dependence
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lies close to the mole fraction of the host X(WSP5A) = 0.5, which suggests a 1:1 stoichiometry of

the SP@WSP5A complex. The sharp triangle-like form of the Job plot furthermore indicates high

stability of the SP@WSP5A complex.[?*?]

As one can deduct from the trends of the NMR titration, the exchange between WSP5A and SP is

fast (see Chapter 2.4.4.1.3) and therefore for 1:1 inclusion complex the binding affinity can be

calculated using the equation (25) (Chapter 2.4.4.1).

Unfortunately, the determination of the K, according to the 1:1 model failed in the case of the

WSP5A-SP system, which might be due to the binding affinity which exceeds the applicability

range of the NMR titration.??2?°! Indeed, the equilibrium constants determined for complexes of

SP with carboxylated PnAs reported in literature well exceed 10° M1.115%1331 particularly in the
case of WSP5A the K, value was determined by indicator displacement assay to be 2.7x10° M!,
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Figure 49. NMR titration data of the system WSP5A—SP corresponding to the evolution of the signal of the aromatic
protons: A) Job plot indicates that the complex is supposed to have a 1:1 stoichiometry. The red line serves as a
guide to the eye. B) Scatter plot: titration curves of each of the WSP5A proton peaks plotted against guest:host
ratio. Lines: fitting of the titration curves by BindFit v.(.5.0234341
Another possible reason might be the presence of other equilibria. Although the stoichiometry
determined by the Job plotis 1:1 for the SP@WSPSA complex, the upfield shift occurring at higher
SP:WSP5A ratios as well as splitting of the O-CH> signal of the macrocycle imply that some other
process might take place in the system.[?*#?*%] Firstly, this can be accounted to increasing pH and,
therefore, deprotonation of the carboxylic acid groups of the WSP5A that might be left protonated
during the last synthetic step. Secondly, formation of a trimolecular complex HG», might take place

according to equation (56).

SP@WSP5A + SP 2 (SP),WSP5A (56)

This possibility was tested by applying a 1:2 complexation model to the experimental data using
BindFit software.?****!] The obtained fit (Figure 49, B) confirms a decrease in AS value with
increasing SP concentration due to a presence of a second equilibrium, which supports the
assumption about (SP)>@WSP5A complex formation. However, the K12 (1.8x10% £ 118 %) value
is by 2 orders of magnitude lower than K (7.84x10° £ 191 %) implying a low concentration of
trimolecular complexes in the solution in the considered range of SP concentrations. The high
residual standard deviation values (118 % and 191 %) can be explained by insufficient amount of
data points (especially around the area where Go = Ho) to provide correct fitting of the data.
Therefore, the K11 value can be used as an estimation of a binding affinity for comparison with

other host—guest systems. Furthermore, such difference in magnitudes of the both equilibrium
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constants might be accounted for the “invisibility” of the second equilibrium on the Job plot!23+23°]

(see Chapter 2.4.3).

Additional information of the inclusion complex formation was delivered by 2D NOESY NMR
spectroscopy (Figure 50). The spectrum demonstrates the NOE cross-peaks between the protons
Hy, He, and Hq of the SP axle and aryl as well as methoxy protons of the WSP5A macrocycle,

proving the host—guest complex formation.

4.3.2 Mass-spectrometry

SP@WSPS5A complex formation was confirmed by MS (Figure 51). As in the case of the unbound
WSP5A, the mass spectrum of the complex contains the peaks of the protonated deca-anion
without ammonium cations. In the highlighted regions of the spectrum (see insets) the peaks
corresponding to the SP@WSP5A complex species are observed, which are, similarly, protonated
(m/z = 1931.4402 and 695.2171) or in which a proton is exchanged for a Na" (m/z = 706.2092) in

the course of the ionization process.
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Figure 50. 2D NOESY NMR spectrum of a SP@WSP5A sample. The NOE cross-peaks are highlighted by blue lines.
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Figure 51. Mass spectrum of the mixture WSP5A and SP. The highlighted regions contain the peaks corresponding

to the complexed species.

4.3.3 Isothermal titration calorimetry

Further, the SP@WSP5SA complex formation was investigated by the ITC. The analysis was
conducted by working group of Prof. Dr. Schonhoff in WWU Miinster. For all the complexes, the
data fitting was performed using a model of single set of equal binding sites (see Chapter 2.4.4.3.4).
Preliminary experiments in water proved a significant binding affinity between the WSP5A and
SP (Figure 52, A and Table 19). According to the results, the forming complex has an association
constant of K, = 7.1x10° M !, implying a highly stable complex. The experimental stoichiometry
is, however, surprisingly low: n = 0.24, meaning that one SP molecule binds with 4 macrocycles
in an equilibrium state, which is not plausible considering the dimensions of both host and guest
molecules. Moreover, the standard enthalpy of the observed process (AH® =—181 kJ/mol) is quite
high for inclusion complex formation: for cyclodextrins with various guest molecules including

3091 and for cationic

drug formulations®*?), for neutral pillar[SJarene in organic solvents!
pillar[5]arene with acids in aqueous solutions?**-*¥l the AH value does not exceed 50 kJ/mol.
Because of this remarkable AH value, the entropy AS calculated using equation (33) appears
unprecedentedly low as well. Such decrease in entropy would imply a drastic reduction of degrees
of freedom upon complexation, which was observed for charged PnAs in organic (e.g.,

MeOH/CHCl; [19]) but not in aqueous medium.
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Figure 52. ITC experimental results A) Titration isotherm of WSP5A (2 mM) titrated with SP solution (6 mM) in
water. B) Raw ITC data (top) and titration isotherm of WSP5A (2 mM) titrated with SP4HCI (50 mM) in MOPS
(0.2 M) buffer.

Table 19. Thermodynamic parameters of the systems WSP5A—SP in water and WSP5A-SP4HCI in MOPS buffer
obtained by ITC at 298.15 K. AG° and AS® are calculated according to equations (2) and (33).

System Ka, M! AH®, kJ/mol AG®, kJ/mol  AS°, J/(mol'K)
WSP5A-SP/H,0O 7.1x10° —181.45 —33.38 —497
WSP5A-SP4HCI/MOPS 2.3x10° —9.94 —30.56 +69.2

It was supposed that the addition of SP could have a drastic effect on the pH of the solution. Indeed,
the pH measurement of a 1 mM SP solution revealed that at these concentration levels the solution
is significantly basic (pH = 10.1) at RT, whereas pH value of a 1| mM WSP5A solution is close to
neutral (pH = 6.5). Therefore, there must be a neutralization reaction occurring in the system upon
dropwise addition of SP. Heat of such neutralization reaction will contribute to the overall heat
consumption/production during the process, which will distort the results presented on a
enthalpogram.#! Interestingly, the obtained value for a “reaction” enthalpy is significantly above
the heat values reported for amine protonation (=—50 kJ/mol)*#®! which might be due to a
manifold of ionogenic groups in both host and guest species.

Hence, two measures were taken in order to exclude the abovementioned neutralization reaction
from the overall process. Firstly, instead of pure SP, which is considerably basic, its salt, spermine
tetrahydrochloride (SP4HCI) was used. Unlike SP, the pH of a 1 mM solution of SP4HCI was
determined to be ~6.5, which is close to the pH value of WSP5A. Secondly, a buffer solution was
used for the process investigation to ensure that changes of concentration or ionic strength of the

solution do not affect the process significantly. Since the ultimate goal of the project was to devise
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a sensor for the detection of spermine/spermidine in human urine samples, the buffer should
provide a comparable pH of the medium (pH 6-71471). At first, a phosphate buffer (KxHPO4 +
KH;PO4) was used. However, it was soon discovered that insoluble salts are formed during the
measurements. Therefore, a Good’s buffer, MOPSPE*!  containing 3-(N-morpholino)-
propanesulfonic acid, was used instead. The pH of the buffer was adjusted at 6.01 and a SP solution
in the buffer was confirmed to be stable for at least several months. The pH values of 1 mM
WSP5A and SP4HCI solutions in the buffer were 5.98 and 6.00, respectively (the inconsistency
was most probably due to the fluctuations of room temperature).

With these points considered, a new ITC experiment was conducted using SP4HCI as a titrant and
the experiment was conducted in a MOPS buffer as a medium (Figure 52, B, Table 19). As one
can observe, the stoichiometry of the interaction became very close to unity (n = 1.14), i.e., to the
results of the NMR titration and mass spectrometry. In comparison to the earlier result, the Ka
value (Ka, mops = 2.3x10° M) decreased although stayed in the same order of magnitude (which
is also reflected in comparable AG values), also confirming the value obtained using NMR
titration. The drastically reduced enthalpy of the process is noteworthy: AH°=—10 kJ/mol.
Although the absolute value is less than the one obtained for the titration of water soluble P7A
macrocycle with SP (~42 kJ/mol)!"* or for the abovementioned system cationic PA—acid#-*#4],
it is plausible that suppression of protonation reactions led to a further decrease in the interaction
enthalpy. Furthermore, the AS value increased and even changed its sign to the positive:
+69 J/(mol-K), which is in accordance with the data for PnA—guest complexes in aqueous

150.3431 Such behavior can be explained by the release of water molecules electrostatically

medium.!
bound to the WSP5A and SP4HCI upon complex formation, therefore, illustrating the significant

contribution of entropic forces for the affinity between host and guest.

4.4 Synthesis of the guest moieties and complexation with WSPSA

4.4.1 Initial considerations

With the aspects considered, it is clear that the SP forms a highly stable complex with WSP5A
with binding constant exceeding 10° M. For the proposed mechanism of the detection based on
the competitive complexation a guest moiety must be found, whose affinity to WSP5A is lower
than that of SP, and due to a high value of K, of SP@WSP5A even complexes yielding relatively
stable aggregates (K, ~ 10° — 10* M!) present lower binding affinity than that between SP and
WSPS5A.

As guest moieties, molecules based on end-capped hexyl chains were selected: capped with 1,2,4-

triazole (THA) and with trimethylamine (TAHA). The former was chosen as a neutral species with
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138] (additionally, see Chapter 3.3.1). Moreover, the neutrality of the triazole

a moderate K, value!
fragment is anticipated to lead to a considerable difference in the swelling degree after WSP5A is
added to the preswollen hydrogel in water, the principle underlying a high sensitivity of the gel
Sensor.

The choice of TAHA relies on the data from the Chapter 3.3.2 and from the literature, where
WSPS5A is shown to exhibit a significant binding affinity towards trimethylalkylammonium salts:
Ka=1.75x10° M ! as determined by ITC.**! Although this K. value exceeds the one that was
obtained in the current work for SP@WSPS5A, which might contradict to the envisioned design, it
is believed that additional substituents at quaternary ammonium group will lead to a decrease of
binding strength, since trimethylhexylammonium bromide used in the aforementioned work**"!
has an alkyl tale, which endows the system with an additional hydrophobic binding mode.
Furthermore, WSP5A was shown to bind multiple guest moieties simultaneously based on
hydrophobic and electrostatic interactions causing a hydrogel to shrink in its presence.?!® This
finding suggests a mechanism of detection, which is opposite to the one involving THA as a guest

species: namely, a TAHA-containing gel shrinks in the presence of WSP5A and swells back to its

original state upon SP injection.

4.4.2 Synthesis of the guest moieties THA and TAHA
THA and TAHA (Scheme 9) were synthesized for further polymer modification according to the
described procedures (Chapter 5.2). Because the products are highly hygroscopic, they were stored

in a desiccator over CaCl,.

H

Boc” NSy - HaN"\/\/\/\N,N cl”
<y )
N =N
THA-Boc THA
Boc” \/\/\/\T< B_r - HsN\/\/\/\'*Ii< (2C1)*
TAHA-Boc TAHA

Scheme 9. Guest moieties used in the present work. For the full synthetic pathways and experimental conditions, see

experimental part (Chapter 5.2).

To prove their applicability for the gel sensor fabrication, binding affinity towards WSP5A must
be evaluated and compared to that of the analyte. In order to make a plausible assumption about
the interaction between WSP5A and a guest moiety as a pendant group within the gel, Boc-
protected molecules (THA-Boc and TAHA-Boc) can be used instead of deprotected ones, since
they are chemically closer to the amides formed upon VDMA ring-opening and do not bear an

additional positive charge (which will lead to an overestimated affinity determination). Yet there
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is an obstacle in the case of the triazolyl-substituted guest moiety: THA-Boc, unlike TAHA-Boc,
is insoluble in water, which is the reason for using THA-modified polymers for the estimation of

the complexation, as discussed further.
443 TAHA-Boc@WSP5A

4.4.3.1 NMR titration

Complex formation between WSP5A and TAHA-Boc was investigated by NMR spectroscopy in
D>0 as well as by ITC and MS. In Figure 53 NMR spectra of WSP5A solution in D20 containing
0 to 4.8 equivalents of TAHA-Boc are shown (total host concentration was held constant at 4 mM).
NMR-Titration proved a complex formation with a slow to intermediate exchange on the NMR
time scale, which is demonstrated, on the one hand, by the presence of peaks of both free and
bound species, on the other hand, the gradual shifts of the WSP5A peaks: CHaryi (6.8 ppm) and O-
CH2 (4.2 ppm). The peaks of the guest molecule’s methylene groups are shielded upon binding to
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Figure 53. NMR titration of WSP5A with TAHA-Boc. [WSP5A]o = 4 mM. Green and blue arrows mark shifis of host

and guest peaks, respectively. The peaks of bound species are shown in bold.
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the host (Figure 54, A). Here, Hy exhibits the most pronounced upfield shift (A6 =—3.85 ppm),
and for other protons the shift and, therefore, the shielding effect decreases in both directions along
the alkyl chain. At the same time, the peaks of WSP5A (CHaryt and O-CH>) are shifted downfield.
The complex stoichiometry was determined by integrating signals of host CHamyl
(7.52 - 6.41 ppm), free and bound guest (1.90—-0.50ppm) and complex (Hp+Hc,
—1.45 — —2.30 ppm) peak integration (Table 20) revealing a 2:1 (H:G) complexation, which can
also be a reason behind the appearance of both slow and fast exchange features on the NMR spectra

of the titration points (Figure 53).

Table 20. NMR signals used for TAHA-Boc@WSP5A stoichiometry determination.

NMR signal/area, ppm Protons corresponding to the signals
7.52-6.41 10H (WSP5Afiee) + 10H (WSP5Abound)
1.90 - 0.50 17H (TAHA-Boctiee) + 13H (TAHA-Bocbound)
-1.45--2.30 4H (TAHA-Bocbound)

With the aim to clarify this outcome, 2D NOESY spectrum of the complex was recorded. In a
spectrum in Figure 54, B cross-peaks are only observed corresponding to the proximity between
the trimethylammonium tail of the guest molecule (methyl groups, Hg, and methylene groups
adjacent to the nitrogen, Ha) and the host (protons of the methylene bridges of the macrocycle).
Considering that the protons of the methylene groups connecting aromatic rings of the macrocycle

H

9
Hg  Ha H. H, H
SEASSNSAN O Hp
o], [l |
B) A b 4 ppm
) E0

| )\ |
AR, ! S

N

C-CH,-C _| L

oA,
iJﬂJLA
i 8
|
-

[}

o

€5
N

T T T — T T A 8
8 7 6 5 4 3 2 1 0 ppm

Figure 54. A) NMR spectra of (from the bottom) WSP5A, TAHA-Boc@P5A complex (at [G]o/ [H]o = 3.9), TAHA-
Boc. The change in peak shifts of the guest molecule is presented by the arrows. The signals of bound species are
depicted in bold. B) 2D NOESY NMR spectrum of a TAHA-Boc@WSP5A sample (1 : 2.1 G : H ratio). The NOE

cross-peaks are highlighted by blue lines.
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are facing outwards (Chapter 2.2, Figure 3), these NOE signals might be a hint of an outer complex
formation, which could explain the determined stoichiometry. However, the CH> peak did not
change its chemical shift in the course of the NMR titration (Figure 53) implying negligible
interaction with the guest molecule, which contradicts with these considerations.

Nonetheless, strong broadening of the peaks and relatively low complex signal intensity do not
allow accurate quantification of the spectra. A similar inclusion complex, in which
trimethylhexylammonium was used as a guest moiety, was demonstrated to have 1:1 stoichiometry
and fast exchange kinetics.**’! Therefore, it is feasible that the intermediate exchange regime is

the factor hampering correct evaluation of WSP5SA-TAHA-Boc titration.

4.4.3.2 Mass-spectrometry

To further validate the possibly of a ter-complex formation, an MS measurement was conducted
in ESI positive mode (Figure 55). Unfortunately, it was unable to provide any indication of that
because the complex was apparently not stable enough to be ionized as a single species. Therefore,
no HG or H>G peaks are observed on the spectrum. The peak at m/z =259.2367 can be assigned
to the TAHA-Boc molecule whereas the signals in the areas between m/z =~ 1213 to 1347 and 618

to 729 belong to singly and doubly charged WSPSA species, respectively, in which 1 to 7

[An'®+ (n+2)H* + (10-n)Na'T** [An'%+ (n+1)H* + (10-n)Na*]*
" Am/z =11.00 . Am/z=21.97
Dbttt ‘\ .‘J I llmalﬂﬁmmm
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m/z miz
T\ [2An""+ (n+1)H* + (20-n)Na*]*
\ An'® =/’4E\(’ f }

TAHA-Boc \ Y ) T Amiz=21.97
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Figure 55. Mass spectrum of a sample containing WSP5A and TAHA-Boc. A strong TAHA-Boc peak as well as
various areas of WSP5A signals (singly, doubly charged and dimerized) are observable. Peaks corresponding to the
complexes TAHA-Boc@WSP5A or TAHA-Boc@(WSP5A); were not found.
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carboxylic protons are replaced with Na atoms (implied by the difference of approx. 22 m/z units
between the corresponding peaks in neighboring groups of signals). Interestingly, another area
with signal groups (ca. 2450-2620 m/z) was found to possess a similar pattern arguably suggesting

aggregates of Na salts of (WSP5A)," being present as ionized species.

4.4.3.3 Isothermal titration calorimetry

Further, ITC was carried out to shed light on the complex stoichiometry and binding affinity. In
the experiment, a2 mM WSP5A solution in the buffer was titrated with 50 mM solution of TAHA-
Boc. The results are presented in Figure 56 and Table 21. First, the isotherm demonstrates only
one “step”, which implies either a single equilibrium existing in the system or, if there are two
different equilibria (e.g., a stepwise 1:2 complex formation), both steps have similar binding

235 Regrettably, the portion volumes

energy, from which the weakest affinity can be determined.!
of the guest solution are revealed to be too large, which makes the number of data points before
the saturation is settled was too low to analyze the titration accurately. The parameter n reflecting
the guest to host ratio in the complex deviates from unity, which, again, might be an experimental
error because of the low number of data points or a further indication of multiple equilibria.
Therefore, a K. value obtained from the fitting of the titration isotherm (a single set of equal

binding sites model): 8.77x10* M! can be either a measure of the affinity of a 1:1 system or
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Figure 56. Calorimetric titration of WSP5A4 (2 mM solution in MOPS) with TAHA-Boc (50 mM solution in MOPS).

Top: Raw heat rate data; Bottom: titration isotherm, i.e., integral heat release after each portion of the titrant.
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approximately each of the stepwise complexation constants (equations (39) and (40)) in the

process of TAHA-Boc@(WSP5A), complex formation.

Table 21. Thermodynamic parameters of the systems WSP5A-TAHA-Boc in MOPS buffer obtained by ITC at
298.15 K. AG® and AS° are calculated according to equations (2) and (33).
System Ka, M! AH®, kJ/mol AG®, kJ/mol  AS°, J/(mol-K)
WSP5A-TAHA-Boc/MOPS  8.8x10% —29.21 —28.21 -3.3

Nonetheless, the heat of the complex formation recorded for TAHA-Boc and WSPSA
(=29.2 kJ/mol) is comparable to the AH® of the trimethylhexylammonium@WSP5A complex,
which was shown to be ~33.9 kJ/mol and dominated by electrostatic interaction contribution.>*"!
The negative (—3.3 J/(mol'K)) entropy value can be interpreted as a strong decrease in
conformational degrees of freedom in the guest molecule, which is not compensated by the release
of affine H>O molecules. This serves as a further demonstration of the strong affinity between the

host and guest species, which is beneficial for the sensor design because it proves the possibility

of secure incorporation of the WSP5A in the hydrogel.

4.5 DOSY NMR

Diffusion-ordered NMR spectroscopy can give further information about the structure of the
complex by comparing the mobility of the free and bound species in the solution. It is envisioned
that if a guest species is completely encompassed by the macrocycle, its mobility expressed in
terms of diffusion coefficient D should become similar or equal to the mobility of the host, which,
in turn, should not undergo any significant changes. Figure 57 demonstrates the comparison
between D values of free WSPSA and guest molecules (SP and TAHA-Boc) as well as complex
species, recorded in D>O. For the investigation of the SP@WSP5SA and TAHA-Boc@WSPSA
systems solutions were used containing [H]:[G] ratios of 1:2.5 and 1:4, respectively.

As one can observe, the mobility of WSP5A (Dwspsa, free = 2.3%1071% m? s7!) remained practically
unchanged even when bound to guest molecules, whereas the mobility of SP and TAHA-Boc
becomes reduced. Notably, because the stability of the SP@WSPSA complex is high, as was
discussed before, the diffusion coefficient of SP (Dsp, free = 4.2x1071° m? s™1) decreased by almost
45 % down to the value of the host moiety. This illustrates the expected behavior in case of an
inclusion complex formation. TAHA-Boc, on the other hand, exhibits a less drastic drop in
mobility upon complexation (DTAHA-Boc, free = 4.4x107 10 m? s71;
DrAHA-Boc, bound = 3.4x1071% m? s71). This might be elucidated by the fact that for the determination
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Figure 57. Diffusion coefficients of the host, guest moieties and their complexes obtained using DOSY NMR. The

dashed line is given as a comparison for a free WSP5A.

of the diffusion coefficient signals with high intensity are required. Such peaks in case of TAHA-
Boc correspond to the protons Hg and Hn (Figure 54, A), which do not undergo any significant
shift in the presence of the host. Therefore, both free and bound species are arguably taken into
account for the DOSY analysis. Nevertheless, the mobility of WSP5A is not affected by the
presence of the guest species implying that its hydrodynamic radius and, thus, its size, is not
affected, which could be an argument against a 2:1 complex formation. Nonetheless, an inclusion

complex formation, indeed, occurs and serves as reason for the decrease in diffusion coefficient
of TAHA-Boc.

4.6 Polymer synthesis

4.6.1 Synthesis of VDMA

VDMA was used as a comonomer that is capable of “click”-modification via ring-opening under
nucleophilic attack. The azlactone moiety was synthesized according to a two-step procedure
(Chapter 5.2.5) described in the literaturel**®! with a slight adjustment in the work-up of the second
step. Because of insufficient power of the vacuum pump and lack of control over the pressure, the
purification by vacuum distillation required elevated temperatures (up to 95 °C), which was
constantly leading to the crude product polymerizing in the flask as a result of its high reactivity.
Attempts were made to purify the VDMA by other methods including column chromatography or
precipitation (according to the literature!*>°!, the product can be crystallized by cooling down the
hexane solution on a dry ice/acetone bath, which was implemented using EtOAc/N; bath).

Chromatography failed to provide a pure product presumably because of the interaction with the
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silica in the column, whereas hydrolysis during the filtration is supposed as a source for impurities
in case of precipitation method. Delightfully, the highest purity was achieved by multiple cycles
of dissolving in hexanes, filtration and evaporating the filtrate in vacuo. Upon addition of hexanes,
a white precipitated formed, presumably consisting of the residual triethylamine hydrochloride
and poly-VDMA particles. After three cycles, no precipitation was observed implying the product
achieved the purity, which was also confirmed by 'H NMR.

4.6.2 Kinetics of DMAAm and VDMA co-polymerization

The polymer P10 was synthesized by RAFT polymerization using AIBN as an initiator and DMP
as a chain transfer agent. Since the reversible chain transfer mechanism determines that all the
chains in the system grow simultaneously, RAFT was used to achieve a uniform distribution of
monomers among the polymer chains.

Kinetic experiments were conducted to give insight into the reactivities of the monomers which
therefore define the distribution of the units within chains. For the kinetic investigations, the
components (DMAAm, VDMA, AIBN and DMP) were dissolved in 3 mL 1,4-dioxane in a ratio
n(DMAAm):n(VDMA):n(AIBN):n(DMP) =90:10:1:0.5 at a DMAAm concentration of
0.33 g/mL. Then the mixture was degassed by purging Ar through the solution for 30 min and a
sample was taken for the NMR analysis (t = 0 min) followed by placing the mixture into a pre-
heated oil bath at 70 °C. The conversion was controlled in 15 min interval, the aliquots (~50 pl)
of the reaction mixture were quenched by freezing in liquid nitrogen and then dissolved in 0.5 mL
CDClI; for NMR analysis (Figure 58). The monomer concentration was calculated according to
equation (57) from the corresponding integrals of vinyl protons (multiplet at 5.89 ppm for VDMA
and 5.62 ppm for DMAAm) normalized by the total number of protons involved®! (excluding
the signal of 1,4-dioxane).

J vinyl protons [ vinyl protons
[ total protons ~ [(6.9 — 5.3 ppm) + [(3.3 — 0.5 ppm)

(57)

[Monomer] =

The conversion was calculated by equation (58) from the concentration relations ([M]o and [M];

are monomer concentrations at the starting point and t min after the reaction start, respectively).

[M]o
[M];

Conv(t) =1-— (58)
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Hereto, the degree of polymerization P, (equation (59)) as well as number-average molecular
weight M, (equation (60)) were determined for each time point, where [end groups] is a
concentration of end groups determined according to (61), and mole fractions of the comonomers
in the copolymer are defined by equations (62) and (63). For the calculations, following molecular
weights of the reactants were used: Mpmaam =99.13 g/mol; Mvpma = 139.15 g/mol;

Mcta = 364.63 g/mol.

[DMAAM]P®' + [VDMAJE®  Conv(t) - (IDMAAm], + [VDMA]y)

(59)
[end groups] [end groups]

Pn(t) =

ol ol
M, (t) = B,(t) - <MDMAAm - XD aam(©) + Mypya - X %MA(’?)) + Mcra (60)

triplet 0.82 ppm
[end groups] = Jtrip pp (61)
3 - [ total protons
XL (o) = [DMAAM]P” )
pMAdm [DMAAM]P* + [VvDMA]
[vDMAP®
K = f @

pol pol
[DMAAM]Y” + [VDMA]

4.6.2.1 Co-monomer reactivities and co-polymer composition considerations

The results of the kinetic studies are shown on the Figure 59, A and Table 22. First, monomer
concentration in logarithmic coordinates is linearly dependent on time for both comonomers,
which demonstrates that the reaction in both cases proceeds with pseudo-first order kinetics typical
for various RAFT systems.[*>>3%*] The slopes of the dependences correspond to the apparent rate

constants & according to the equation (64).

In <[M]°> = kt (64)
[M]
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Figure 58. NMR spectra of the reaction mixture of DMAAm and VDMA in the course of RAFT copolymerization.
The conversion of monomers is demonstrated by decrease of their signals’ intensities over time.
where [M] and [M]o are current and initial monomer concentrations, & is the rate constant and ¢ is
time. The apparent constants obtained for each of the monomers are: k*® (DMAAm)=0.75h"",
k™ (VDMA) = 1.51 h™!, implying that VDMA in the given system (copolymerization with
DMAAm in 1,4-dioxane) is twice as reactive as DMAAm. Further, by extrapolating the regression
until In([M]o/[M]) = 0 induction times tina of both monomers could be calculated. The kinetic plots
show that the polymerization proceeds with a short induction period indicating a proper selection
of CTA. It can be noticed that VDMA (fina = 5.9 min) starts to polymerize slightly earlier than
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Figure 59. Kinetic studies of the RAFT copolymerization of DMAAm and VDMA as determined by NMR.
A) Pseudo-first order kinetic plots of DMAAm and VDMA and linear fit of the kinetic curves; B) Monomer conversion vs. time.

DMAAmM (find = 9.8 min), which suggests that during the initial period of the reaction of
copolymerization azlactone homopolymer is formed. Seeming growth in reaction rate of VDMA
at high conversions can be attributed to the increasing error in the NMR peak integration as peak

intensities become too low.

Table 22. Apparent rate constants and induction times of DMAAm-VDMA copolymerization.

Monomer k?pp,_ h! tind, min
DMAAmM 0.75 9.8
VDMA 1.51 59

Since VDMA is approximately 2 times more reactive than DMAAm, it is also the reason behind
it reaching 95 % conversion in under 2 hours, whereas DMAAm only reaches ~75 % conversion
(Figure 59, B).

Because of the different reactivities, the comonomer distribution within the polymer chains has a
gradient, rather than statistical, character. In the beginning of the reaction the VDMA content in
the chains is higher than DMAAm by almost 100 % (at 60 min mark), then the content decreases
gradually until 120 min mark after which practically only DMAAm contribute to the polymer
chain. After 4 h the VDMA is completely consumed and conversion of DMAAm exceeded 96 %
(Figure 58), whereas after 15 h it was higher than 99.5 %.

If the conversion is plotted against number-average molecular weight (Figure 60), it can be noticed
that the M, determined by two different methods (GPC and NMR spectroscopy) exhibits linear
increase with increasing conversion indicating that the polymerization proceeds under controlled

conditions.[32333355] However, the evolution of the M. shows negative deviation from the
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Figure 60. The evolution of molecular weight and the polydispersity of the polymer in the course of the reaction.

theoretical values at a given conversion. The reason for the deviation in the GPC results is arguably
the standard used for calibration (PMMA), which does not structurally resemble the investigated
polymer. Furthermore, error arising from the NMR peaks integration is increasing since the
intensity of the peaks of end groups as well as monomer peaks is drastically reduced with an

increasing conversion, hence the deviation of the M, calculated using NMR spectra (equation
(65)).

4.6.2.2 Polydispersity considerations

In a polymerization under controlled conditions, the PDI stays on a constant low level or slightly
decreases in the course of the reaction.l!>*3%% In case of the investigated polymerization, the PDI
of the copolymer drops within the first 30 min, further remaining at the value of ~1.65 (Figure 60),
which is relatively high for controlled radical polymerization and can signal the occurrence of
chain terminations, especially at early stages of the reaction.[*>]

Two main reasons are accounted for this high value. Firstly, the ratio between monomer and CTA
amounts are relatively high (800:1), and diffusion starts to be an important rate-determining factor
at high conversions. Secondly, this anomaly may be caused by the GPC conditions, namely, an
inappropriate selection of elution conditions with the solvent and/or stationary phase interacting
with polymer’s functional groups.

It was originally supposed that the use of two different monomers could be the source for the high
PDI, however, a homopolymerization of DMAAm in the same conditions provided in a product

with polydispersity of 1.88 (as determined in HFIP with PMMA standard), whereas elution in THF
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resulted in too low peak intensities so that the M, values were not reproducible (Table 23). When
DMACc was used as an eluent, the PDI of PDMAAmM amounted to 1.39 at M, = 43800, which is
significantly lower, proving the elution conditions might be the source of the high polydispersity.
Nevertheless, since the main objective of utilizing RAFT was to achieve a uniform monomer
distribution, and the polymers are aimed for further modification and gelation, the non-ideal

parameters (molecular weight distribution) were not optimized further.

Table 23. Molecular weight and polydispersity of the PDMAAm obtained by GPC with different elution conditions

GPC elution conditions

M, Da PDI
Eluent Standard
HFIP PMMA 46500 +£1600 1.88 £0.02
THF PMMA 7200 + 2900 1.73 £0.15
THF PS 11400 1.53
DMAc PS 43800 1.39

4.6.3 Poly(DMAAm-co-VDMA) molecular weight and its distribution after the
completion of polymerization

The molecular weight of the co-polymer P10 determined by GPC in HFIP using PMMA
calibration and BHT as an internal standard as well as by NMR spectroscopy in CHCl;3 after 15 h
is presented in Table 24. Notably, the PDI is (compared to the kinetic studies) further increased up
to 1.82, which can be explained by the occurrence of termination processes at high conversions.*3#
In addition, the ratio between the comonomers was also calculated using 'H NMR (conversion
after 15 h): n(DMAAm):n(VDMA) = 8.96:1.04. For the determination of M, by 'H NMR an
integral of a triplet around 0.8 ppm corresponding to the polymer end group (CH3 group of the
DMP dodecyl chain) was set to 3, therefore, an integral of the area of the tertiary backbone protons
(2.62—1.97 ppm) was equal to the P, of the polymer. M, was calculated according to the equation
(65), where <Mmon> 1s an average molecular weight of monomers in the copolymer as defined in

equation (66).
Mo = | [ @62 = 197 ppm)| - (Mon) + Mo (65)

(Mmon) - 0896 . MDMAAm + 0104’ . MVDMA = 1033 g/mol (66)
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Table 24. Chemical composition and molecular weight of P10

[DMAAm], [VDMA], Ma(NMR), M. (GPC), My (GPC),

% % g/mol g/mol g/mol PDI

89.6 10.4 60800 46500 84700 1.82

4.7 Polymer modification

The polymer P10 was “click”-modified using hexylamine-functionalized guest moieties: THA
with a terminal 1,2,4-triazole group and TAHA with a trimethylammonium as a terminal group
(for the structures of the guest moieties see Scheme 9). The reactions were conducted in DMF in
the presence of DBU for the initial deprotonation of guest moieties, which could be observed by
dissolution of the solids in DMF upon DBU addition. Both guest polymers were obtained in two
versions: with (denoted PIOTHAP and PI0TAHAP) and without DMIEA (denoted P1I0THA and
P10TAHA) as a photo-crosslinker. Since VDMA moieties can undergo a ring opening as a result
of a nucleophilic attack, interaction of VDMA with water according to Scheme 10 results in an
acid formation. Since pendant carboxylic acid groups would add an unnecessary ionic interaction
into the system and thus can disturb the targeted concept, the unreacted VDMA rings were opened

using ethanolamine. The polymers were characterized by 'H NMR and GPC in HFIP (Table 25).

yZ o

s
O0”~ "OH

Scheme 10. Hydrolysis of the VDMA moiety.

%\o:>< H,0
)

Table 25. Molecular mass parameters and a composition of the guest polymers.

Mole fraction of a moiety in the polymer chain
Polymer Mn, Da** PDI**
DMAAm, %* Guest, %* DMIEA, %*

P10THA 90 THA 7.5 - 57500 1.70
P10THAP 90 THA 4.1 3.3 59800 2.04
P10TAHA 90 TAHA 6.2 - 61900 1.78

P10TAHAP 90 TAHA 64 3.0 66900 2.83

*Determined by NMR spectroscopy
**Determined by GPC (HFIP, PMMA calibration)
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The pendant groups’ content was determined by NMR spectroscopy (Figure 61) and calculated in

a relation to the DMAAm or polymer backbone using formulas (53)—(55):

XTHA (%) =

XTanaA (%) =

XDMIEA( A))

[(THA, 8.5 ppm) - 90%

(67)
/e - [(DMAAm, 3.2 — 2.8 ppm)
Ly [(TAHA, 3.4 ppm) - 100% 68)
[(backbone, 2.85 — 2.35 ppm)
/e [(DMIEA,1.9 ppm) - 90% )

1 [(DMAAm, 3.2 — 2.8 ppm)

For the calculation of THA groups an integral of the H3 proton of the triazole moiety was

considered; in case of TAHA — the signal belonging to the methyl groups’ protons (marked with
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Figure 61. '"H NMR spectra (D:0) of the synthesized guest polymers: (from the top to the bottom) PI0THA,

PI10THAP, PI0TAHA, and PI0TAHAP. Characteristic peaks of the functional groups are marked. Blue color

corresponds to the guest moiety groups, red color — to the photo-crosslinker.
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blue CH3 symbol); for DMIEA — the signal of 2 methyl groups adjacent to the double bond (red
CH3 symbol).

Concerning GPC results, it can be noticed that the TAHA-modified polymers have higher M,
possibly due to the electrostatic repulsion by positively charged groups, which increases the
hydrodynamic radius of the polymer coils. As a result, the TAHA-modified polymers are eluded
faster, and a higher molecular weight is detected. Noticeably, the PDI of PIOTHA and PIOTAHA
(1.70 and 1.78, respectively) are lower than that of the unmodified polymer P10 (1.82), which is
considered to be due to the dialysis as a purification step. At the same time, partial dimerization of
DMIEA moieties in the samples modified with the photo-crosslinker are accounted for the

increased polydispersities (2.04 and 2.83 for PIOTHAP and PI0TAHAP, respectively).

4.8 Investigations of the interactions in the system guest polymer—WSP5A—

SP

4.8.1 NMR studies

Because THA-Boc is not water-soluble, which restrains the possibilities to quantify the binding
affinity using low-molecular host and guest, as a proof of the sensor concept the interaction
between P10THA, which is soluble in water, and WSP5A was investigated qualitatively by NMR.
Figure 62 shows that the triazolyl proton by 8.49 ppm broadens (blue arrows) upon the addition

H, H H,
HN AN AN,
Ha Hc Hg H
> I}
— O-CH
0:30 CHAryI 2
10 NH,
o 4
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Figure 62. 'H NMR (D:0) spectra of (from the bottom to the top): P10THA, P10THA+WSP5A,
PI10THA+WSP5A+SP, WSP5A and SP. Blue arrows show the change of the peaks of the THA moiety, green arrows
follow the peaks of the WSP5A, and the red arrows show the change of SP peak shifts.
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of 1 eq. WSP5A and becomes sharp again after the addition of the SP. The peaks of WSP5A
undergo a strong downfield shift (6.76 to 7.13 ppm and 4.26 to 4.46 ppm) in the presence of 1 eq.
SP, in accordance with the WSP5A—SP NMR titration results. This behavior can be interpreted in
the way that a relatively weak interaction occurring between WSP5A and P10THA is disrupted by
SP due to a much stronger interaction between WSP5A and SP, which proves the concept
underlying the detection principle.

The same procedure was utilized to assess the interaction between WSP5A and PI0TAHA
(Figure 63). In this instance, complex formation leads to a pronounced change in the chemical shift
of both guest polymer and host molecule. In particular, the signals of the quaternary ammonium’s
CHjs groups as well the methylene group in a-position experience significant broadening, which
leads to the disappearance of the peaks in the spectrum of PIOTAHA@WSPSA. The WSP5A
signals, at the same time, slightly shift downfield indicating formation of an inclusion complex.
The shift is significantly increased upon addition of SP4HCI to the system, and the signals of the
TAHA moiety return to the positions, corresponding to the free species, demonstrating release of

the quaternary ammonium groups from the WSP5A cavity.
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Figure 63. 'H NMR (D:0) spectra of (from the bottom to the top): P10TAHA, P10TAHA+WSP5A4,
PI10TAHA+WSP5A+SP4HCI, WSP5A and SP4HCI. Blue arrows show the change of the peaks of the TAHA moiety,
green arrows follow the peaks of the WSP5A, and the red arrows show the change of SP peak shifts.
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4.8.2 ITC investigation

In order to quantitatively assess the binding affinity between THA moieties and WSP5A and, in
case of TAHA, prove the results obtained with low-molecular compounds, an ITC study was
carried out using PI0THA and P10TAHA as guest species in MOPS buffer solution. (The study
was conducted by Prof. Dr. Schonhoff’s lab in WWU Miinster.) The results of the analysis are
presented in Figure 64 and Table 26.

Regrettably, the data obtained using a single set of equal binding sites model cannot be clearly
interpreted. The obtained stoichiometry values (n =4 and 5, respectively) suggest that 4 or 5 guest
moieties per WSP5SA macrocycle are required to completely saturate the host moieties. This
discrepancy is rather too large to explain it by an error in sample preparation. Since the
concentration for guest samples correspond to the concentration of pendant THA and TAHA
groups, a plausible clarification might be given by taking the determination of guest groups content
in polymers into account. The number of the groups was defined by NMR spectroscopy, and for a
precise quantification it is necessary to evaluate the peaks with best possible resolution. In case of
P10THA it is not a problem since the peaks of triazole protons appear separately between 8.0 and

8.5 ppm in D>0. On the other hand, the peak corresponding to the adjacent methyl groups of the
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Figure 64. ITC results of WSP5A solution (2 mM in MOPS) titrated with guest polymers (see schemes on top).
Graphs top: raw heat rate corrected with blank titration results; bottom: integral heat after each consecutive
addition of a titrant. A) Titration with PIOTHA (50 mM THA groups) in MOPS; B) with PI0TAHA (50 mM TAHA
groups) in MOPS.
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quaternary amine of TAHA is located within an area of methyl groups’ peaks of DMAAm in D20,
hence, a spectrum in CDCl; was used for determination of the TAHA groups. Another possible

explanation for a deviating stoichiometry could be not complete solubility of the polymer

[309

moieties,?*) which, however, is only applicable to PI0THA.

Table 26. Thermodynamic parameters of the systems WSP5A—P10THA and WSP5A-P10TAHA in MOPS buffer
obtained by ITC at 298.15 K. AG° and AS°® are calculated according to equations (2) and (33).

System Ka, M! AH®, kJ/mol AG°®, kJ/mol  AS°, J/(mol'K)
WSP5A-P10THA/MOPS 132 —11.95 —12.10 +0.5
WSP5A-P10TAHA/MOPS 328 —4.92 —14.36 +32

It is also important to mention that such a high stoichiometry can be also a result of intermolecular
interactions in the solution. Since THA and TAHA groups are not completely free from each other
but bound together as pendant groups of the same polymer chains, it is conceivable that as soon as
WSPS5A is bound to one of the guest groups, neighboring groups get affined to the macrocycle (in
a form of an inclusion complex or from the outer side of the WSP5A, as was demonstrated for the
interaction between WSP5A and TAHA moieties in Ref. [2'¥)) or get excluded from further
interactions by conformational changes of the polymer chain.

In addition, the association constant values observed from the data indirectly support the
supposition that WSP5A forms more stable complexes with TAHA than with THA because the Ka
value of the interaction with PIOTAHA is 2.5 times higher (328 M ! vs. 132 M !). However, it is
debatable if these values can be compared or even taken into consideration at all since, in fact,
such complicated equilibria as 4:1 or 5:1 are highly unlikely to occur as single process but rather
a product of stepwise or cooperative reactions!**®! requiring deeper analysis, which is out of scope
of the current work.

Remarkable is furthermore the calculated entropy for each system. Comparing the AS values
obtained for WSP5A titration with TAHA-Boc and with TAHA-containing polymer PI0TAHA a
large difference can be observed (—3.3 vs. +32 J/(mol-K)) suggesting another contribution in the
case of polymer. This contribution might be the entropy of dilution, which might be more
substantial in case of the charged PIOTAHA than neutral PI0THA (AS = +0.5 J/(mol-K)).
Despite the stoichiometry of the interactions between WSP5SA and guest polymers determined by
ITC being significantly higher than projected (n =4 and 5 for experiments with PI0THA and
P10TAHA, respectively), the results proved qualitatively the presence of interactions between the

participating species.
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All things considered, according to the results of the NMR studies, even though the interaction
between PIOTHA and WSP5A is comparatively weak, it can be concluded that the behavior of
both systems aligns with the concept of the project. ITC results could only confirm that in both
cases there is an interaction taking place between guest polymers and the WSP5A macrocycle.

Hence, both guest polymers were used further for the fabrication of a gel sensor.

4.9 Responsiveness of sensor chips

4.9.1 Sample preparation. Spin-coating parameters

4.9.1.1 Parameters influencing the coated layers

According to the design of a sensor chip for the SPR technique, the polymer should be applied
onto a substrate as a thin layer. The most effective method for obtaining polymeric thin layers is
spin-coating, in which a polymer solution is delivered onto a rotating surface. Due to the
centrifugal force, the solution is driven to the edges of the surface leading to a spreading of the
solution around the whole surface area. In the course of further spinning, the system switches to
an evaporation regime, where the excess of the used solvent evaporates leaving a thin layer of a

3391 The thickness of the obtained layers depends on several parameters of the polymer

substance.
solution:

o Nature of the solvent;

° Initial concentration;
° Solution density;
° Solution viscosity;

o Rotation frequency.
Within the framework of the current research, three of those parameters can be varied in a
controlled manner: the solvent, solution concentration and the rotation speed. The choice of a
solvent is dictated by solubility of the polymers as well as by its volatility since the evaporation
rate has a direct impact on the homogeneity and overall quality of the coatings.**°! Increased
concentration as well as decreased rotation rate leads to an increased layer thickness. It is worth
mentioning that a change in concentration has a higher impact on the thickness than a change in
rotation speed (relation (70), where dp is a layer thickness; C is a polymer solution concentration;

o is a rotation speed).[*®!]
11
dg~C-(1—C)3-w2 (70)
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4.9.1.2 Influence of the polymer solution concentration
Both PIOTHAP and PI0TAHAP are soluble in common organic solvents including ethanol, iso-
propanol, and acetone. For the convenience of handling, EtOH was used as a solvent for polymer
solution preparation. 1 wt.% and 2 wt.% solutions were prepared for the initial evaluation of
concentration dependence of the layer thickness. The polymers were dissolved in EtOH and stirred
at RT in darkness for 4 h, then filtered through a Chromafil® 0.45 um PTFE syringe filter
immediately prior to spin-coating.
For spin-coating, the polymer solution (ca. 80 pL) was applied onto the wafer by static dispense
method and coated with a two-step program:

1. 1800 rpm (10 s ramp) for 60 s;

2. 2000 rpm (10 s ramp) for 120 s.
After the completion of the coating process the sample was dried in vacuo overnight in dark to
remove the rest of the solvent. Further, the polymer layer on the surface of the wafer was photo-
crosslinked by UV-irradiation for 300 s. The crosslinked gel layer was measured by SPR (dry layer
thickness) as it is.
The dependence of the polymer solution concentration on the layer thickness is demonstrated in
Table 27. The increase of the gel thickness is different for PIOTHAP and PIOTAHAP (increase
by 1.5 and 3 times, respectively), which can be explained by the fact that for the 2 wt.%
P10TAHAP sample iso-propanol was used as a solution instead of EtOH (see Chapter 4.9.3.1).
Furthermore, a problem occurred while recording a spectrum of PIOTHAP-1% dry layer that the
signal fell to 50 % of its normal intensity, which was later found out to be the detector’s battery

running low. Nevertheless, the general trend of layer thickness increase is observable.

Table 27. Thickness of spin-coated layers deposited from PI0THAP and P10TAHAP solutions of different

concentrations

Thickness, nm

Polymer/gel

1 wt.% 2 wt.%
P10THAP 97.9 142.4
P10TAHAP 67.3 197.0 £5.3*

*Polymer was deposited from iso-propanol solution at 0 °C, n = 3.

To further clarify the influence of the solution concentration, in Figure 65 the angular SPR spectra
of sensor chips swollen in a MOPS buffer solution are shown, prepared via spin-coating from
P10THAP solutions of two different concentrations: 1 wt.% (P10THAP-1%, black curve) and
2 wt.% (P10THAP-2%, red curve). The distinction in the gel layer thickness in a dry state is
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Figure 65. Comparison between two PI0THAP sensor chips swollen in MOPS buffer solution: spin-coated from
1 wt.% (black curve) and 2 wt.% (red curve) EtOH solutions. An optical waveguide mode as a local minimum
around 47° is clearly distinguishable for the chip prepared from the 2 wt.% solution.
magnified after swelling, leading to PIOTHAP-1% thickness reaching 408 nm versus 750 nm in
case of PIOTHAP-2%. Therefore, on the spectrum of PIOTHAP-2% a new feature appears in the
area around the total internal reflection angle (46-50°): an optical waveguide minimum. As
discussed in Chapter 2.5, the presence of this minimum additionally to the plasmon resonance
allows independent calculation of the layer thickness and refractive index,?%3'4 therefore,
significantly increasing the precision of the fit and of the method itself. Hence, 2 wt.% solutions

were used further for spin-coating and subsequent analysis.
4.9.2 SPR investigation of PIOTHAP sensor chip

4.9.2.1 Experimental procedure

Onto a quartz wafer with an Au layer (44.46 nm) applied using PVD method, adhesion promoter
was adsorbed via dip-coating and further a 2 wt.% P10THAP solution was spin-coated onto this
pre-treated chip. After drying in vacuo overnight and cross-linking under UV-irradiation for 300 s,
the spectrum of a dry gel was recorded, then the chip was equilibrated in MOPS buffer for 3 h in
the SPR flow cell. The responsiveness of the chip towards SP of different concentrations was
probed by a kinetic study at 61° angle (Figure 66). In this study, a gel was alternately treated with
WSPS5A solution (1 mM, 1.5 mL) and SP4HCI solutions (1 uM, 5 uM, 10 uM and 20 uM, 0.5 mL
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per concentration). This concentration range was selected to cover the abovementioned
(Chapter 4.1.1) range of SP concentrations in urine of cancer patients. Before each sample
injection the cell was briefly washed with MOPS (0.5 mL) to remove unbound P5A macrocycles

as well as to wash away the SP@WSP5A complex species before the next concentration cycle.

4.9.2.2 Kinetic study of the PIOTHAP chip’s responsiveness

In Figure 66, A, a complete evolution of the signal intensity in the course of the kinetic study is
presented. Noticeably, the signal intensity demonstrates a steady overall decrease trend, and
intensity change upon the first cycle of WSP5SA, MOPS and SP injections is more significant

compared to the further injections (from the second WSP5A injection onwards). Possible reason
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Figure 66. Kinetic studies of PI0THAP-2% gel sensor. A) Evolution of signal intensity of a swollen gel upon
injection of different solutions recorded at 61° angle. B) Intensity changes upon each injection. C) Intensity changes

resulting after rinsing with MOPS are calculated together with the subsequent injection of a solution.
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for this behavior might be an inaccessibility of the inner layers of the gel during initial swelling.
During multiple exchange of the solution (which is accompanied by a solution flow through the
cell upon injections) the inner chains can be reached and solvated leading to a decrease in the
refractive index (and, therefore, observed intensity at 61°). On the other hand, at the first stages of
the experiment, non-crosslinked chains can be washed out of the bulk of the gel as well. A
relatively large drop at 110 min mark upon rinsing with MOPS is, however, out of trend and cannot
be explained solely by a signal drift.

Despite a general tendency of decreasing intensity, it is possible to make a conclusion about the
responsiveness by comparing the states of the gel equilibrated in different solutions. The intensity
difference after each change of a solution is shown in Figure 66, B. Notably, each WSP5A injection
leads to a decrease in the signal intensity, which conforms to the anticipated behavior of the system
upon presence of the macrocycle — a negatively charged macrocycle is threaded onto neutral THA
groups resulting in electrostatic repulsion between the chains, which, in turn, leads to a lower gel
density, and thus, to a lower refractive index. An opposing tendency is observed upon spermine
addition: the intensity rises suggesting an increasing refractive index, i.e., a higher density of the
gel layer as a result of a decreasing electrostatic repulsion, which is caused by WSP5A molecules
beneficially binding to the SP axles and being washed out of the gel volume.

Nevertheless, the intensity change obtained upon injecting various concentration of SP is not
consistent with the increase of the concentration. The injection of 1 pM SP solution resulted in a
signal increase excessing both 10 and 20 uM solutions (+0.38 % vs. +0.28 %), whereas 5 uM
solution injection surprisingly led to a slight decrease in intensity (—0.03 %). This inconsistency
can as well be demonstrated if the intensity change resulted by rinsing with MOPS is combined
with a change caused by an injection of WSP5A or SP solutions (Figure 66, C). Therefore, this
preliminary result demonstrates that PIOTHAP gel shows insufficient responsiveness. Otherwise,
it is worth noting that rinsing with MOPS did not bring any consistent changes (see Figure 66, B),
which might be an indirect proof of the stability of the system’s threaded and unthreaded states.

4.9.2.3 SP concentration dependencies of layer thickness and refractive index of PIOTHAP
films

A deeper insight into the responsive behavior of the gel can be delivered by analyzing the actual

layer thickness and refractive index change. For the investigated sensor system these parameters

were obtained by fitting the angular spectra, recorded after each equilibration in a WSP5A or SP

solution (Figure 67). The fitting using Fresnel equations was performed in Winspall 3.02 (MPI fiir

Polymerforschung Mainz). For the fits, a 2-layered model was applied in which the inner layer

thickness d™™ was set at 200 nm and its refractive index nq™ was iteratively varied to match the
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Figure 67. A) Angular spectra of PIOTHAP-2% after equilibration in corresponding solutions. The curves represent
fitting of experimental data. B) Evolution of refractive index (on top) and swelling degree of the P10THAP gel
equilibrated in different solutions.
plasmon minimum. For the outer layer d®" and ng®*" were varied manually to match the minimum
of'a waveguide mode. The resulting fits for PIOTHAP swollen in different solutions are presented
in Figure 67, A) as solid lines. To characterize the polymeric gel as a whole and to trace the
transformation dependent on the medium the parameters (swelling degree, O, and average

refractive index, ng®!) were calculated according to the equations (71) and (72).

The obtained data is plotted in Figure 67, B, the values of layer thickness as well as RI of the gel
in different mediums are summarized in Table 28. It can be noticed that, similar to the results of
the experiment in the kinetic mode, the data is not consistent and the change of the layer
thickness/refractive index cannot be unambiguously explained by threading and dethreading of
WSPS5A units onto/from the pendant guest groups of the polymer. Furthermore, it is worth
mentioning that since in a 2-layer model the plasmon minimum is mostly determined by the inner
layer, and for the kinetic investigation a single layer model was assumed, the results of two analysis
approaches are not harmonized. Still, this can be regarded as a further confirmation of a poor

responsivity of the PIOTHAP gel sensor towards WSP5A and SP.
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Table 28. Layer thicknesses and RI values obtained for P10THAP sensor chip in different media by fitting the

angular SPR spectra. Graphical representation is shown in Figure 67.

. Inner layer Outer layer
Medium
d, nm nd d, nm nd
MOPS 200 1.3853 550 1.3700
WSPSA 200 1.3842 558 1.3693
SP 1 uM 200 1.3847 547 1.3704
WSPSA 200 1.3837 559 1.3667
SP 5 uM 200 1.3842 561 1.3686
WSPSA 200 1.3837 555 1.3693
SP 10 uM 200 1.3837 575 1.3667
WSPSA 200 1.3837 572 1.3678
SP 20 pM 200 1.3837 579 1.3664

4.9.3 SPRinvestigation of PIOTAHAP sensor chip

The responsiveness tests conducted using NMR spectroscopy have demonstrated that the
interaction between the three species proceeds according to the desired scenario and the states of
unbound guest, TAHA@WSP5A and SP@WSP5A+TAHA are clearly distinguishable, which
implies a considerable affinity between them. Therefore, it was supposed that these host-guest
interactions would have a significant impact on the states of the gel in the form of a sensor chip,

i.e., on its responsiveness.

4.9.3.1 Suppression of Marangoni instabilities

For SPR measurements, PIOTAHAP polymer was spin-coated from a 2 wt.% solution in iso-
propanol. The problem appeared while spin-coating, that the film obtained by this method
exhibited high roughness in a form of Marangoni defects. The defects emerged in ethanol as well

113921 the roughness of the film depends on

as in iso-propanol solutions. According to Fowler, et a
the interplay between two processes: 1) spreading of the solution with eventual flattening of the
surface, and 2) solvent evaporation causing solidification of the film. If the evaporation rate is too
high, the film might not have sufficient time to level itself, thus, increasing its roughness.
Therefore, Marangoni instabilities are provoked by surface tension gradient resulting from solvent
evaporation which is associated with concentration as well as temperature gradients. The solution
for getting uniform surfaces suggested by the authors was spin-coating at low temperatures, which
decreases the evaporation rate and the temperature gradient within the film layer. In their work,
authors demonstrated how cooling down the chamber improves the homogeneity of polystyrene

films. Replacing ethanol with iso-propanol was the initial step in attempt to reduce the evaporation

rate. Because of the limitations of the spin-coater used in this work, it was not possible to conduct
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spin-coating at 0 °C by cooling down the chamber, therefore, the polymer solution was placed in
an ice bath for 15 min immediately before deposition.

Figure 68 demonstrates the microscopic images of P10TAHAP films dispensed at room
temperature and after preliminary cooling (at 0 °C). Comparing the structures appearing in the
polymer films spin-coated at room temperature (Figure 68, A and B) and at 0 °C (Figure 68, C and
D), a significant improvement of the film uniformity can be observed: both the defect wavelength
and amplitude (which can be estimated by the contrast between lighter and darker regions)
decrease drastically offering flattened layers. Therefore, the polymer solutions were further

deposited at cooling.

4.9.3.2 Experimental procedure

Similar to the procedure described above for PIOTHAP chip, the PIOTAHAP sensor chip was
prepared by spin-coating the PIOTAHAP polymer from a 2 wt.% solution on a pre-treated N-
LaSF9 wafer bearing an Au layer. Prior to the measurements, the chip was equilibrated in MOPS
buffer solution purged through a flow cell of the SPR sample holder, for 1-3 h. The equilibration
was monitored by an SPR signal intensity measured in the kinetic mode at 61°. Further, | mM

WSP5A solution was injected followed by rinsing with MOPS and, subsequently, SP solution

.

Figure 68. Microscopic images of the film layers deposited from the 2 wt.% P10TAHAP solution in iso-propanol. A)

and B) deposition at room temperature; C) and D) deposition at 0 °C.
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injection was performed to evaluate the responsiveness of the gel. Before the next measurement
cycle, the cell was rinsed with MOPS once again to remove the formed complexes from the gel

volume as well as from the medium.

4.9.3.3 Kinetic studies of the PIOTAHAP chip’s responsiveness

The complete kinetic investigation is presented in Figure 69. Firstly, as in case of PIOTHAP it is
noticeable that the intensity of the light reaching the detector is decreasing in the course of the
experiment presumably because of the advancing equilibration of the inner layers of the gel
volume under repeating cycles of purging/swelling in different mediums (similarly to the case of
P10THAP described in the Chapter 4.9.2.2). Nevertheless, the changes after individual injections
reveal certain patterns. Firstly, each WSP5A injection leads to an increase in signal intensity
(however, by a different increment between 1 and 2.8 %), i.e., in the gel density. This increase is
due to the macrocycles incorporating into the gel structure by forming the inclusion complexes
with pendant TAHA groups (since the polymer strands are already charged, the WSP5A binding
does not contribute to the electrostatic attraction/repulsion between the chains but to the gel mass)
as well as accommodating them on the outside of the macrocycles by electrostatic interactions,
which leads to WSP5A acting as a supramolecular crosslinker.*'®! Secondly, the subsequent
rinsing with MOPS causes a drop in intensity, albeit very unsystematic in magnitude, which might
be associated with the abovementioned gradual equilibration of the gel. Thirdly, the injections of
the SP solutions led consistently to the intensity decrease, however, without significant difference
in the value for 1, 5 and 10 uM (0.7-1.1 %). The 20 uM SP sample shows a more pronounced
reduction of intensity (3.2 %), which is particularly interesting given that the rinse with MOPS
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Figure 69. Kinetic studies of P10TAHAP-2% gel sensor. A) Evolution of signal intensity of a swollen gel upon

injection of different solutions recorded at 61° angle. B) Intensity changes upon each injection.

142



PADERBORN
lLl UNIVERSITY RESULTS AND DISCUSSION

one step earlier had only a negligible effect on the gel implying that the system was approaching

the “overall” equilibrated state.

4.9.3.4 SP concentration dependencies of layer thickness and refractive index of PI0OTAHAP
films
For each equilibrated state of the gel sensor (WSP5A or SP) an angular scan spectrum was
recorded in order to analyze how the processes occurring between the host and guest moieties as
well as the analyte in the volume affect the swelling behavior and density of the system. A 2-layer
fitting based on Fresnel equations was conducted on the PIOTAHAP system similar to the
procedure discussed before for the PIOTHAP sensor. The angular scans with fits and
corresponding Q and RI values for the gel sensor after each WSP5A or SP injection are shown in
Figure 70 and the results obtained from the fitting in Table 29. It is important to point out the
regular manner with which the gel shrinks in the WSP5A solution and swells back after injections
of the SP solutions. As indicated for the kinetic study, the impact of the analyte of concentration
between 1 and 10 uM is almost identical and minimal in magnitude suggesting that the main reason
for the change in the parameters of the gel was flushing off the unbound host molecules due to the
equilibrium nature of the host-guest complexation. Overall, it may be concluded that despite the

P10TAHAP sensor chip being more promising that the P10THAP system, it also appears not to be
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Figure 70. A) Angular spectra of PIO0TAHAP-2% after equilibration in corresponding solutions. The curves
represent fitting of experimental data. B) Evolution of refractive index (on top) and swelling degree of the
PI10TAHAP gel equilibrated in different solutions.
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suitable for the detection of SP at physiological and potentially pathological concentrations

(~ 10 uM).

Table 29. Layer thicknesses and RI values obtained for P10TAHAP sensor chip in different media by fitting the

angular SPR spectra.
. Inner layer Outer layer
Medium
d, nm nd d, nm nd
MOPS 48 1.3755 1041 1.3611
WSPSA 124 1.3716 1032 1.3599
SP 1 uM 128 1.3696 1063 1.3582
WSPSA 131 1.3696 1003 1.3606
SP 5 uM 125 1.3680 1036 1.3590
WSPSA 126 1.3685 1000 1.3609
SP 10 uM 120 1.3672 1043 1.3590
WSPSA 134 1.3676 994 1.3608
SP 20 pM 120 1.3664 1061 1.3592

Notably, the 20 uM sample lead to a slightly larger gain of the swelling degree. Together with the
significant decrease in the signal intensity upon injection of the 20 uM SP solution (compared to
the lower concentrations) demonstrated during the kinetic studies, this might be evidence for the

threshold of the system’s sensitivity.

4.9.3.5 Sensor responsiveness investigations with 100 uM SP solution

With the aim of testing this hypothesis, SPR investigations of a PIOTAHAP gel sensor were
conducted with a SP solution of a higher concentration (0.1 mM). Both kinetic study and angular
scan measurements were conducted to prove the impact on the gel’s parameters (Figure 71). The
monitoring of the signal intensity at 60° angle (Figure 71, A, B) demonstrated significant influence
of the medium on the gel behavior. In the presence of WSP5A in the solution the system
experienced increase in the density comparable to the previous studies (increase by ca. +2-3 %
upon injection).

However, in the contrast to the experiments with solutions of lower SP content, the concentration
as high as 100 uM caused, indeed, a substantial drop in intensity (—4.3 %). Remarkably, the
resulting intensity is lower than the intensity exhibited by a gel swollen in the buffer extrapolated
to the times of SP solution injection. This can be explained by the fashion of the interactions and
processes occurring in the gel volume upon addition of SP. SP axles replace pendant TAHA groups
from the cavity of the WSP5A leading to them being dragged into the medium between the

polymer strands. Free TAHA groups provide expansion of the network via electrostatic repulsion,
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which is plausibly further enhanced by the presence of the charged pseudorotaxanes in the
medium.

Furthermore, notable is the system’s response to the rinsing with MOPS. For both cases of rinsing
after equilibrating in WSPSA solution the signal intensity dropped but stayed above the “pure
MOPS” level indicating unbound WSPS5A being partially washed out of the gel. On the other hand,
rinsing after SP injection increased the intensity back to the “pure MOPS” level, which might be
due to the fact that all the formed SP@WSP5A pseudorotaxanes are flushed from the SPR cell.
Interestingly, this behavior contrasts with the previous experiments, where MOPS injections in
each case led to a further intensity decrease. This seeming contradiction can be justified by the use
of different sensor chips for the two experiments: whereas for the investigation with lower SP

concentrations a freshly fabricated chip was used, the experiment with the 0.1 mM SP solution
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Figure 71. Responsiveness of the P10TAHAP gel sensor with higher SP concentrations. A, B) Kinetic studies:
evolution of signal intensity of a swollen gel upon injection of 0.1 mM SP solution recorded at 60° angle. C)
Angular spectra of the PI0TAHAP gel after equilibration in corresponding solutions. D) Evolution of RI (on top)
and swelling degree of the PI0TAHAP gel equilibrated in MOPS and solutions of WSP5A and SP.
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was conducted on a chip used for two preliminary experiments. Undoubtedly, this can as well have
contributed to the considerable responsiveness of the gel to the presence of SP.

The fitting of the angular spectra (Figure 71, C, D, Table 30) further proved the influence of
different solutions on the gel’s parameters (similar to all the other experiments, a 2-layer gel model
was assumed). Swelling in the WSP5A solution clearly caused the gel to shrink by 4 % along with
raise in its density indicated by the refractive index. Subsequent SP injection led to the expansion

of the gel as well as drop in the density in accordance with the process discussed earlier.

Table 30. Layer thicknesses and RI values obtained for P10TAHAP sensor chip in different media (including
0.1 mM SP solution) by fitting the angular SPR spectra.

. Inner layer Outer layer
Medium
d, nm nd d, nm nd
MOPS 200 1.3806 872 1.3578
WSPSA 200 1.3822 828 1.3635
SP 100 uM 200 1.3784 886 1.3567

These results demonstrate, on the one hand, that the sensitivity of the sensor chip based on the
positively charged PIOTAHAP gel is still insufficient for the detection of SP when it is presented
in the solution at the concentration levels corresponding to spermine content in urine of cancer
patients (1-10 pM) or lower. On the other hand, it was shown that for the fabricated sensor 20 pM
SP is already a distinguishable threshold, and the sensitivity is increased further at higher SP

concentrations.

4.9.3.6 Responsiveness of a chip without WSP5A

Finally, in order to verify that the fluctuations in the gel’s attributes are not arbitrary and occur
indeed due to the interplay of host-guest interactions involving WSP5A, a kinetic study was
conducted at 60° without host injections, i.e., injections of the SP solutions alternated with MOPS
rinsing cycles (Figure 72).

As reflected by the decreasing intensity in the whole course of the experiment, the sensor chip was
still equilibrating: after each subsequent rinsing with MOPS solution, the gel density was dropping
(arguably due to the swelling of the inner layers of the hydrogel), and reached its equilibrated state
around 80 min mark. Hence, the signal drop after each consecutive injection (Figure 72, B) prior
to this mark does not reflect the interactions which might occur in the system in the presence of
SP. More representative is the second half where neither rinsing with MOPS nor the injection of
20 uM SP solution (which caused a considerable decrease in the signal in the presence of the
WSP5A, see Figure 69) led to any substantial change of the intensity. Therefore, it can be
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Figure 72. Kinetic studies of PIOTAHAP gel sensor. A) Evolution of signal intensity of a swollen gel upon injections
of different solutions recorded at 60° angle. B) Intensity changes upon each injection.

concluded that the presence of the water-soluble macrocycle in this system endows it with

responsiveness towards spermine and, thus, is an essential component of the designed

supramolecular sensor chip.

4.10 Summary and outlook

A hydrogel-based SPR sensor chip for the detection of spermine as a cancer biomarker was
devised. The hydrogel was obtained by photo-crosslinking of copolymers synthesized using RAFT
co-polymerization of DMAAm and VDMA, which was subsequently used to attach DMIEA as a
photo-crosslinker and a guest moiety as anchoring points for further embedding of a host species.
1,2,4-triazole and (trimethylhexyl)ammonium containing species were selected as guest moieties
for the modification of polymers. The detection concept relied on a competitive host-guest
inclusion complex formation, where SP displaced a guest moiety bound to polymer network out
of a cavity of WSP5A.

It was demonstrated by NMR spectroscopy, ITC, and mass spectrometry that SP exhibits an
outstanding binding affinity to the host species WSP5A (K, ~ 103 M), which is by one order of
magnitude higher than for the complex TAHA-Boc@WSP5A, as determined by ITC
(Ka ~ 10* M1). Furthermore, for both PIOTHA and PI0TAHA an NMR investigation of the
systems guest polymer—WSP5A—SP confirmed the competitive complexation principle in case of
macromolecular species implying that the anticipated systems are suitable for sensor fabrication.
Hence, PIOTHAP as well as PIOTAHAP were used as materials for fabrication of sensor chips by

spin-coating the polymers’ solutions onto pretreated gold-coated quartz chips. The so-applied thin
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films were photo-crosslinked under UV-irradiation. By comparing thickness of gel layers prepared
from solutions of two different concentrations, conditions were found to deliver sensor chip with
a gel layer thick enough to exhibit both surface plasmon and wave guide modes in SPR
spectroscopy. SPR investigations in MOPS buffer using PIOTHAP and PIOTAHAP revealed that
the sensitivity of the polymeric detector was insufficient for the detection of SP at pathological
concentrations (1-10 uM). However, the gel sensor based on PIOTAHAP showed response upon
injection of elevated concentrations of SP (100 pM) as indicated by an increase of the swelling
ratio and a decrease in refractive index upon addition of the SP solution. Moreover, the behavior
of the network in cycles of swelling in WSP5A, SP and rinsing with MOPS buffer arguably
confirmed the outcome of the ITC investigation according to which a single host molecule is able
to bind to multiple guest species.

Clearly, the devised system requires optimization in order to achieve the purpose it was designed
for. Pushing down the LOD for the devised sensor can be possible if additional improvements for
the sensor design are undertaken. Firstly, in order to make the bulk changes in the gel more
pronounced and the swollen states more easily distinguishable, the spin-coating can be conducted
with polymer solutions of higher concentrations to obtain gels with higher initial thickness.
Secondly, since the detection mechanism of the system is based on the WSP5A inclusion
complexes, an increased content of the host molecules threaded onto the polymer pendant groups
could lead to an increased capacity of the sensor. This requires an increased TAHA-group number
per chain, which can be implemented by introducing polymers with a higher VDMA content (e.g.,
P20 from Chapter 3). It is conceivable that equilibration of the whole volume of the gel, i.e.,
including the inner layers, prior to actual measurements, can further benefit the sensitivity due to
the eliminated drift of the signal intensity level. Finally, sensitivity of the sensor towards SP (and
SD as its related compound) has to be determined (as LOD) as well as selectivity by treating the
sensor chip with (artificial) urine samples in order to prove its effectiveness in the presence of
other substances such as urea or salts.

It is expected that the results obtained in the course of the current work will pave the way for the
fabrication of the gel sensors based on water-soluble pillar[n]arenes which are covalently attached
to the polymer chains. This improvement should provide the possibility of dual crosslinking and,
therefore, automatic regeneration of the sensor’s capacity by rinsing it or soaking it in a suitable

solvent, thus, making it fully reusable.
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EXPERIMENTAL SECTION

5 Experimental section’

5.1 Materials and methods

5.1.1 Materials

The substances from Table 31 were purchased and used as received unless stated otherwise.

Table 31. List of materials used in the current work

Actual name Purity Supplier Remarks
1,2,4-1H-triazole 98 % Janssen Chimica

1,2-Dichloroethane 99.8 % Riedel-de Haén
1,4-Dimethoxybenzene 99+ % Acros Organics

1,4-Dioxane 99.5 % Griissing GmbH
61:;18-Diazabicyclo[5.4.0]undec-7- 98 % Sigma Aldrich
1-Methyl-1H-imidazole 99 % Sigma Aldrich

oy 2mahylpropionic acid 8% Sigma Aldrih
2,3-Dimethylmaleic anhydride 97 % Acros Organics
2,6-Di-tert-butyl-4-methylphenol 99 % Fluka

2-Methyl alanine 98 % TCI Chemicals

i;%;ggg‘r’;ﬁfglamme 98 % Sigma Aldrich

6-Aminohexan-1-ol 97 % Sigma Aldrich

Acetone technical Stockmeier distilled
Acetonitrile 99 % Fisher Chemical

Acryloyl chloride 97 % Sigma Aldrich

Adiponitrile 98 % TCI Chemicals

Allyl amine 98+ % Alfa Aesar

Ammonia 25 % in H,O Stockmeier

Azobis(isobutyronitril) 98 % Sigma Aldrich rec. from EtOH
Boron tribromide IM in DCM Sigma Aldrich

Chloroform technical Stockmeier gizsotislled over
Copper iodide 99.999 % Sigma Aldrich

Dichloromethane technical Stockmeier distilled

! Parts of this chapter were published in (278,
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Actual name Purity Supplier Remarks
Diethyl ether technical Stockmeier distilled
Di-tert-butyl dicarbonate 97 % Thermo Fisher

Ethanol 99.5% Griissing GmbH

Ethanolamine 99 % Acros Organics

Ethyl acetate technical Stockmeier distilled
Ethyl bromoacetate 98 % Alfa Aesar

Ethyl chloroformate 97 % Sigma Aldrich

Ethylene diamine 99 % Acros Organics
Hexafluoroisopropanol 99 % Carbolution

Hydrogen bromide 48 % in H,O Sigma Aldrich

Hydrogen chloride 4M in 1,4-dioxane  Thermo Fisher

Hydrogen chloride 37 % in H,O Stockmeier

Iso-hexane technical Stockmeier distilled
Magnesium sulfate anhydrous XX]?HInternational

Methanol technical Stockmeier distilled
N,N-Dimethyl acrylamide >99.0 % TCI Chemicals distilled in vacuo
N,N-Dimethyl formamide 99.8 %, anhydrous Thermo Fisher

Paraformaldehyde 95+ % Sigma Aldrich

Potassium carbonate 99.5 % Griissing GmbH

Potassium iodide 98+ % Lancaster

Potassium trifluoroacetate 98 % Sigma Aldrich

Propargyl bromide 80 % in toluene Alfa Aesar

Sodium azide 99 % Merck

Sodium carbonate anhydrous ggtl){}llntemational

Sodium chloride anhydrous Stockmeier

Sodium hydride
Sodium hydroxide
Sodium sulfate

Tetrahydrofuran
Thioacetic acid
Toluene
Triethylamine
Trifluoroacetic acid

Trimethylamine

60 % in mineral
oil
anhydrous

anhydrous

99.5 %

98 %
technical

99.5 %

99 %

33 % in EtOH

Acros Organics

Normapur

VWR International
GmbH

Griissing GmbH
Acros Organics
Stockmeier
Sigma Aldrich
Thermo Fisher
Fluka
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Deuterated solvents: CDCl3 (99.8 % D, with Ag), DMSO-ds (99.8 % D), CD3CN (99.0 % D) and
D20 (99.9 % D) were purchased from Deutero GmbH and used as received.
Spectra/Por® 6 dialysis membrane from Spectrum with a molecular weight cutoff value of 1 kDa

was used.

5.1.2 Methods

5.1.2.1 Melting point
The determination of melting point was conducted using Biichi Melting Point B-545 apparatus at

a heating rate of 1 °C/min.

5.1.2.2 Nuclear magnetic resonance spectroscopy

NMR spectra were recorded on a Bruker Avance 500 spectrometer (500 MHz for 'H) and a Bruker
Ascent 700 spectrometer (700 MHz for 'H and 176 MHz for '*C). Chemical shifts (8) are listed in
ppm (relative to the solvent peak) and coupling constants (J) in Hz. Spectra processing was

conducted using Bruker TopSpin 4.1.1. software.

5.1.2.2.1 NMR titration

£123%1 According to the first one,

NMR titration was conducted using two methods described in Re
into a single NMR tube with 0.5 mL host solution (4 mM) aliquots of host—guest solution (4 mM
host and 20 mM guest) were successively added and NMR spectra were recorded after each
portion. The tube was gently shaken and sonicated for 5 min prior to each NMR measurement.

The second method implies usage of several NMR tubes with various host—guest ratios. Thus, to
each of the tubes 200 uL 10 mM host solution was added. Then, 12.5 puL (0.25 eq.) to 200 uL
(4.0 eq.) of guest solution (40 mM) were added to the host solutions and filled up to 0.5 mL with

the solvent to ensure an equal host concentration among the tubes.

5.1.2.2.2 Determination of a binding constant

Determination of binding constants K. for complexes exhibiting a slow exchange proceeded using
a single point method.[!1:138:144.149.242.243.363] The stoichiometry was determined by the integration
of NMR signals, and for 1:1 (host:guest) complexes the binding constant was calculated from the
equilibrium (6), Chapter 2.4.1.2.

After obtaining titration curve the data was compared to titration curves simulated for a 1:1

[310

complex using HySS 2009 (Version 4.0.31) software.l*'%! For the simulation the K, value obtained

experimentally was used.
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In case of the fast exchange complexes for the determination of the stoichiometry of a complex a
Job plot was used, where the mole fraction of a host compound X(H) was plotted against a product
X(H)-Ad (where A9 is a change in a chemical shift of a host peak). The shift of host peaks was
monitored, and the titration curves were fitted using the equation (25). 227228

For each complex, the titration curves of all three pillar[5]arene signals were fitted using a general
fit with the same parameter K.

For the fitting of titration results where formation of complexes of 1:2 (H:G) stoichiometry was

anticipated, BindFit v0.52**34!1 software was used.

5.1.2.3 Mass spectrometry

High-resolution mass spectra were recorded using Synapt-G2 HDMS mass spectrometer by
Waters equipped with a quadrupole-time-of-flight detector. Electron spray ionization with
following parameters was used as an ionization method:

Capillary voltage: 2.62 kV

Sample peak voltage: 10 kV

Extraction peak voltage: 3.2kV

Spectrus Processor software by ACD/Labs was used for processing of the MS spectra.

5.1.2.4 Gel permeation chromatography

For the determination of the molecular weight and molecular weight distribution HFIP + 0.05 M
potassium trifluoroacetate was used as eluent with BHT as an internal standard at the flow rate of
1.000 mL/min. The system was equipped with a guard column (PSS-PFG guard 7 um) and two
consecutive columns (PSS-PFG 10° A and 10 A, 7 um), a pump (Merck Hitachi L-6200) and an
RI detector (Shodex RI 101). Samples were prepared with a concentration of 4 mg/mL. Molar

masses were obtained according to the calibration using poly(methyl methacrylate) standards.

5.1.2.5 Surface plasmon resonance spectroscopy

SPR measurements were conducted in Kretschmann configuration using a RES-TEC RT2005
spectrometer from Res-Tec — Resonant Technologies GmbH. A monochromatic light from a He-
Ne laser (A = 632.8 nm) guided through a series of polarizers (Glan-Thompson polarizer, B. Halle)
passed through a N-LaSF9 prism to reach the sensor chip. The reflected beam was further guided
to a (photodiode) detector coupled to a lock-in amplifier (7265 DSP, Signal Recovery). The sensor
chip was attached to the prism using an index match (Cargille Lab., ns*® = 1.8000 + 0.005). From
the other side, the chip was covered by a flow cell (area approx. 1 cm?) and the complete sample
holder was mounted onto a goniometer (Huber Diffraktionstechnik GmbH & Co. KG) with sample
and detector stepping motors (SLO-SYN® M061-LEO2E by Superior Electric).

152



PADERBORN
lLl UNIVERSITY EXPERIMENTAL SECTION

N-LaSF9 (nq=1.85025) glass wafers (25x25x1.5 mm) were purchased from ADVANCED
OPTICAL COMPONENTS GmbH and coated with gold using PVD. The actual gold layer
thickness was determined using SPR. Subsequently, the wafers were immersed in the adhesion
promotor!2%81 (Chapter 5.2.7) solution (1.2 mg/mL in EtOH) over night, rinsed with abs. EtOH and
dried using a compressed nitrogen flow prior to applying a polymer layer.

Kinetic measurements were performed at the fixed angle corresponding to approx. 30 % signal
intensity on the left slope of the plasmon minimum. The angular spectra were recorded as
reflectivity intensity versus angle /(6) with 0 ranging from 18° to 90°. The obtained spectra were
fitted in Winspall software (MPI for polymer research, Mainz) using Fresnel equations.
Spin-coating was carried out using a G3P-8 spin coater by Specialty Coating Systems. The
polymer layer on the wafer was photo-crosslinked by UV-irradiation using an Omnicure S1500
UV lamp (250 mW/cm?; A = 320-480 nm) for 300 s.

5.1.2.5.1 Parameter calculation for the 2-layer fitting model

For the evaluation of the swollen gels’ properties, a 2-layer fitting model was applied.[2%314]

gel

Swelling ratio Q and refractive index nq®® were calculated using equations (71) and (72), where

din, d° and do are the thicknesses of the inner layer, the outer layer, and the dry layer, respectively;

out

ng™ and ng®*" are the refractive indexes of the inner and outer layer, respectively.

_ din + dout (71)
= dO
dout ) din
gel _ t
ng = ngu ) dout 4 din + ngl ) dout 4 din (72)

Detailed approach for the data evaluation can be found in the corresponding results sections.

5.1.2.5.2 Determination of the LOD

The limit of detection (LOD) was calculated by linear fit of the swelling degree dependence as a
function of AN concentration according the equations (73) and (74),2'3! where (Qi— Q) is a
difference between experimental and fitted value of swelling degree; n is the amount of data points;

A is a slope of the linear fit.

2
Sy = J[ZL(QL : g‘r,i) ] (73)

n
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S
LOD = 322 (74)

5.1.2.6 Microscopy
The microscopic images of the gel layers were taken with a HUND-Wetzlar microscope equipped

with an iDS uEye camera, and the images were processed using uEye Cockpit software.

5.1.2.7 Isothermal titration calorimetry

ITC measurements were conducted by K. Hoffmann and L. Wyszynski from a working group of
Prof. Dr. Schonhoff (Westfilische Wilhelms-Universitit-Miinster). For the measurements Nano
ITC SV titration calorimeter (TA Instruments) was used with a cell volume 0f 953 pL and a syringe
volume of 250 pL. Data evaluation was conducted using ITCRun v3.6.5 software (TA
Instruments), using a single set of equal binding sites model according to equations (75) and (76)
(see Chapter 2.4.4.3). In the equations, AQ(7) is the heat absorbed or emitted upon addition of the
i-th portion of guest solution into the cell with host solution; Q(7) is the integral heat change after
i portions of the guest solution; dV(7) is the volume of the i-th portion, Vy is the cell volume; 7 is
the virtual number of guest molecules per one host molecules, i.e., stoichiometry; AH? is the
standard enthalpy of the complexation reaction; [H]o and [G]o are total concentrations of host and

guest, respectively, after the i-th portion; K, is the equilibrium constant.

300 = 0 + 0 (L) - (9)
G 1
0 n-[H]o - AH® -V, n-[Hlp n-Kq-[H]o )
N — . 2 ;
Ql 2 B (1+ [G]O 4 1 )_4[6]0 ( )
n-[Hlp n-K-[H] n-[H]o
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5.2 Synthetic procedures

5.2.1 Precursor synthesis

0
_ Boc,0, NaOH Jj\ NaN;
ANSNH —_— N J< — % N -BOoC
Br NH;Br DCM/H,0 Br H (o) DMF, N3 H
rt, 3h 60°C, 16h
92% BBPA 95% BAPA
Boc,0, NaOH ?
HBr + - 0oc,0, Na J<
Br\/\/\/\OH —_— Br\/\/\/\NH3 Br BrV\/\/\NJ\o
105°C, 16h BHA rt, 3h BBHA
99% 88%

Scheme 11. Synthesis of the precursors BAPA and BBHA.

5.2.1.1 Synthesis of tert-butyl (3-bromopropyl)carbamate (BBPA)

The procedure was adapted from 641,

In a 1000 mL round-bottom flask a solution of 5.6 g (25.7 mmol) Boc2O in 200 mL DCM was
mixed with a solution of 8.5 g (38.8 mmol) 3-bromopropylamine hydrobromide in 100 mL H>O
at vigorous stirring. To the mixture 40 mL 2 M NaOH solution were added dropwise over 15 min.
After stirring for 3 h the organic phase was separated and washed with 100 mL 1 M HCI solution
and 100 mL brine, then dried over MgSO4 and the solvent was evaporated in vacuo. The crude
product (yellow oil) was recrystallized from iso-hexane. BBPA was obtained as white needle-like

crystals (5.65 g; 23.7 mmol; 92 %).

Tmp = 37.6 °C (Lit.: 36-38 °CB6)),

'"H NMR (700 MHz, CDCls) & (ppm) = 4.68 (br s, 1H, NH), 3.43 (tr, *Juu = 6.5 Hz, 2H, Br-CH»),
3.26 (m, 2H, NH-CH>), 2.04 (quint, *Jun = 6.3 Hz, 2H, NH-CH>-CH>), 1.43 (s, 9H, CH3).

3C NMR (176 MHz, CDCls) & (ppm) = 156.2 (C=0), 79.6 (C(CH3)3), 39.2 (NH-CH,), 32.9 (NH-
CH»>-CH>), 31.0 (Br-CH>»), 28.6 (CHz).

ESI-MS: cacld for [M + Na]" m/z = 260.0262, found m/z = 260.0254.

5.2.1.2 Synthesis of tert-butyl (3-azidopropyl)carbamate (BAPA)

In a 100 mL three-necked flask 0.286 g (4.4 mmol) NaN3; were dissolved in 15 mL anhydrous
DMF und Ar flow. To the solution 1.0 g (4.2 mmol) BAPA in 5 mL DMF were added and the
reaction mixture was stirred at 70 °C for 24 h. After the reaction was complete, 20 mL H,O and
20 mL ethyl acetate were added to the mixture. The phases were separated, and the aqueous phase

was extracted with 20 mL EtOAc, then the combined organic phases were washed with H>O
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(3x40 mL), dried over MgSOs4, and the solvent was carefully evaporated in vacuo. BAPA was

obtained as a yellow viscous liquid (0.7503 g; 3.75 mmol; 89 %).

'"H NMR (700 MHz, CDCl3) & (ppm) = 4.66 (br s, 1H, NH), 3.35 (tr, *Jun = 6.7 Hz, 2H, N3-CHb>),
3.20 (m, 2H, NH-CH>), 1.76 (quint, *Jun = 6.6 Hz, 2H, NH-CH>-CH5>), 1.44 (s, 9H, CH3).

BC NMR (176 MHz, CDCls) § (ppm) = 156.1 (C=0), 79.6 (C(CH3)3), 49.3 (N3-CH>), 38.2 (NH-
CH>»), 29.5 (NH-CH2-CH>), 28.6 (CHa).

ESI-MS: cacld for [M + Na]" m/z = 223.1171, found m/z = 223.1152.

5.2.1.3 Synthesis of 6-bromohexan-1-amine hydrobromide (BHA)

The procedure was adapted from 261,

3.05 g (25.6 mmol) 6-aminohexan-1-ol were dissolved in 30 mL 48 % HBr in H,0. The mixture
was heated up to 105 °C and refluxed for 16 h. After the reaction was complete, the solvent was

removed in vacuo to give BHA as an ocher solid (6.62 g; 25.4 mmol; 99 %).

Tmp = 142 °C. (Lit.: 142—143 °CBE®7),

'"H NMR (700 MHz, D,0) § (ppm) = 3.55 (t, *Jun = 6.7 Hz; 2H, Br-CH,), 3.03 (m, 2H, NH3*-
CH>), 1.90 (m, 2H, Br-CH,-CHb>), 1.70 (m, 2H, NH;"-CH,-CHb>), 1.50 (m, 2H, Br-CH>-CH>-CH>),
1.43 (m, 2H, NH3"-CH>-CH,-CH>).

B3C NMR (176 MHz, D20) & (ppm) = 39.5 (NH3"-CH>), 35.0 (Br-CHy), 31.8 (Br-CH>-CHb>), 26.8
(Br-CH»-CH,-CHa), 26.6 (NH3*-CH»-CH>), 24.7 (NH3"-CH,-CH>-CHb>).

ESI-MS: cacld for [M + H]" m/z = 180.0382, 182.0362, found m/z = 180.0400, 182.0382.

5.2.1.4 Synthesis of tert-butyl (6-bromohexyl)carbamate (BBHA)

Solutions of BHA (5.22 g; 20.0 mmol) in 50 mL H>O and Boc,0 (3.27 g; 15.0 mmol) in 100 mL
DCM were combined in a 500 mL round-bottom flask. To the mixture at vigorous stirring
(1000 rpm) 20 mL 2 M NaOH in H,O were added dropwise over 20 min. After reacting for 4 h at
RT the organic phase was separated, washed with 100 mL 1 M HCI and 100 mL brine, then dried
over MgSQOs, and the solvent was evaporated in vacuo. BBHA (3.02 g; 10.8 mmol; 72 %) was
obtained as slightly yellow oil.
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'H NMR (700 MHz, CDCls) & (ppm) = 4.51 (br s, 1H, NH), 3.39 (t, 3Jun = 6.8 Hz; 2H, Br-CHb),
3.10 (m, 2H, NH-CHa), 1.85 (quint, 3Jun = 7.2 Hz; 2H, Br-CH>-CH>), 1.48 (m, 2H, NH-CH.-
CHb), 1.46-1.40 (m, 11H, Br-CH,-CH,-CH; and CH3), 1.33 (m, 2H, NH-CH,-CH,-CHb).

13C NMR (176 MHz, CDCls) § (ppm) = 156.2 (C=0), 79.3 (C(CHs)3), 40.7 (NH-CHb,), 34.0 (Br-
CH,), 32.9 (Br-CH,-CHa), 30.1 (NH-CH,-CHa), 28.6 (CHs), 28.0 (Br-CH,-CH,-CHa), 26.1 (NH-
CH,-CH,-CHy).

ESI-MS: cacld for [M + Na]" m/z = 302.0732, 304.0711, found m/z = 302.0732, 304.0710.

5.2.2 Synthesis of the host moiety HT

/
y {4
(HCHO),,, TFA 2.0 eq. BBr; : ) B ~ .NaH

1,2-dichloroethane CHCI; anhydr. - DMF
o) reflux, 2h -5°C, 1.5h o o rt, 16h

/ /d o

\ \

P5A0H

BAPA, Et;N, Cul HCIl/Dioxane

MeCN, rt, overnight
50°C, 18h
0 /o o
\ \ Over 5 steps: \ \
HT-Boc 17 % HT

Scheme 12. Synthetic route towards host moiety HT.

5.2.2.1 Synthesis of decamethoxy-pillar[5]arene (DMP5A)

The procedure was adapted from (381,

Into a 500 mL 3-necked round-bottom flask 5.528 g (40 mmol) DMB and 1.20 g (40 mmol)
paraformaldehyde were suspended in 180 mL 1,2-DCE followed by the addition of 20 mL TFA.
The reaction mixture was refluxed for 2 h. After cooling down the mixture was poured into 800 mL
MeOH and the formed precipitate was separated using filter paper. Further, the crude product was
resolved in 200 mL DCM and filtered through silica. After solvent evaporation the product was
stirred in CHCl3 for 30 min to remove the DCM molecules from the cavity. DMP5A (4.25 g;

5.7 mmol; 71 %) was obtained as a white crystalline solid.

Tmp = 248.5-249.5 °C (Lit: 248.8 °Cl!13); 248,1-249 °CB68)),
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'H NMR (700 MHz, CDCl3) § (ppm) = 6.83 (s, 10H, CH), 3.77 (s, 10H, CHa), 3.70 (s, 30H, CH).
3C NMR (176 MHz, CDCl3) § (ppm) = 150.8 (Car-O), 128.4 (Car-CHz), 113.9 (Car-H), 55.8
(CH3), 29.6 (CH>).

ESI-MS: cacld for [M]" m/z = 750.3404, found m/z = 750.3396.

5.2.2.2 Synthesis of monohydroxy-P54 (P5AOH)!'97:108,117]

In a dry 500 mL Schlenk flask under Ar atmosphere 3.2 g (4.26 mmol) DMP5A were dissolved in
200 mL CHCIs (preliminarily dried by distillation over P2Os), and the solution was cooled down
to =5 °C on an ice/NaCl bath. After addition of 0.85 mL (8.5 mmol; 2 eq.) BBr3 the flask was
sealed with a septum and the mixture was stirred for 1.5 h. The reaction was quenched by pouring
100 mL H>O into the mixture at vigorous stirring followed by neutralization by saturated Na>xCOs
solution. The organic phase was separated, and the solvent was removed in vacuo. The crude
product was purified by column chromatography (SiO2; DCM:MeOH 100:0 to 100:1, R¢=0.11).
Since the monohydroxy- and dihydroxy-derivatives have similar retention factors,!!!”! for the
isolation of the product the mixture was precipitated from 10 mL DCM solution into MeOH
(40 mL) twice. Monohydroxy-pillar[5]arene (PAOH) was obtained as white to slightly pink solid
(0.8623 g; 1.17 mmol; 28 %).

Tump = 179 °C (Lit.: 203 °CE),

'H NMR (700 MHz, CDCls) § (ppm) = 6.88, 6.74, 6.71, 6.70, 6.66, 6.66 (s, 6H, CH); 6.63 (br s,
1H, OH); 6.62, 6.61, 6.59 (s, 3H, CH); 3.81 (s, 3H, CH3); 3.78, 3.78, 3.78, 3.76 (s, 8H, CH>); 3.74
(m, 5H, CH; and CH>); 3.70, 3.63, 3.61, 3.61, 3.60, 3.57, 3.51 (s, 21H, CH3).

3C NMR (176 MHz, CDCl3) § (ppm) = 152.1, 151.3, 151.2, 151.2, 151.1, 151.1, 151.1, 151.0,
148.8, 147.8 (Ca-0O); 130.2, 129.5, 128.9, 128.8, 128.5, 128.5, 128.3, 127.9, 127.0, 125.2 (Car-
CH»); 119.1, 114.8, 114.8, 114.7, 114.5, 114.3, 114.3, 114.1, 113.2, 113.1 (Car-H); 56.6, 56.6,
56.3, 56.3, 56.2, 56.1, 56.1, 56.0, 56.0 (CH3); 31.2, 30.3, 30.1, 29.8, 29.1 (CH>).

ESI-MS: cacld for [M + Na]" m/z = 759.3145, found m/z = 759.3137.

5.2.2.3 Synthesis of monopropargyloxy-P5A (P5SAPR)

0.86 g (1.17 mmol) PSAOH were dissolved in 20 mL anhydrous DMF, and the solution was added
at a vigorous stirring to a suspension of 95 mg (2.34 mmol; 2 eq.; 60 % in mineral oil) NaH in
2 mL iso-hexane in a Schlenk tube under Ar flow. The mixture was diluted with DMF until cherry

red color appeared. Then, 0.65 mL (80 % toluene solution; 5.85 mmol; 5 eq.) propargyl bromide
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was added and the solution was stirred overnight at room temperature. After the reaction was
complete, the mixture was poured into 200 mL DCM and washed with water (4x150 mL) to
remove DMF. The organic phase was evaporated in vacuo and the crude product was purified by
column chromatography (SiO2; DCM 100%). PSAPR was obtained as a white to yellowish solid
(0.8759 g; 1.13 mmol; 96 %).

Tanp = 156.5-158.5 °C.
'H NMR (700 MHz, CDCls) § (ppm) = 6.79, 6.78, 6.78, 6.77, 6.76, 6.75, 6.75, 6.75, 6.74, 6.71 (s,
10H, CaH); 4.40 (d, *Jus = 2.36 Hz, 2H, O-CH2); 3.79-3.76 (m, 10H, Ca-CHa); 3.71, 3.67, 3.67,
3.66, 3.66, 3.6, 3.65, 3.63, 3.61 (s, 27H, CHs); 1.82 (t, “Juu = 2.02 Hz, 1H, C=CH).

13C NMR (176 MHz, CDCls) & (ppm) = 151.5, 151.0, 151.0, 151.0, 151.0, 151.0, 151.0, 151.0,
150.9, 149.1 (Car-0); 129.1, 128.7, 128.7, 128.6, 128.6, 128.5,128.5, 128.4, 128.3, 128.1 (Car-
CH,); 115.8, 114.6, 114.5, 114.4, 114.4, 114.3, 114.2, 114.2, 114.2, 114.1 (Car-H); 78.9 (CHa-
C=CH); 74.8 (C=CH); 56.3 (O-CHa); 56.1, 56.1, 56.1, 56.0, 56.0, 56.0, 56.0, 55.9, 55.9 (CHa);
30.7, 30.0, 29.9, 29.9, 29.2 (C-CH,-C).

ESI-MS: cacld for [M + H]" m/z = 775.3482, found m/z = 775.3486.

5.2.2.4 Synthesis of (1-(N-Boc-3-aminopropyl)-1H-1,2,3-triazol-4-yl) methyleneoxy-P5A
(HT-Boc)

0.57 g (0.74 mmol) PSAPR were suspended in 100 mL MeCN in a 250 mL three-necked flask at
50 °C. 0.2 mL (1.5 mmol, 2 eq.) EtsN were added to the mixture followed by addition of 95 mg
(0.5 mmol; 0.67 eq.) Cul solution in 6 mL MeCN. After stirring for 15 min the mixture turned
yellow and 154 mg (0.77 mmol, 1.04 eq.) BAPA were added resulting in disappearance of the
color of the solution. The reaction was controlled by TLC (SiO2 plates, 100 % DCM). After 20 h
the reaction was complete, the solvent removed in vacuo, the residue was resolved in 80 mL DCM
and washed with 80 mL diluted (0.05 M) HCI. An insoluble brown precipitation formed during
washing was filtered out, the organic phase of the filtrate was isolated, and DCM was removed in
vacuo. The crude product was purified by column chromatography (SiO2; DCM:MeOH 100:0 to
100:1). HT-Boc was obtained as colorless film (0.5448 g; 0.56 mmol; 76 %).

Twp =159-171 °C.
"H NMR* (700 MHz, MeCN-d;:CDCl; 3:1) & (ppm) = 7.89 (br s, 1H, triazole CH); 7.02, 6.92,
6.91, 6.90, 6.89, 6.89, 6.88, 6.87, 6.86, 6.80 (s, 10H, Car-H); 5.33 (br s, 1H, NH); 5.03 (s, 2H, O-
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CH,-C(-N)=CH); 4.38 (br tr, *Jun = 6.2 Hz; 2H, N=N-N-CHb>); 3.76-3.66, 3.56 (m, 37H, O-CH3
and Car-CHb2); 3.07 (m, 2H, NH-CHy); 2.03 (m, 2H, NH-CH2-CH>); 1.41 (s, 9H, C-CH3).

3C NMR* (176 MHz, MeCN-d3:CDCl; 3:1) § (ppm) = 156.9 (C=0); 151.5, 151.0, 151.0, 150.9,
149.7 (Car-O); 145.0 (Cuiaz-CH2); 130.0, 129.3, 129.3, 129.2 (Car-CH2); 124.3 (Cuiaz-H); 115.5,
114.1, 114.0, 113.9, 113.9, 113.9, 113.9, 113.8, 113.8 (Car-H); 79.3 (C(CHs3)3); 63.4 (O-CH>);
56.3, 56.3, 56.3, 56.2, 56.1, 56.1 (O-CHs); 48.4 (triazol-CH2); 38.1 (NH-CH>); 31.4 (NH-CH>-
CH>); 29.8, 29.8, 29.7 (Car-CH2); 28.7 (C(CHs)3).

ESI-MS: cacld for [M + H]" m/z=975.4750, found m/z=975.4777. Cacld for [M + Na]"
m/z =997.4575, found m/z = 997.4599.

*The compound HT-Boc is inclined to formation of inter- or even intramolecular inclusion
complexes in CDCI3, where the side chain acts as a guest moiety for the macrocycle. For this

reason, CD3CN was used as a co-solvent for the analysis.

5.2.2.5 Synthesis of (1-( 3-aminopropyl)-1H-1,2,3-triazol-4-yl) methyleneoxy-P5A
hydrochloride (HT)

0.5 g (0.51 mmol) HT-Boc were dissolved in 4 mL 1,4-dioxane followed by addition of 2 mL 4 M

HCl in 1,4-dioxane. The mixture was stirred overnight, then evaporated in vacuo to give HT as a

yellow film-like solid in a quantitative yield.

"H NMR* (700 MHz, MeCN-d3:CDCl3 3:1) § (ppm) = 8.04 (s, 1H, Ciria,-H); 7.90 (br s, 3H, NH3");
7.03,6.91, 6.90, 6.89, 6.89, 6.88, 6.88, 6.87, 6.86, 6.81 (s, 10H, Car-H); 5.03 (s, 2H, O-CH>); 4.57
(tr, 3Juu = 6.4 Hz; 2H, triazol-CH»); 3.77-3.65, 3.57 (m, 37H, O-CHj3 and Car-CHb>); 3.03 (m, 2H,
NH;*-CH>); 2.39 (quint, 3Jun = 6.1 Hz; 2H, NH3*-CH,-CH.,).

BC NMR* (176 MHz, MeCN-d3:CDCl3 3:1) § (ppm) = 151.5, 151.0, 151.0, 150.9, 149.6 (Car-O);
145.5 (Cuiaz-CH2); 130.0, 129.3, 129.3, 129.3, 129.3, 129.2, 129.1 (Car-CHb2); 125.0 (Cyiaz-H);
115.5, 114.1, 113.9, 113.9, 113.9, 113.9, 113.8, 113.7 (Ca-H); 63.2 (O-CH>); 56.4, 56.3, 56.3,
56.3, 56.2, 56.1, 56.0 (CH3); 48.0 (triazol-CH>); 38.1 (NH3"-CH>); 29.9, 29.8, 29.7, 29.7 (Car
CH,); 28.5 (NH3"-CH,-CHa).

ESI-MS: cacld for [M + H]" m/z = 875.4226, found m/z = 875.4221.

*The compound HT is inclined to formation of inter- or even intramolecular inclusion complexes
in CDCls, where the side chain acts as a guest moiety for the macrocycle. For this reason, CD;CN

was used as a co-solvent for the analysis.
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5.2.3 Synthesis of the water-soluble pillar[5]arene!338l

(o}
B’\)J\ ., KCO
20 eq. BBr; (o) » RL03
CHCI; anhydr. MecCN, reflux, 18h
RT, 72h

80 %

NH;*H,0

RT, 4h
quant.

DECMPSA DCMP5A WSP5A

Scheme 13. Synthetic route towards host moiety WSP5A.

5.2.3.1 Case I: involving isolation of the DHP5A

5.2.3.1.1 Synthesis of decahydroxy-P5A (DHP5A)

2.0 g (2.6 mmol) DMP5SA were dissolved in anhydrous CHCI3; (150 mL) in a dry Schlenk flask
under Ar. The solution was placed onto an ice bath (0 °C) and 50 mL 1 M BBr3; in DCM were
added. The reaction mixture was stirred at 0 °C for 1 h, then the cooling was removed, and the
solution was stirred for 72 h at room temperature. Subsequently, the reaction was quenched by
pouring 200 mL water into the flask followed by white precipitate formation. The mixture was
filtered through a frit and washed with 60 mL 0.5 M HCI and 60 mL CHCls. The solid on the frit
was resolved in 100 mL MeCN but precipitated from the solution after 10 min. The white

crystalline solid was filtered out and dried in vacuo to give the DHP5A (1.14 g; 1.87 mmol; 72 %)).

'H NMR (700 MHz, acetone-ds): 8.01 (s, 10H, OH), 6.67 (s, 10H, CH), 3.59 (s, 10H, CHp).
13C NMR (176 MHz, acetone-ds): 147.6 (C-OH), 128.1 (C-CHa), 118.4 (C-H), 30.7 (CH,).
ESI-MS: cacld for [M + Na]* m/z = 633.1737, found m/z = 633.1743.

5.2.3.1.2 Synthesis of deca(ethoxycarbonylmethoxy)-P5A (DECMP5A)
In a three-necked flask 0.15 g (0.25 mmol) DHP5A were dissolved in 15 mL acetone/THF (2:1

v/v) mixture. At stirring 0.96 g (7 mmol) K>CO3 and a catalytic quantity of KI were added
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followed by 0.76 mL (7 mmol) ethyl bromoacetate. The mixture was heated up to 65 °C and
refluxed for 16 h. The formed precipitate was removed by filtration and washed with CHCI3
(10 mL) on the filter. The filtrate was evaporated in vacuo, the red residue was resolved in 10 mL
CHCIs and precipitated by dropwise adding MeOH (20 mL) to the solution. The precipitate was
filtered out and dried in vacuo to obtain DECMPS5A as a beige crystalline solid (0.29 g; 0.20 mmol;
80 %).

Tump = 190.9 °C (Lit: 197.2 °C340), 196.7 °Cl126)

'H NMR (700 MHz, CDCls): 7.04 (s, 10H, CH), 4.54 (g, 20H, O-CH,-CO), 4.07 (m, 20H, CHo-
CHs), 3.85 (s, 10H, CHb), 0.96 (t, °J = 7.14 Hz; 30H, CHs).

13C NMR (176 MHz, CDCls): 169.5 (COO), 149.2 (Car-O), 128.9 (Ca-CH,), 114.7 (CH), 65.9
(O-CH,-CO), 61.1 (CHa-CH3), 29.4 (Ca-CHa-Cay), 14.0 (CHs).

ESI-MS: cacld for [M + Na]" m/z = 1493.5415, found m/z = 1493.5475.

5.2.3.2 Case 2: Synthesis of DECMP5A; DHP5A is not isolated

2.0 g (2.6 mmol) DMP5SA were dissolved in anhydrous CHCI3 (150 mL) in a dry Schlenk flask
under Ar. The solution was placed onto an ice bath (0 °C) and 50 mL 1M BBr3; in DCM were
added. The reaction mixture was stirred at 0 °C for 1 h, then the cooling was removed, and the
solution was stirred for 72 h at RT. Subsequently, the reaction was quenched by pouring 200 mL
water into the flask followed by white precipitate formation. The mixture was filtered through a
frit and washed with 150 mL 0.5 M HCI and 100 mL CHCI; on the frit. The crude DHP5SA was
resolved in 100 mL MeCN.

To the DHPSA solution in MeCN 9.6 g (70 mmol) K2COs and a catalytic quantity of KI were
added followed by 7.6 mL (70 mmol) ethyl bromoacetate. The solution was heated up to 85 °C
and refluxed for 16 h. Then, the formed precipitate was filtered out and washed with 100 mL
CHCI; on the frit. The filtrate was evaporated in vacuo and the brown residue was resolved in
100 mL CHCI; and precipitated by slow adding MeOH (130 mL) to the solution. After filtration
and drying in vacuo DECMPS5A was obtained as light brown solid (2.36 g; 1.6 mmol; 62 % over
2 steps).

5.2.3.3 Synthesis of deca(carboxylmethoxy)-P5A (DCMP5A)
0.5 g (0.34 mmol) DECMP5A were suspended in 60 mL THF followed by the addition of 20 %
NaOH solution (15 mL). The mixture was heated up to 65 °C and refluxed for 48. The formed
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precipitate was dissolved by adding 20 mL water into the mixture. The aqueous layer was
separated and acidified using concentrated HCI until the precipitation occurred. The precipitate
was centrifuged, the supernatant decanted, and the procedure was repeated one more time to wash

the product. DCMP5A was obtained as light brown solid (0.38 g; 0.32 mmol; 94 %).

Tump = 284.5 °C (Lit: 297.3 °Cl126))

"H NMR (700 MHz, DMSO-de): 7.02 (s, 10H, CH), 4.70-4.32 (dd, 20H, O-CH>), 3.72 (br. s, 10H,
Car-CHp).

3C NMR (176 MHz, DMSO-ds): 170.7 (COOH), 148.6 (Car-O), 127.7 (Ca-CHz), 114.2 (CacH),
65.2 (O-CH2-COO0), 28.7 (Car-CH2-Cav).

ESI-MS: cacld for [M + Na]" m/z = 1213.2285, found m/z = 1213.2284.

5.2.3.4 Synthesis of decaammonium deca(carboxylatomethoxy)-P5A (WSP5A)

0.35 g (0.29 mmol) DCMPS5A were suspended in 20 mL HoO/MeOH (1:1 v/v) mixture and to the
suspension 0.4 mL 25 % NH3 aq) were added, which led to the dissolution of the solid. After
stirring for 4 h the solution was evaporated, and the residue was dried in vacuo to obtain WSP5A

as a brown solid in a quantitative yield.

Tmp =314.0-316.0 °C

"H NMR (700 MHz, D:0): 6.73 (s, 10H, CH), 4.28 (s, 20H, O-CH>), 3.85 (s, 10H, C-CH»).

13C NMR (176 MHz, D;0): 177.0 (COO), 149.5 (Car-0), 128.9 (Ca-CHz), 115.2 (Car-H), 67.7
(O-CH>), 29.2 (Car-CH2-Cay).

ESI-neg-MS (An'"" = CssH0030'%): cacld for [An'® + 9H']” m/z = 1189.2314, found m/z =
1189.2317; cacld for [An'"" + 8H']>” m/z = 594.1120, found m/z = 594.1127; cacld for [An'®" +
TH > m/z = 395.7389, found m/z = 395.7408; cacld for [An'"" + 6H']* m/z = 296.5524, found
m/z =296.5536.
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5.2.4 Synthesis of the guest moieties

NN

Br 2CI)%
n\/\/\/\ — /n\/\/r\/\ —HeL HSN:/\(/\)/\ D
Boc” Br —— > Boc N—/;‘\N__ - N —
EtOH \i/ 1,4-dioxane/EtOH, -
BBHA 0°C to rt, 144h MIHA-Boc rt, 16h MIHA
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N
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H
\=n pBu N~~~ ~y-N —»HCI H3N+\/\/\/\ -N
Boc N7\ - _ N \>
THF l:N> 1,4-dioxane, cl \:N
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63% 87%
- 2Cl)%
H Br (
1.5 eq. NMe, Boe N~~~ HCI HN A~~~
OC’
EtOH, 50°C, 16h | 1,4-dioxane/EtOH, [
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Scheme 14. Synthetic pathways towards guest moieties.

5.2.4.1 Synthesis of 3-(6-((tert-butyloxycarbonyl)amino)hexyl)-1-methyl-1H-imidazol-3-ium
bromide (MIHA-Boc)

To the mixture of 0.50 g (1.78 mmol) BBHA in 5 mL EtOH in a pear-shaped flask 0.145 g
(1.77 mmol) 1-methyl-1H-imidazole were added. The reaction was carried out for 168 h, then the
mixture was dissolved in 30 mL H»O and washed with EtOAc (3%30 mL). Because the crude
product still contained starting material, it was resolved in 5 mL EtOH containing 0.20 g
(0.71 mmol) BBHA and the mixture was stirred for 72 h. The washing cycles was repeated as
described above. The water was evaporated, and the product was dried in vacuo at 80 °C for 5 h.

MIHA-Boc (0.287 g; 0.80 mmol; 45 %) was obtained as colorless highly viscous liquid.

'H NMR (700 MHz, CDCls) & (ppm) = 10.45 (s, 1H, N=CH-N), 7.40 (m, 1H, CHs-N-CH=CH),
7.38 (m, 1H, CH3-N-CH=CH), 4.71 (s, 1H, NH), 4.33 (t, 3Jun = 7.3 Hz, 2H, imidazolyl-CHy), 4.11
(s, 3H, N"CH3), 3.07 (t, Jun = 6.3 Hz, 2H, NH-CHa), 1.92 (m, 2H, imidazolyl-CH,-CHa), 1.47
(m, 2H, NH-CH,-CHy), 1.41 (s, 9H, C(CHs)3), 1.36 (m, 4H, imidazolyl-CH,-CH,-CH, and NH-
CHy-CH,-CHb).
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13C NMR (176 MHz, CDCls) & (ppm) = 156.3 (C=0), 138.1 (N=CH-N), 123.4 (CH3-N-CH=CH),
122.0 (CH3-N-CH=CH), 79.3 (C(CHs)3), 50.2 (imidazolyl-CH.), 40.3 (NH-CHa), 37.0 (N-CH3),
30.2 (imidazolyl-CH,-CHa), 29.9 (NH-CH,-CHa), 28.6 (C(CHs)s), 26.0 (imidazolyl-CH,-CHo-
CHb), 25.8 (NH-CH,-CH,-CH,).

ESI-MS: cacld for [M]" m/z = 282.2176, found m/z = 282.2178.

5.2.4.2 Synthesis of 1-(6-ammoniohexyl)-3-methyl-1H-imidazol-3-ium (chloride/bromide)
(MIHA)

To the solution of 0.29 g (0.80 mmol) MIHA-Boc in 3 mL H,O 1 mL HCI (conc.; 12 mmol) were

added and the mixture was stirred for 16 h at RT. The solvent was evaporated, and the product was

dried in vacuo to provide MIHA as a hygroscopic solid in a quantitative yield.

"H NMR (700 MHz, D,0) & (ppm) = 8.69 (m, 1H, N=CH-N); 7.46 (m, 1H, CH3-N-CH=CH); 7.41
(m, 1H, CH3-N-CH=CH); 4.18 (t, *Jun = 7.2 Hz, 2H, imidazolyl-CH>); 3.87 (s, 3H, N-CH3); 2.97
(t, *Jun = 7.6 Hz, 2H, NH3"-CH,); 1.87 (tt, *Jun = 7.5 Hz, 2H, imidazolyl-CH»-CH,); 1.64 (tt,
3Jun = 7.7 Hz, 2H, NH3"-CH,-CHb); 1.40 (tt, *Jun = 7.4 Hz, 2H, NH;3"-CH>-CH,-CHb); 1.33 (tt,
3Jun = 7.4 Hz, 2H, triazolyl-CH,-CH>-CHb).

3C NMR (176 MHz, D;0) § (ppm) = 135.8 (N=CH-N); 123.5 (CH3-N-CH=CH); 122.1 (CH3-N-
CH=CH); 49.3 (imidazolyl-CH>); 39.3 (NH3*-CHb>); 35.6 (N-CH3); 29.0 (imidazolyl-CH»-CHb>);
26.5 (NH3"-CH,-CH,); 25.0 (NH3*-CH>-CH,-CH,); 24.9 (imidazolyl-CH»-CH>-CHb).

ESI-MS: cacld for [M]" m/z = 182.1652, found m/z = 182.1631.

5.2.4.3 Synthesis of tert-butyl (6-(1H-1,2,4-triazol-1-yl)hexyl)carbamate (THA-Boc)

BBHA (3.023 g; 10.8 mmol) was placed in a 250 mL round-bottom flask followed by the addition
0of 0.623 g (9.0 mmol) 1H-1,2,4-triazole in 15 mL THF. The flask was sealed with a septum and
cooled down to 0 °C on the ice bath. 1.933 g (12.6 mmol) DBU in 4 mL THF were added dropwise
over 15 min. The mixture was stirred for 1 h at cooling, then 16 h at RT. The formed precipitate
was filtered out and washed with THF (10 mL) on the frit. The filtrate was evaporated to obtain
an orange oil as a crude product. The oil was dissolved in 50 mL EtOAc and washed with 50 mL
H>O, the aqueous phase was extracted with 30 mL EtOAc and the combined organic phases were
dried over MgSO4. The product was isolated by column chromatography on silica gel (EtOAc

100 %, the product is in the second fraction, non-UV-active). The evaporation of the solvent gave
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THA-Boc as a transparent viscous liquid which crystallized into white solid after several months

(1.52 g; 5.7 mmol; 63 %).

Tmp =61 °C.

"H NMR (700 MHz, CDCI3) § (ppm) = 8.06 (s, 1H, H5iazole ), 7.93 (s, 1H, H34iazole), 4.53 (br s,
1H, NH), 4.15 (t, 3Jun="7.1 Hz; 2H, triazolyl-CH>), 3.09 (m, 2H, NH-CH>), 1.88 (quint,
3Jun = 7.3 Hz; 2H, triazolyl-CH,-CHb), 1.45 (m, 2H, NH-CH,-CH>), 1.43 (s, 9H, CH3), 1.37-1.27
(m, 4H, NH-CH;-CH»-CH>-CHb>).

BC NMR (176 MHz, CDCl3) & (ppm) = 156.2 (C=0), 152.0 (C3iazole), 143.0 (C5triazole), 79.3
(C(CH3)3), 49.8 (triazolyl-CH2), 40.5 (NH-CH>), 30.1 (NH-CH2-CH2), 29.9 (triazolyl-CH2-CH2>),
28.6 (CHa), 26.3, 26.3 (NH-CH,-CH2-CH2-CH>).

ESI-MS: cacld for [M + Na]" m/z =291.1797, found m/z = 291.1784.

5.2.4.4 Synthesis of 6-(1H-1,2,4-triazol-1-yl)hexan-1-amine hydrochloride (THA)

To the solution of 0.426 g (1.59 mmol) THA-Boc in 10 mL 1,4-dioxane 3 mL 4 M HCl/dioxane
were added. The reaction was monitored by TLC (EtOAc/MeOH 9:1). After the reaction was
complete, the solvent was removed in vacuo to give THA as white solid (0.297 g; 1.45 mmol;

91 %).

Tup = 153 °C
'H NMR (700 MHz; DMSO-dg) 8 (ppm) = 9.28 (s, 1H, HSxiazole), 8.47 (s, 1H, H3uiazote), 8.15 (br
s, 3H, NH3"), 4.26 (t, 3Jun = 7.0 Hz; 2H, triazolyl-CH>), 2.71 (m, 2H, NH3"-CH>), 1.79 (quint, 2H,
triazolyl-CH>-CH>), 1.54 (quint, 2H, NH3"-CH>-CHb), 1.33 (quint, 2H, NH3"-CH,-CH,-CH5>),
1.22 (quint, 2H, triazolyl-CH2-CH»-CH>).

13C NMR (176 MHz, DMSO-dg) & (ppm) = 147.9 (C3uiazole), 142.8 (CSuiazole), 49.44 (triazolyl-
CHb»), 38.5 (NH3"-CHb), 28.5 (triazolyl-CH»-CH>), 26.6 (NH3"-CH>-CH>), 25.2 (NH3"-CH»-CHa-
CHa), 25.1 (triazolyl-CHa-CH,-CHy).

ESI-MS: cacld for [M + H]" m/z = 169.1448, found m/z = 169.1446.

5.2.4.5 Synthesis of 6-((tert-butoxycarbonyl)amino)-N,N,N-trimethylhexan-1-aminium
bromide (TAHA-Boc)

In a 25 mL flask 1.0 g (3.57 mmol) BBHA was dissolved in 10 mL EtOH, 1.6 mL NMej3 solution

in EtOH (4.2 M, 33 %; 6.7 mmol) were added to the solution. The flask was sealed and placed
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onto an oil bath at 50 °C for 20 h. Then, the solvent and the unreacted NMes were evaporated in
vacuo, followed by careful drying in vacuo at 80 °C to remove EtOH completely. TAHA-Boc was

obtained as white crystalline solid and was reacted further in situ.

"H NMR (700 MHz, DMSO-ds): 6.78 (t, *Jun = 5.5 Hz, 1H, NH), 3.27 (m, 2H, MesN*-CHb), 3.05
(s, 9H, N(CH3)3), 2.90 (dt, 2H, NH-CHb), 1.65 (m, 2H, Me3sN'-CH»-CH>), 1.43—1.32 (m, 11H,
NH-CH,-CH; and C(CH3)3), 1.32-1.21 (m, 4H, Me3sN'-CH,-CH,-CH;, and NH-CH,-CH-CHb).
BC NMR (176 MHz, DMSO-ds): 155.5 (C=0), 77.3 (C(CH3)3), 65.2 (MesN'-CH,), 52.1
(N"(CHs)3), 39.6 (NH-CH2>), 29.2 (NH-CH>-CH2>), 28.3 (CH3), 25.7, 25.4 (Me3N'-CH,-CH-CH:
and NH-CH,-CH»-CH>), 22.0 (Me3sN'-CH,-CH>).

ESI-MS: cacld for [M]" m/z = 259.2386, found m/z = 259.2363.

5.2.4.6 Synthesis of N',N',N'-trimethylhexane-1,6-diaminium (chloride/bromide) (TAHA)

TAHA-Boc was resolved in 2 mL EtOH and to the solution 2 mL 4 M HCl/dioxane were added.
The reaction mixture was stirred for one day followed by solvent removal in vacuo. After drying
in vacuo for 5 h at 70 °C TAHA was obtained in a quantitative yield as a highly hygroscopic solid

and stored in a desiccator over CaCls.

'H NMR (700 MHz, DMSO-dg): 8.12 (br s, 3H, NH3"), 3.33 (m, 2H, Me3N*-CHb), 3.08 (s, 9H,
N*(CHs)3), 2.75 (t, *Jun = 6.8 Hz, 2H, NH3"-CH>), 1.67 (m, 2H, MesN*-CH,-CHa), 1.60 (quint,
3Jun = 7.6 Hz, 2H, NH-CH,-CH>), 1.37 (quint, *Jun = 7.5 Hz, 2H, NH-CH2-CH,-CH3), 1.28 (m,
2H, Me3N"-CH»-CH,-CH»).

3C NMR (176 MHz, DMSO-ds): 65.0 (MesN'-CHz), 52.1 (N*(CHs)3), 38.4 (NH;*-CH>), 26.4
(NH-CH2-CH2), 25.1 (NH-CH2-CH,-CHa), 25.0 (MesN*-CHa-CH,-CHa), 21.7 (MesN*-CHa-
CH)).

ESI-MS: cacld for [M]" m/z = 159.1861, found m/z = 159.1859.

5.2.4.7 Synthesis of 1-(6-((tert-butyloxycarbonyl)amino)hexyl)-pyridin-1-ium bromide (PHA-
Boc)

The synthesis was conducted within the scope of D. Helle’s Bachelor thesis.?!?!

To 0.753 g (2.69 mmol) BBHA in a round-bottom flask 0.4 mL (0.393 g; 4.97 mmol) pyridine

were added followed by stirring for 24 h at 80 °C. Subsequently, the mixture was diluted in 15 mL
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EtOH and evaporated. The product was dried in vacuo. PHA-Boc (0.765 g; 2.13 mmol; 79 %) was

obtained as an orange film.

'H NMR (700 MHz, CDCl3) § (ppm) = 9.55 (m, 2H, CHortho); 8.52 (dd, *Juu = 7.8 Hz, 1H, CHpar);
8.13 (dd, *Jun = 6.9 Hz; 2H, CHmetha); 4.99 (t, *Jun = 7.2 Hz, 2H, Py-CH>); 4.79 (s, 1H, NH); 3.03
(m, 2H, NH-CH2); 2.05 (m, 2H, Py-CH>-CHy); 1.44 (m, 2H, NH-CH>-CH>); 1.39 (s, 9H,
C(CH3)3); 1.35 (m, 4H, Py-CH,-CH>-CH> und NH-CH,-CH>-CHb).

13C NMR (176 MHz, CDCl3) & (ppm) = 156.3 (C=0); 145.4 (CHpara); 145.4 (CHortno); 128.6
(CHimetw); 79.2 (C(CH3)3); 61.9 (Py-CHa); 40.3 (NH-CH>); 32.0 (Py-CH,-CH,); 29.8 (NH-CHo-
CHb»); 28.6 (C(CH3)3); 26.1 (NH-CH2-CH2-CHb); 25.6 (Py-CH2-CH2-CH2).

ESI-MS: cacld for [M]" m/z = 279.2067, found m/z = 279.2082.

5.2.4.8 Synthesis of 1-(6-((tert-butyloxycarbonyl)amino)hexyl)-1H-imidazole (IHA-Boc)

The synthesis was conducted within the scope of D. Helle’s Bachelor thesis.?!?!

Solution of 1.02 g (3.64 mmol) BBHA in 6 mL THF was combined with a solution of 0.25 g
(3.63 mmol) imidazole in 5 mL THF in a round-bottom flask. To the mixture a solution of 0.84 g
(5.53 mmol) DBU in 3 mL THF was added dropwise over 15 min at 0 °C. The reaction mixture
was stirred for 1 h at cooling and 144 h at 55 °C. A precipitate formed upon addition of 30 mL
EtOAc was removed by filtration, and the solvent from the filtrate was removed in vacuo. The
residue was resolved in EtOAc (40 mL) and washed with water (50 mL). The aqueous phase was
extracted once again with 40 mL EtOAc, and the combined organic phases were dried over
NaSO4. The solvent was removed by evaporation, and the product was purified by column
chromatography (Si02; 100 % EtOAc) followed by drying in vacuo. IHA-Boc (0.14 g; 0.52 mmol;

14 %) was obtained as a colorless film.

"HNMR (700 MHz, CDCls) § (ppm) = 7.49 (s, 1H, N=CH-N); 7.06 (s, 1H, CH,-N-CH=CH); 6.90
(s, 1H, CH,-N-CH=CH); 4.51 (s, 1H, NH); 3.92 (t, *Jun = 7.1 Hz, 2H, imidazolyl-CH>); 3.09 (m,
2H, NH-CHy); 1.78 (tt, *Jan = 7.2 Hz, 2H, imidazolyl-CH»-CH>); 1.46 (m, 2H, NH-CH,-CH>);
1.43 (m, 9H, C(CH3)3); 1.32 (m, 4H, imidazolyl-CH>-CH>-CH; and NH-CH>-CH»-CHy).

BC NMR (176 MHz, CDCls) § (ppm) = 156.2 (C=0); 137.2 (N=CH-N); 129.4 (CH,-N-CH=CH);
119.0 (CH2-N-CH=CH); 79.4 (C(CH3)3); 47.2 (imidazolyl-CH»); 40.6 (NH-CH»); 31.2
(imidazolyl-CH2-CH2); 30.2 (NH-CH>-CHb»); 28.6 (C(CHz3)3); 26.4 (imidazolyl-CH>-CH2-CH>
and NH-CH>-CH»-CH>).

ESI-MS: cacld for [M + H]" m/z = 268.2020, found m/z = 268.2011.
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5.2.5 Synthesis of VDMAI[306:307]
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Scheme 15. Synthesis of VDMA.

5.2.5.1 Synthesis of 2-acrylamido-2-methylpropanoic acid

In the solution of 8.85g (220 mmol) NaOH in 22 mL H>O 25 mg (0.11 mmol) BHT and
subsequently 10.0 g (97 mmol) methyl alanine were dissolved. The solution was cooled down to
0 °C and 9 mL (110 mmol) acryloyl chloride were added dropwise over 30 min. After stirring for
20 h 11.5 mL HCI (conc.) were added, and the mixture was stirred for additional 2 h. The white
precipitate was isolated by filtration and washed with 0.1 M HCI on the frit followed by
recrystallization from H>O/EtOH (1:1, v/v). 2-acrylamido-2-methylpropanoic acid was obtained
as a white solid (8.20 g; 52.2 mmol; 54 %).

Tmp = 192 °C (Lit.: 202 °CP%l; 196-197 °CB370),

'H NMR (700 MHz; DMSO-ds) & (ppm) = 12.17 (br s, 1H, COOH); 8.24 (s, 1H, NH); 6.25 (dd,
3Juu = 17.1 Hz, 3Jun = 10.3 Hz; 1H, CH,=CH); 6.05 (dd, *Juu=17.1 Hz, 2Jun=2.2 Hz; 1H,
CH.is); 5.57 (dd, 3Jun = 10.2 Hz, 2Jun = 2.2 Hz; 1H, CHians); 1.36 (s, 6H, CH3).

13C NMR (176 MHz; DMSO-ds) & (ppm) = 175.4 (C(O)OH); 163.8 (C(O)-NH); 131.6 (CH=CH);
125.3 (CH,=CH); 54.8 (C(CHs)2); 24.9 (CH3).

ESI-MS: cacld for [M + Na]" m/z = 180.0637, found m/z = 180.0626.

5.2.5.2 Synthesis of 2-vinyl-4,4-dimethyl azlactone (VDMA)

Under Ar atmosphere 4.0 g (25.5 mmol) 2-acrylamido-2-methylpropanoic acid and 18 mg
(0.08 mmol) BHT were suspended in 80 mL acetone. The solid dissolved upon addition of
5.25 mL (38 mmol) triethylamine. The solution was stirred for 20 min and then cooled down to
0 °C followed by adding 2.5 mL (25.5 mmol) ethyl chloroformate dropwise over 20 min. The
mixture was stirred for 3 h at 0 °C and then for additional 16 h at RT. Formation of a white
precipitate was observed. The precipitate was filtered out and washed with acetone on the frit. The
filtrate was evaporated, a white precipitate was formed again. To the residue 50 mL iso-hexane

was added and the filtration/evaporation cycle was repeated 3 times until no precipitate formation
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in the residue occurred. VDMA was obtained as colorless to slightly yellow oil (2.88 g;
20.7 mmol; 81 %).

'H NMR (700 MHz, CDCls) § (ppm) = 6.32-6.20 (m, 2H, CH,=CH and CH.s); 5.93 (dd, 1H,
CHirans); 1.46 (s, 6H, CH3).

13C NMR (176 MHz, CDCL3) & (ppm) = 180.9 (C=0); 159.2 (0-C=N); 129.2 (CHy,); 124.1 (CH);
65.9 (C(CHs),); 24.8 (CH3).

ESI-MS: cacld for [M + H]" m/z = 140.0712, found m/z = 140.0706.

5.2.6 Synthesis of the photo-crosslinker DMIEA 2133011

000 o)
0.2 eq. Boc,0 = HCI
HZN/\/NHZ — BOC\N/\/NHZ A - BOO\N/\/N I _— H:JTI/\/N |
1,4-dioxane H toluene, H H,O/EtOAc
RT, 2d reflux, 3h o RT, 20h cl o
61% 64% 96%

Scheme 16. Synthesis of the crosslinker DMIEA.

5.2.6.1 Synthesis of tert-butyl (2-aminoethyl)carbamate (EDA-Boc)

In a 1000 mL flask with an attached CaCl, tube 33.3 mL (0.5 mol) ethylene diamine were
dissolved in 200 mL 1,4-dioxane and to the mixture a solution of 21.92 g (0.1 mol) di-fert-butyl
dicarbonate in 200 mL 1,4-dioxane was dropwise added over 3 h. After 48 h the mixture was
filtered, and the filtrate was evaporated. To the yellow oily residue 300 mL water were added,
which lead to the formation of a white precipitate. After it was removed by filtration, the filtrate
was saturated with NaCl, and the formed precipitate was filtered out as well. The yellow solution
was extracted with DCM (8x100 mL). The combined organic phases were dried over MgSQOs, and
the DCM was evaporated to obtain tert-butyl (2-aminoethyl)carbamate as a yellow oil (9.73 g;
60.7 mmol; 61 %).

'H NMR (700 MHz, CDCl3) & (ppm) = 4.94 (br s, 1H, NH); 3.17 (br q, 2H, CH,-NH), 2.79 (t,
3 = 5.9 Hz; 2H, CH2-NH); 1.43 (s, 6H, CHs)

13C NMR (176 MHz, CDCL3) & (ppm) = 156.4 (C=0); 79.4 (C(CHs)3); 43.5 (CH,-NH); 42.0 (CHo-
NH,); 28.6 (CHa).

ESI-MS: cacld for [M + Na]" m/z = 161.1402, found m/z = 161.1394.
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5.2.6.2 Synthesis of tert-butyl (2-(3,4-dimethyl-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-
yDethyl)carbamate (DMIEA-Boc)

In a 500 mL round-bottom flask equipped with a Dean—Stark apparatus and a reflux 2,3-
dimethylmaleic anhydride (7.06 g; 56 mmol) was dissolved in 200 mL toluene. As the mixture
was heated up to 130 °C, a solution of EDA-Boc (9.00 g; 56 mmol) in 70 mL toluene was dropwise
added within 15 min. After reacting under reflux for 4 h the mixture became orange, the heating
was stopped, and the solvent was evaporated. The crude product (orange oil) was dissolved in
30 mL CHCIls and precipitated into cooled (acetone/N; bath) pentane. The solid was collected by
filtration and the precipitation was repeated once again. After drying in vacuo DMIEA-Boc

(9.589 g; 35.74 mmol; 64 %) was obtained as brownish solid.

Tmp = 108.5 °C (Lit. 106 °CB01)

"H NMR (700 MHz, CDCls) § (ppm) = 4.81 (br s, 1H, NH); 3.60 (t, *Jun = 5.5 Hz; 2H, CH>-N);
3.30 (br q, 2H, CH2-NH); 1.95 (s, 6H, C(CH3)=C(CH3)); 1.39 (C(CH3)3).

BC NMR (176 MHz, CDCl) & (ppm) = 1724 (N-C=0); 156.1 (C(=0)-NH); 137.5
(C(CH3)=C(CH3)); 79.5 (C(CHs)3); 40.0 (CH:-NH); 38.2 (CH:-N); 28.5 (C(CHs)3); 8.9
(C(CH3)=C(CHas)).

ESI-MS: cacld for [M + Na]" m/z =291.1321, found m/z = 291.1311.

5.2.6.3 Synthesis of 1-(2-aminoethyl)-3,4-dimethyl-1H-pyrrole-2,5-dione (DMIEA)

In a 250 mL round-bottom flask 9.0 g DMIEA-Boc were suspended in 100 mL ethyl acetate, and
to the mixture 6.5 mL HCI (conc.) were added dropwise over 15 min. After 19 h a brownish
precipitate formed was collected by filtration. The filtrate was turbid; therefore, it was filtered once
again. Both solid fractions were combined and dried in vacuo. DMIEA (6.603 g; 32.26 mmol;

96 %) was obtained as a brownish solid.

Tump = 209-211 °C (decomposition). (Lit. 210 °CB0l)

"H NMR (700 MHz, DMSO-ds) & (ppm) = 8.20 (br s, 3H, NH3"); 3.65 (t, *Jun = 6.2 Hz; 2H, CH>-
N); 2.93 (m, 2H, CH>-NH3"); 1.90 (s, 6H, CH3).

3C NMR (176 MHz, DMSO-de) § (ppm) = 171.6 (C=0); 136.9 (C(CHs)); 37.3 (CH>-NH3"); 35.0
(CH2-N); 8.5 (CHa).

ESI-MS: cacld for [M]" m/z = 169.0972, found m/z = 169.0975.
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5.2.7 Synthesis of adhesion promoter!?!3!

o 0 o} o)
AN )LSH AIBN
toluene, CHCI; \ﬂ/
o 135°C, 6h o] reflux, 5.5h o o

89% 12%

Scheme 17. Synthesis of the adhesion promoter.

5.2.7.1 Synthesis of 1-allyl-3,4-dimethyl-1H-pyrrole-2,5-dione (ADM]I)

15 mL (200 mmol) allyl amine were added to the solution of 2,3-dimethylmaleic anhydride
(5.00 g; 39.65 mmol) in 50 mL toluene in a 150 mL three-necked flask equipped with a Dean—
Stark apparatus and a reflux. The reaction mixture was heated up to 135 °C and stirred for 6 h.
Further, the solvent was removed by evaporation and the crude product (yellow oil) was purified
by column chromatography (Si02; EtOAc:iso-hexane 1:2; Rr=0.9). ADMI (5.805 g; 35.14 mmol,

89 %) was obtained as a colorless liquid.

'"H NMR (700 MHz, CDCl3) § (ppm) = 5.79 (ddt, *Jun = 17.1 Hz, *Juu = 10.2 Hz, 3Jun = 5.6 Hz;
1H, CH,=CH); 5.16 (ddt, 2Jun = 1.6 Hz, 3Jun = 17.2 Hz, “Jan = 1.4 Hz; 1H, CH.is); 5.13 (ddt,
2Jun = 1.3 Hz, *Jun = 10.3 Hz, *Jun = 1.3 Hz; 1H, CHirans); 4.08 (dt, 2Jun = 1.5 Hz, 3Jun = 5.6 Hz;
2H, CH2-N); 1.96 (s, 6H, CH3).

3C NMR (176 MHz, CDCl3) § (ppm) = 172.0 (C=0); 137.4 (C(CH3)); 132.2 (CH,=CH); 117.5
(CH2=CH); 40.2 (CH2-N); 8.9 (CH3).

ESI-MS: cacld for [M + H]" m/z=166.0868, found m/z=166.0854; cacld for [M + Na]"
m/z = 188.0687, found m/z = 188.0676.

5.2.7.2 Synthesis of S-(3-(3,4-dimethyl-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)propyl)
ethanethioate (DMIPTA)

In a 100 mL round-bottom flask ADMI (2.50 g; 15.13 mmol), AIBN (0.15 g; 0.91 mmol) and
thioacetic acid (1.62 mL; 23.0 mmol) were dissolved in 15 mL CHCls. The solution was purged
with Ar for 30 min followed by stirring at reflux for 5.5 h. Further, the mixture was washed with
25 mL saturated Na,COs3 solution and the aqueous phase was extracted with petroleum ether
(2x45 mL). The combined organic phases were washed with brine (80 mL) and dried over MgSOs.
After evaporation of the solvent in vacuo the crude product was purified by column
chromatography (SiO2; EtOAc:iso-hexane 1:15; R¢=0.1). DMIPTA (0.43 g; 1.77 mmol; 12 %)

was obtained as an orange liquid.
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"H NMR (700 MHz, CDCl3) & (ppm) = 3.53 (t, *Jun = 7.0 Hz; 2H, CH>-N); 2.82 (t, *Jun = 7.3 Hz;
2H, CH,-S); 2.30 (s, 3H, CH3-CO); 1.94 (s, 6H, C(CH3)); 1.84 (quint, *Jun = 7.0 Hz; 2H, CH>-
CH»>-CHb).

BC NMR (176 MHz, CDCl3) § (ppm) = 195.7 (C(=0)-S); 172.3 (C(=0)-N); 137.4 (C(CH3)); 36.9
(CH2-N); 30.8 (CH3-CO); 28.9 (CH2-CH2-CH2); 26.5 (CH2-S); 8.9 (C(CHa)).

ESI-MS: cacld for [M + Na]" m/z = 264.0670, found m/z = 264.0657.

5.2.8 Synthesis and modification of the co-polymer P10

(o)
A X
S S
Oj\N/ ?:N AIBN,DMP Ho%@am 0.1/ \[Sl/ (\%
" - _N
| m)< 1,4-dioxane (o) lil/ m)<

fo) 16h, 70°C P10

«©
DMAAm VDMA o o

9 : 1 TAHA, (DMIEA), DBU,

ethanolamine

DMF, RT, 16h

Y
X a b a-b X a b a-b
o o o (o] fo) (o} o o

fg +
N-N"  P10THAP:R = —N"  P10TAHAP: R=§-N |
¢ ) 7\
~
N 0
P10THA: R = OH P10TAHA: R = OH

Scheme 18. Synthesis of P10 and modification with guest moieties (and photo-crosslinker). End groups are omitted

Sor simplicity.

5.2.8.1 Synthesis of poly(DMAAmg.9-co-VDMA.1) (P10)

In a 25 mL pear-shaped flask 4.0 g (40.4 mmol) DMAAm, 0.628 g (4.5 mmol) VDMA, 20.5 mg
(0.06 mmol) DMP and 4.6 mg (0.03 mmol) AIBN were dissolved in 12 mL 1,4-dioxane. The flask
was sealed with a septum and the solution was degassed by purging with Ar for 30 min followed
by placing into a pre-heated oil bath at 70 °C. After 15 h the reaction was quenched by freezing

the mixture in liquid nitrogen and then unsealing the vessel. After the mixture has thawed, it was
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diluted with 12 mL THF and dropwise precipitated into cooled (acetone/N> bath). The supernatant
was decanted, the crude product was resolved in ca. 20 mL THF and dropwise added to Et>O at
RT leading to a formation of a white precipitate which was filtered and dried in vacuo. P10 was
obtained as a white solid (4.309 g; 93 %) and stored under inert gas at -25 °C to prevent hydrolysis
of VDMA units in the air.

'"H NMR (500 MHz; CDCl3) § (ppm) = 3.42-2.74 (m, 4166H, DMAAm-CH3), 2.74-2.11 (m,
775H, backbone-CH), 2.09-0.94 (m, 2040H, backbone-CH, and VDMA-CH3), 0.87 (t,
3Jun = 6.4 Hz; 3H, (CH2)11-CH3).

GPC (HFIP + 0.05 M CF3COOK, PMMA calibration): M, = 46500, P = 1.82.

5.2.8.2 Synthesis of THA- and DMIEA-modified P10 (PI0THAP)

53.0 mg (0.25 mmol) THA were suspended in 3 mL DMF and dissolved upon addition of 70 mg
(0.46 mmol) DBU. 50.0 mg DMIEA (0.24 mmol) were dissolved in 2 mL. DMF with 50 mg
(0.33 mmol) DBU.

To the solution of 508 mg P10 (0.49 mmol VDMA units) in 5 mL DMF the THA solution was
added and after stirring for 23 h the DMIEA solution. The reaction was covered from light and
stirred at RT for additional 24 h followed by addition of 0.12 mL (1.90 mmol) of ethanolamine
and further stirring for 1 h. Afterwards the solution was dropwise added to 120 mL Et;O at RT,
resulting in white precipitation. The suspension was filtered, then the filter cake and the residue in
the flask were dissolved in ca. 20 mL acetone, which was removed in vacuo and the crude product
(a transparent film) was dissolved in 20 mL water and purified by dialysis for 48 h. Freeze-drying
of the solution gave product as white solid (0.567 g; 95 %).

"H NMR (500 MHz, D,0) § (ppm) = 8.48 (s, 1H, triazole N=CH-N-CH.); 8.08 (s, 1H, triazole N-
CH=N-N-CH3); 4.28 (br, 2H, C2H2N3-CH>); 3.63 (br, 1.8H, DMIEA-CH>); 3.28-2.84 (m, 132.5H,
N(CH3); and C;H;N3-CsHio-CH2); 2.84-2.35 (m, 23H, backbone CH); 1.69 (s, 5H,
C(CH3)=C(CH3)); 1.92-1.12 (m, 71H, backbone CH>, C(=0)-NH-C(CH3), and C>H>N3-CH»-
CH2-CH,-CH>-CHb).

GPC (HFIP + 0.05 M CF3COOK, PMMA calibration): M, = 59800, & = 2.04.
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5.2.8.3 Synthesis of THA-modified P10 (P10THA)

65.7 mg (0.32 mmol) THA were suspended in 2 mL DMF and dissolved upon addition of 50 mg
(0.30 mmol) DBU. The solution was added to 320 mg P10 (0.31 mmol VDMA units) dissolved in
8 mL DMF. The reaction was stirred at RT for 16 h followed by addition of 0.12 mL (1.90 mmol)
of ethanolamine and further stirring for 1 h. Afterwards the polymer was dropwise precipitated
into 60 mL Et;O at RT. The suspension was filtered, and the residue as well as the filter cake were
dissolved in ca. 10 mL acetone. The solvent was removed in vacuo and the crude product (a
transparent film) was dissolved in 10 mL water and purified by dialysis for 48 h. Freeze-drying of

the solution gave product as white solid (0.340 g; 89 %).

'"H NMR (500 MHz, D;0) & (ppm) = 8.48 (s, 1H, triazole N=CH-N-CH2>); 8.09 (s, 1H, triazole N-
CH=N-N-CH>); 4.28 (br, 2H, CoH2N3-CH>); 3.34-2.84 (m, 82.5H, N(CH3)2 and C2H2N3-CsHjo-
CHb»); 2.84-2.42 (m, 14H, backbone CH); 1.96-1.13 (m, 71H, backbone CH», C(=O)-NH-
C(CH3)2 and C2H2N3-CH2-CH2-CH2-CH>-CHb).

GPC (HFIP + 0.05 M CF3:COOK, PMMA calibration): M, = 57500, P = 1.70.

5.2.8.4 Synthesis of TAHA- and DMIEA-modified P10 (P10TAHAP)

68.0 mg (0.29 mmol) TAHA were suspended in 2 mL DMF and dissolved upon addition of 70 mg
(0.46 mmol) DBU. 53.0 mg DMIEA (0.26 mmol) were dissolved in 2 mL. DMF with 70 mg
(0.46 mmol) DBU.

To the solution of 517 mg P10 (0.50 mmol VDMA units) in 5 mL DMF the TAHA and DMIEA
solution was added. The reaction was stirred at RT for 21 h followed by addition of 0.14 mL
(2.21 mmol) of ethanolamine and further stirring for 1 h. Afterwards the polymer was precipitated
into 90 mL Et,O at RT. The suspension was filtered, then the filter cake and the residue in the
flask were dissolved in ca. 20 mL water, and the crude product was purified by dialysis for 24 h.

Freeze-drying of the solution gave product as white solid (0.556 g; 90 %)).

'H NMR (500 MHz, D;0) & (ppm) = 3.64 (br, 2H, DMIEA-CH>); 3.38-3.30 (m, 4.3H, (CH3):N"-
CH>); 3.30-2.85 (m, 202H, N(CH3)2, CH>-NH and (CH3)3N"); 2.85-2.36 (m, 33H, backbone CH);
1.97 (s, 6H, C(CH3)=C(CH3)); 1.91-1.13 (m, 103H, backbone CHa, C(=0)-NH-C(CH3), and
(CH3);N"-CH,-CHa-CH,-CH,-CHb).

GPC (HFIP + 0.05 M CF3;COOK, PMMA calibration): M, = 66900, D = 2.83.
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5.2.8.5 Synthesis of TAHA-modified P10 (PI0TAHA)

45.0 mg (0.16 mmol) TAHA were suspended in 3 mL DMF and dissolved upon addition of 60 mg
(0.39 mmol) DBU. The solution was added to 306 mg P10 (0.30 mmol VDMA units). The reaction
was stirred at RT for 18 h followed by addition of 0.10 mL (1.58 mmol) of ethanolamine and
further stirring for 1 h. Afterwards the polymer was dropwise precipitated into 50 mL EtO at RT.
The suspension was filtered, and the residue as well as the filter cake were dissolved in ca. 10 mL
H>0. The crude product was purified by dialysis for 72 h. Freeze-drying of the solution gave
product as white solid (0.263 g; 74 %).

'"H NMR (500 MHz, D>0) & (ppm) = 3.38-3.30 (m, 2H, (CH3);sN"-CH>); 3.30-2.85 (m, 81.4H,
N(CH3)2, CH2-NH and (CH3)3N™); 2.85-2.42 (m, 13H, backbone CH); 1.92-1.20 (m, 42.4H,
backbone CH», C(=0)-NH-C(CH3)2 and (CH3)3sN*-CHz-CH-CH>-CH»-CHb).
GPC (HFIP + 0.05 M CF3COOK, PMMA calibration): M, = 61900, & = 1.78.

5.2.9 Synthesis and modification of the co-polymer P20

o N —N AIBN, DMP . Ho 0. . \ﬂ/ H;
[ (o) R - S
1,4-dioxane o

70°C, 16h

DMAAmM VDMA

P k m n-p-m-kK p k 'm n-p-m-k

NH HN HN

“RRk
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N OH

P20HTP j—f P20MIHAP
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Scheme 19. Synthesis of the co-polymer P20 and its modification with host and guest moieties. End groups are

omitted for simplicity.
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5.2.9.1 Synthesis of poly(DMAAmg.s-co-VDMAy.z) (P20)

In a pre-heated Schlenk-tube 0.0115 g (0.032 mmol) DMP, 2.00 g (20.18 mmol) dimethyl
acrylamide and 0.698 g (5.02 mmol) VDMA were dissolved in 5 mL 1,4-dioxane and to the
solution 0.0026 g (0.016 mmol) AIBN in 1 mL 1,4-dioxane were added. The Schlenk-tube was
sealed with a septum, and the mixture was degassed by purging with Ar for 30 min before being
placed onto an oil bath at 70 °C. After 16 h the reaction was quenched by freezing the mixture in
liquid nitrogen and exposing it to the air. After the solution has thawed, it was diluted with 6 mL
THF and precipitated into 150 mL Et;O (cooled by acetone/N» bath). The supernatant was
decanted, and the precipitate was resolved in 10 mL THF followed by precipitation in 300 mL
EtO at RT. The precipitated was isolated by filtration and dried in vacuo. P20 was obtained as a
white solid (2.262 g; 83 %).

"H NMR (500 MHz, CDCls) § (ppm) = 3.62-2.71 (m, 2850H, N(CHjs),); 2.71-2.14 (m, 540H,
backbone-CH); 2.14-0.90 (m, 1720H, backbone-CH> and VDMA-CH3); 0.87 (t, *Juu = 7.0 Hz;
3H, S-Ci1H2-CH3).

GPC (HFIP + 0.05 M CF3COOK, PMMA calibration): M, = 48400, & = 2.08.

5.2.9.2 Synthesis of HT- and DMIEA-modified P20 (P20HTP)

To 0.100 g P20 in a pear-shaped flask two solutions were added: a solution of HT (0.132 g;
0.145 mmol) with DBU (0.091 g; 0.598 mmol) in 5 mL DMF and a solution of DMIEA (0.010 g;
0.049 mmol) with DBU (0.030 g; 0.197 mmol) in 2 mL DMF. The reaction mixture was stirred in
dark under Ar at RT for 20 h followed by addition of 0.12 mL (1.90 mmol) ethanolamine and
subsequent stirring for 1 h. The mixture was precipitated into 100 mL Et;O at RT and the
precipitate isolated by filtration. The crude product was resolved in 20 mL acetone, the solution

dialyzed in water for 24 h and freeze-dried to obtain P20HTP (0.180 g; 76 %) as a white solid.

'"H NMR (500 MHz, CDCl3) § (ppm) = 8.00-7.56 (br, 1H, triazole CH); 6.89, 6.82—6.62 (br s,
10H, PSA CHay), 5.00 (s, 2H, O-CH2-C(-N)=CH); 4.41 (br, 2H, N=N-N-CH>); 3.82-3.70 (br s,
10H, P5SA Car-CHb»); 3.70-3.53, 3.48 (br s, 27H, PSA O-CH3); 3.23-2.74 (m, 52H, N(CH3)»);
2.74-2.27 (m, 10H, backbone CH); 2.27-0.92 (m, 48H, backbone CH», C(=0O)-NH-C(CH3)a,
C(CH3)=C(CH3), C(=0)-NH-CH>-CH>).

GPC (HFIP + 0.05 M CF3COOK, PMMA calibration): M, = 103200, © =2.21

177



PADERBORN
EXPERIMENTAL SECTION lLl UNIVERSITY

5.2.9.3 Synthesis of MIHA- and DMIEA-modified P20 (P20MIHAP)

To 0.200 g P20 in a pear-shaped flask two solutions were added: a solution of MIHA (0.078 g;
0.306 mmol) with DBU (0.084 g; 0.552 mmol) in 5 mL DMF and a solution of DMIEA (0.020 g;
0.098 mmol) with DBU (0.041 g; 0.269 mmol) in 1.5 mL DMF. The reaction mixture was stirred
at RT for 20 h followed by addition of 0.12 mL (1.90 mmol) ethanolamine and subsequent stirring
for 1 h. The mixture was precipitated into 100 mL Et;O at RT and the precipitate isolated by
filtration. The crude product was resolved in 10 mL water, and the solution dialyzed in water for

24 h. The solvent was evaporated in vacuo to obtain P20MIHAP (0.243 g; 87 %) as a white solid.

'H NMR (500 MHz, D;0) & (ppm) = 7.51 (s, 1H, CH3-N-CH=CH-N); 7.47 (s, 1H, CH3-N-
CH=CH-N); 4.22 (t, *Jun = 6.8 Hz; 2H, CH3-C3H3N>"-CHb>); 3.92 (s, 3H, CH3-C3H3N>"); 3.30—
2.84 (m, 48H, N(CHs), and C3H3N2™-CsH1o-CHb); 2.84-2.35 (m, 8H, backbone CH); 1.96 (s, 1H,
C(CH)=C(CH>)); 1.88 (br, 2H, C3H3N,"-CH>-CH>); 1.85-1.14 (m, 35H, backbone CH>, C(=0)-
NH-C(CHj); and C3H3N2"-CH-CH,-CH,-CH,-CHb).

GPC (HFIP + 0.05 M CF3COOK, PMMA calibration): My = 68900, D = 2.57.

5.2.9.4 Synthesis of DMIEA-modified P20 (P20PC)

m k n-m-k
0 (o) (0]
DMIEA, DBU

(o]
S.__S
HO 0.8 0.2/n \[]/ M; Ethanolamine /N NH HN
(0)

_ =N S DMF, 22h,RT

91%

j_i:(o

Scheme 20. Synthesis of the photo-crosslinker-modified P20. End groups are omitted for simplicity.

0.300 g P20 dissolved in 5 mL. DMF was mixed with a solution of DMIEA (0.108 g; 0.528 mmol)
and DBU (0.095 g; 0.624 mmol) in 3 mL DMF in a pear-shaped flask. The reaction mixture was
stirred at RT for 22 h followed by addition of 0.12 mL (1.90 mmol) ethanolamine and subsequent
stirring for 1 h. The mixture was precipitated into 100 mL EtO at RT and the precipitate isolated
by filtration. The crude product was resolved in 20 mL water, the solution was dialyzed in water

for 72 h, and freeze-dried to obtain P20PC (0.3547 g; 91 %) as a white solid.
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"H NMR (500 MHz, D>0) § (ppm) = 3.63 (br, 2H, CcHsNO»-CH>), 3.26-2.83 (m, 35H, N(CH3),
and CsHsNO>-CH»-CHb»); 2.83-2.36 (m, 6H, backbone CH); 1.96 (s, 6H, C(CH3)=C(CH3)); 1.89—
0.95 (m, 23H, backbone CH>, C(=0)-NH-C(CH3)»).

GPC (HFIP + 0.05 M CF3COOK, PMMA calibration): M, = 92700, D = 4.45.
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