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ABSTRACT

The field of supramolecular chemistry has grown large and wide in both deepness of
understanding, range of topics covered and scope and applications. Supramolecular self-
assemblies are facilitated by a wide range of non-covalent intra and inter molecular interactions
that range from hydrogen bonding to m-interaction and van der Waals. Macrocyclic compounds
such as cucurbiturils and calixarenes have emerged as important classes of compounds with
excellent potential of forming supramolecular assemblies. The porous nature of these compounds
enables them to form host-guest supramolecular complexes stabilized by diverse range of non-
covalent interactions. Furthermore, these compounds contain donor atoms capable of forming
bonds with metal ions to yield metal complexes with interesting porous characteristics that deviate
from their traditional hydrophobic cavity. The versatile nature of the resulting pores imply that

they can accommodate diverse types of guests.

This work explores the synthesis and characterization of a host of calixarenes and cucurbiturils.
Self-assembly of these macrocycles with various metal ions results to the formation of porous
metal organic framework (MOF) complexes. Four new calixarene typed compounds obtained from
aromatic aldehydes and twenty-six cucurbituril metal complexes are reported. These macrocylces
and their metal complexes also form supramolecular complexes with DMSO, methanol, isoniazid
hydrochloride and ciprofloxacin hydrochlorides through either self-assembly, mechanochemistry
and exposure to solvent vapors. The bulk materials have been characterized using nuclear magnetic
resonance spectroscopy (NMR), Fourier transformed infrared spectroscopy (FTIR), powder and
single crystal diffraction techniques and thermal studies thermogravimetric analysis (TGA) and
differential thermal calorimetry (DSC). Data obtained from this study reveals that calixarenes can
form supramolecular complexes with a frequently used laboratory solvents with BN22 showing
appreciable selectivity for DMSO sorption from a solvent mixture. These compounds also form
supramolecular complexes with drug molecules such as isoniazid and ciprofloxacin. Furthermore,
the data reveals that choice of synthetic route of supramolecular ensembles dictates if the guest
drug molecule will occupy the intrinsic or extrinsic pores of cucurbituril complexes. Biological
studies on the obtained complexes reveal that the cucurbituril complexes are non-cytotoxic while

the calixarenes show antibacterial activity against Escherichia coli and Staphylococcus aureus.



Additionally, the study showed that ciprofloxacin can be successfully released from a calixarene

host in a simulated body fluid although the host was also found to cross the dialysis membrane.
The results of this study are important in that;

- they can be exploited and developed in the selective sorption of certain guests and
- that they can be used in the development of drug delivery systems that play a dual role of

delivery and therapeutic activity.
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1 CHAPTER ONE

1.1 INTRODUCTION
Macrocyclic compounds such cucurbiturils, calixarenes, crown ethers, cyclodextrins and

phthalocyanines, have been extensively exploited in the fields of pharmacy, medicine, and
nutrition, for improving the solubility of the active ingredient of drugs and their stability and
bioavailability for the sensing of proteins and nucleic acids [1]. The basis of these applications is
often the formation of host-guest complexes with molecules of interest. Beyond the biological
sphere, these compounds have also inspired research in fields such as catalysis, guest capture and
storage, water purification, and sensing, among others [2—6]. While these organic macrocycles
have found success in various applications, there has also been a surge in metalating them to obtain
supramolecular metal-organic frameworks (MOFs) which, for most cases, are porous solid,
incorporating, the usually-porous covalent organic macrocyclic precursor possess interesting
structural diversity and porosity [7—15]. In the early days of MOFs development, the employment
of macrocyclic molecules as ligands was not common, however, due to their success in
applications including drug delivery, catalysis, sensing, and guest capture, these macrocyclic
compounds have been and are increasingly being used as ligands for porous MOF complexes. The
advantage these macrocycles have over non-macrocyclic ligands is that they form MOFs that
possess two types pores; one (the intrinsic) arising from the macrocyclic ligand (usually
hydrophobic) and the other (the extrinsic) from the complex (due to the MOF structure). The
advantage of such structures lies in the fact that they can tolerate both hydrophobic and hydrophilic
guests thus increasing the spectrum of possible guest. It has also been shown that constructing
MOF structures from such macrocycles increases dimensionality and flexibility [12,15]. Such
MOFs are therefore attractive, either as drugs themselves or as delivery vehicles and warrant
further investigation.

Regarding the chemistry behind the applications of these macrocyclic materials (particularly
calixarenes and cucurbiturils) and the resulting MOFs, proper understanding of factors such as
inter- and intramolecular interactions involving these materials and their guests are fundamental
to understanding the host-guest chemistry involved. In the sections that follows, these two classes
of macrocycles are examined, considering their synthesis, inter and intramolecular interactions,

MOF materials from these macrocycles and their host guest chemistry and applications.



1.2 Calixarenes
Calixarenes are a class of macrocyclic porous compounds with hydrophobic cavities capable of

forming interactions with non-polar hosts [15]. They have been subject of considerable research
in recent times because of their interesting host-guest chemistry and the ease of construction,
usually by reacting aldehydes or alcohols with phenolic arenes in either acidic or basic media.
Although the term calixarenes is usually used to refer to macrocycles obtained from phenol and its
derivatives, in a more restricted terminology, calixarene refer to compounds obtained from phenol
[16,17]. Resorcinol-based based compounds are referred to as resorcinarenes while pyrogallol
based compounds are referred to as pyrogallolarenes etc (Figure 1.1). Phloroglucinol based
macrocycles are less common because the reaction between aldehydes and phloroglucinol leads to
insoluble polymers and not the desired phloroglucinarene [18]. Except where specified, the term
calixarene will be used in its broadest sense in this work to refer to compounds obtained from

different phenol derivatives.

HO ‘ OH
HO OH
(a) (b) © (d)
Figure 1.1: Different calixarenes obtained from phenolic derivatives (a) resorcinarene (b) pyrogallolarene (c)
phloroglucinarene (d) simple calixarene

The number of aromatic rings in the parent structure can vary from 4 to 20, although calixarenes
with 4, 5, 6, 7, and 8 are known to be the most common [1]. Generally, they are named as
calix[n]arene, resorcin[n]arene, pyrogallol[n]arene where “n” represents the number of monomer
units. Calixarenes are amoeboid in character and tend to adopt any of four conformations, as
indicated in Figure 1.2. With reference to the cone structure (a), the lower end of the cone
containing the -OH groups is usually referred to as lower rim and the end containing the -R groups

is usually known as the upper rim.



Figure 1.2: Conformations of calixarenes [1]

The conformational interconvertibility is made possible by rotation of the aromatic rings around
the methylene carbon atoms. This behavior can be investigated through either NMR or single-
crystal diffraction studies. Studies have shown that introducing an aromatic ring at the methylene
carbon leads to other conformations in which some of the aromatic rings of the backbone are not
aligned to the vertical but rather the horizontal axis [19,20]. In the case of methylene bridges,
conformational freezing can be achieved by attaching moieties to the phenolic oxygen atoms.
Knowledge guided embroidery has been used not only to freeze the conformation, but also to
attach recognition moieties for protein binding [21] as depicted in Figure 1.3, lectin binding, and
inhibition [22] amongst several other applications. The spike in interest of calixarenes can be
attributed to the significant host-guest recognition of toxicological molecules, the ease of
synthesis, the variable reactive sites, functionalizability, toxicity against microbes, porosity, and

pore size control, amongst other factors [1].
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Figure 1.3: A functionalized calixarene that inhibits binding of vascular endothelial growth factor to its receptor
[adapted [23]]



Native as well as functionalized calixarenes have been reported to form interesting host-guest
inclusion complexes with a host of molecules including anthelmintics, antibacterial drugs,
proteins, and pesticides in addition to reported antiviral, antithrombotic, antibacterial,
antituberculosis, and anticancer activities [21,24-29]. The variety of aldehydes with varied
functionalities that can be used to synthesize these calixarenes means that calixarenes with diverse
functionalities can be obtained. Judicious choice of starting materials can, therefore, yield
calixarenes that not only display porosity but may possess excellent potential to serve as secondary

building blocks of other materials such as metal-organic frameworks.

1.3 Calixarene metal-organic frameworks
Owing to the -OH groups and the m-electron-rich aromatic system, calixarenes can interact with

metallic ions in one of several ways, as depicted in Figure 1.4. Interactions (¢) to (f) have to do
with ion recognition while (a) and (b) involve some anion complexation and generally lead to the
formation of coordination complexes [23]. For this study, this section will focus on interactions
involving either (a) or (b).

Native and functionalized calixarenes, resorcinarenes, and pyrogallolarenes have been reportedly
used as MOFs building units. In such native species, coordination to the metal ion is usually
through the phenolic oxygens but also through groups attached to the aromatic rings. Self-
assembly of calixarenes and metal ions has led to the obtention of structures varying from simple
3D to cages and capsules. Structure and pore dexterity make these materials interesting candidates

for variety of applications.

Figure 1.4: Interaction of metallic ion with calixarene [Adapted [23] pp 871]

By synthesizing carboxylate calix[4]arene and calix[5]arene uranyl MOFs Pasquale et al. [30]

4



demonstrated that calix[4]arene promote hexameric self-assembly while calix[5]arene on the other
hand promotes icosahedral assembly depicted in Figure 1.5 a and b. Single-crystal XRD of the
nanoscale cage-like uranyl complex constructed from carboxylate functionalized calix[4]arene
revealed a non-interpenetrating cage with each containing six subunits calixarene units and eight
uranyl subunits. Due to the negative charge subunit, the cage acquired a negative charge and thus
could host a polycationic counterion such as 1,4,7,10-tetraazacyclododecane. This occupied the
cavity with a balanced charge while the empty space was occupied by unlocalized pyridine cations.
The uranyl oxygen atoms are arranged perpendicular to the calixarene oxygens so that they define
an octahedral environment around the metal atom. The anionic MOF exhibited ligand economy
and possessed photoluminescence and photocatalytic activity. A similar carboxylate
functionalized zirconium MOF with a six-fold-connected node of Cs; symmetry with a fourfold-
connected calixarene linker C> symmetry has been reported by Schulz et al. [13]. The structure of
the intertwined rod networks possesses accessible pores through each pore system with a
maximum pore diameter of 5 A. Gou et al. [31] reported a series of calix[4]resorcinarene cobalt-
based MOFs containing an elegant nanosized Co1s coordination cage pillared by isophthalic acid
derivatives (Figure 1.5d). The cages were found to have internal dimensions of 2.3 nm and 2.7

nm, respectively.

Figure 1.5: (a) Cage structure of uranyl MOF (b) cage structure of (a) with 1,4,7, 10-tetraazacyclododecane guest
[30] and (c) hexameric pyrogallol/resorcinol Zn MOF [32] (d) Coordination cages with isophthalic acid
derivatives as pillars [31].



Atwood et al. [32] obtained similar hexameric MigslLe¢ zinc MOF nanocapsule using a
pyrogallol[3]resorcin[1]arene mixed macrocycle (Figure 1.5¢). The authors postulated that by
introducing defects through replacing a pyrogallol with the resorcinol ring, it is possible to control
the number of metal ions and the overall geometry and consequently, their properties. The idea of
mixed macrocycles is motivated by the fact that most resorcinol moieties are unfavorable for
coordination leading to metal-organic nanocapsules. The introduction of such defects in
macrocycles involving pyrogallolarene and subsequent metal coordination has been reported by
the group [32-39]. Similar work by Su et al. [40] has reported a pyrogallol[4]arene titanium
monomeric bowl-like complex Ti2PgCs; with height and diameter being 1.5 nm and 2.2 nm,
respectively. This complex showed the highest nuclearity for the calixarene family and could
effectively catalyze methylene blue photodegradation. Theury et al. [41] prepared alternate
stacking sodium and cesium-calixarene metal complexes in basic media. The sodium salt formed
a 1:1 dimeric complex in which two metal ions bridged by the solvent molecules are sandwich
between two monoanionic calixarene molecules. The cesium salt forms a polymeric structure in
which the metal ions and the calixarene ligands are alternating. The coordination of the cesium ion

to the calixarene is endo due to the absence of bulky substituents on the calixarene ring.

1.4 Cucurbiturils and cucurbituril based metal complexes
Cucurbiturils usually written as cucurbit[#]uril and abbreviated (CB[n]) [where “n” represents the

number of monomer units] is a family of macrocyclic compounds constructed by assembling “n”
number of glycoluril units with “2n” number of formaldehyde units, via condensation reaction of
glycoluril and formaldehyde in acidic medium. Despite initial report on synthesis in the early
1900s, the structure of cucurbituril remained unsolved until seven decades later when Mock et al.,
[42,43] used NMR and X-rays techniques to characterize and determine the cyclic hexamer. By
the 2000s Kimoon et al. [42] discovered that in addition to the cyclic hexamer, it is possible to
obtain cucurbiturils with ring sizes varying from five to ten. This discovery broadened the scope
and applications of these compounds prompting an increase in research focused on these materials.
The name cucurbituril for this group of compounds was coined by Mock having determined the
structure and found that it was akin to a “pumpkin-shape” depicted in Figure 1.6 (which belongs

to the botanical family Cucurbitaceae). The rigid and chemically robust skeletal structure of these



compounds is characterized by a hydrophobic interior cavity with carbonyl oxygen on both ends

of the portals which render them electronegative.

Figure 1.6: (Top)Synthesis of CB(n) homologues by condensation of glycoluril (1) and formaldehyde under acidic
conditions. (Bottom) Different representations of the CB7 structure [44]

Table 1:1: Dimension of CB(n) homologues [44]

CB5 CB6 CB7 CBS

Outer diameter a 13.1 14.4 16.0 17.5
Cavity b 44 5.8 7.3 8.8
c 2.4 3.9 5.4 6.9

Height d 9.1 9.1 9.1 9.1

1.5 Intermolecular interactions in calixarenes, calixarene based MOFs, cucurbiturils
and cucurbituril based MOFs
Supramolecular chemists always desire to design and control the formation of intermolecular

interactions to obtain materials with new structures and properties. These interactions are generally
noncovalent and encompass a range of attractive and repulsive effects. A supramolecular system
can, therefore, not be regarded as being the effect of a single interaction but rather an interplay of
all these interactions and effects relating to both host and guest as well as their surroundings. In
complex molecules, there are usually many types of interactions such as hydrogen bonds, 7-
interactions, van der Waals and hydrophobic interaction, which give rise to the observed structure
and behavior. This section will review inter and intra interactions involving the calixarenes,

calixarenes MOFs and cucurbiturils with or without guests. Even though we discuss these
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interactions separately, it is worth reemphasizing that the overall supramolecular assembly is the

consequence of the synergistic effect of all rather than individual interactions.

1.5.1 Hydrogen bond interactions
A hydrogen bond reflects the dipole-dipole interactions wherein a hydrogen atom covalently

attached to an electronegative atom or electron-withdrawing group is attracted by the neighboring
dipole on an adjacent molecule or functional group. It is conventionally written as “D-H---A”
where D is the electronegative donor atom, and A is a similar acceptor moeity. It has been
described as the "masterkey" interaction in supramolecular chemistry because of its relative
strength [45]. Normal hydrogen bond energies are usually in the range of 4-60 kJ/mol and
proportional to distance between interacting atoms in neutral molecules. The strength also depends
on the angle between interacting atoms with the strongest interaction formed when interacting
atoms are at an angle of 180° and weakest at 90° [19,45].

Due to the presence of phenolic groups, intermolecular hydrogen bonding in calixarenes can give
rise to simple dimers or polymeric porous complexes. These interactions can be mediated by small
molecules such as water, as in C-methylcalix[4]resorcinarene reported by Oliver et al. [46]. Two
unique hexameric resorcinarene assemblies linked by water molecules into a heterodimeric,
supramolecular assembly involving thirty-eight components held together by one hundred and
twenty-nine intra and intermolecular hydrogen bonds were isolated in the same crystal structure
(Figure 1.7). The structures each contained seven and eight water molecules per assembly with
the former described as being partially collapsed. Similar cases involving hydrogen bonding
interactions involving the hydroxy group have been reported by [47,48]. In the case of Cave et al.
obtained a nanocapsule stabilized by distorted intermolecular hydrogen bond involving both the
calixarene and the carbonyl function of the enclosed ethyl guest. The calixarene reported by
Gerkensmeier et al. arrange in a head-to-head and tail-to-tail fashion in a structure stabilized by a
combine total of 72 O-H O hydrogen bonds involving the OH groups of the calixarene. The
authors also found the presence of 16 acetonitrile solvent molecules in eacH unit cell which also

take part in O-H "N hydrogen bonding of the acetonitrile and the calixarene.



Figure 1.7: Hexameric (a) regular (b) irregular assembly with associated butanol guest [46]

Zafrani and Cohen [49] reported on Calix[4, 5]tetrolarenes macrocycles shown in Figure 1.8 both
adopting a pinched cone conformation with OH groups of the tetramer at the pinched end of the
macrocycle and enhancing the hydrogen bond interactions. As opposed to the tetraoligomer, the
pentaoligomer shows a more distorted structure wherein four of the five OH groups are tightly
bound by a zigzag-like hydrogen-bond chain and the fifth OH group rather forming a hydrogen
bond with the neighboring methoxy group. In the tetraoligomer however, all four OH groups are
tightly bound by intramolecular hydrogen bonding which locks the structure as opposed to the free
pentamer. The distorted hydrogen-bonding pattern in the pentamer gives rise to a less sterically

hindered structure as opposed to the hindered tetramer

Figure 1.8: Top view of the (a) tetrameric and (b) pentameric structures with the hydrogen bonds indicated in sky-
blue [49]

Atwood and coworkers [34] obtained a cobalt-scamed hexameric nanocapsule, [Co24(C-
pentylpyrogallol[4]arene)s], wherein 48 of the 72 phenolic groups are deprotonated to form metal-
coordination bonds, while the remaining 24 upper-rim phenolic groups hold the supramolecular

assembly together via hydrogen-bonding. This bonding pattern revealed a structure comprising of

9



96 metal-oxygen coordination bonds and 24 intramolecular hydrogen bonding interactions of the
O-H...O- type. It has also been shown that the presence of a host plays an important role in the
formation host capsule. Previous work by the same group [38] reported a gallium pyrogallolarene
with hydrogen bonding facilitated by metal coordinated water molecules. The metal-bound water
molecules form hydrogen bonds with acetone guests within the asymmetric unit as well as with
other water molecules but not with free water molecules. Similarly, Guo et al. [31] reported the
existence of hydrogen bonding between guest sulfonic acid -OH and water molecules present in
the open channels. The presence of water molecules in the channels supports the hypothesis that
the presence of guest facilitates the formation of hydrogen bonds. Dawn et al. [25] reported on a
resorcinarene gatifloxacin complex stabilized by multiple interactions of hydrogen bonding, =-
alkyl, acid/base, and charge-transfer interactions. The perfect interplay of these interactions
stabilized the complex in both the solid and solution phase. Alkyl-n interactions and hydrogen
bonding led to the respective downfield shift of the methyl protons in the gatifloxacin and
broadening of the resorcinarene hydroxyl peaks in the H-NMR.

In the case of CBs, their electrostatic potential map shows high electron density at the carbonyl
oxygens illustrating their ability to bind to cation [44,50]. Their inner cavity, on the other hand
does not have either electron pairs or functional groups directed towards the inside. This renders
impossible the formation of hydrogen bonding between CB molecules. Most hydrogen bonding
interactions in CBs involve the presence of guest molecules. With portals being electronegative
and the cavity being hydrophobic, most interactions in cucurbiturils, especially involving guests
are those that involve a positively charge species [50]. Generally, CBs will form stable inclusion
complexes stabilized by a combination of interactions including ion-dipole, hydrogen-bonding,
and hydrophobic interactions [51]. The electronegative carbonyl oxygen atoms serve as a good
acceptor for a hydrogen bond interaction. Cong et al. [51] investigated a host-guest complex
involving isoniazid (INH) with CB6 and CB7 and found that, when INH interacts with CB6, the
pyridyl moiety lies on the outside as opposed to inclusion in the cavity of CB7. These complexes
are stabilized by hydrogen bonding interactions involving the portal oxygen atoms and the
hydrazide hydrogens of the INH as indicated by the molecular models. The optimized structure of
the CB6-INH has four sites for hydrogen bonding and CB7-INH has two sites for hydrogen
bonding; this multisite interaction was proposed as the reason for the extra stability of the CB6-
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INH complex when compared to CB7-INH despite the host residing on the outside. Kim et al. [52]
have observed strong C-H:--O hydrogen bonding interactions between the portal carbonyl groups
and CH or CHz groups of CB6 molecules is responsible for the distorted square geometry of the
obtained crystals. Shen et al. [53] reported OMCB6-M-Hydb (OMCB = octamethyl-substituted
cucurbituril; M = Na, Cs; Hydb = p-hydroxybenzoic acid) complexes. The Hydb coordinated
through the OH group such that the carboxylate end is left free for eventual hydrogen bonding as
depicted in Figure 1.9. The resulting supramolecular system involved an interplay of hydrogen
bonding and ion-dipole interactions wherein the carboxyl groups of the coordinated Hyb molecules
interact with neighboring coordinated water molecules and coordinated Hyb molecules through

hydrogen bonding to form a supramolecular chain.

Figure 1.9: (a) Overall view of the OMCB6-M-Hydb supramolecular assembly (b) OMCB6-Na-Hydb showing the
Na and Hydb (¢) OMCB6-Na-Hydb complex showing the hydrogen bonding interactions [54], unusual
hydrogen bonding in (d) CB8 and (e) CB6 [55]

Bardelang et al. [56] investigated outer-surface interactions between cucurbiturils and inorganic

anions and the ensuing supramolecular assemblies and observed that nitrate or chloride favor the

formation of 1D nanotubes stabilized by an unusual hydrogen bonding across CB6 and CBS8
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(shown in Figure 1.9d and e) involving the anion and methylene groups. Ni et al furthered the
investigation using inorganic anions of transitions some metals and found that in addition to the
unusual hydrogen bonding, outer surface interaction is also driven by ion-dipole interactions

involving the satellite anions and the portal carbonyl oxygen atoms.

1.5.2 Il-interactions
Interactions involving 7 systems are common in many compounds and play an important role in

supramolecular chemistry. The &t electrons of aromatic systems usually can form one of four types
of interactions:

- m-m interactions equally known as & - & stacking interactions
- - alkyl interactions
- m- cation interactions and
- 7- anion interactions.
When an electron-rich aromatic ring interacts with a relatively electron-deficient aromatic ring it

gives rise to m-n stacking interactions. These - stacking interactions in supramolecular structures
can be characterized by strong binding energy from delocalized collective charge fluctuations in
contrast to complexes where other types of bonding are present [57]. Such interactions may be
classed based on the orientation and angles of approach of the aromatic rings. A face-to-face
interaction occurs when the interacting rings lie parallel to each other while an edge to face
interaction occurs when the rings are at right angles. Intermediate angular arrangements are also

known to result in similar interactions.

Figure 1.10: Different types of n-m interactions [45]

Face-to-face stacking is said to responsible for the slippery feel of graphite and the stabilization of
DNA double helix [45]. It is worth mentioning here that despite referring to m-m interactions as
face-to-face stacking, the interacting the rings are usually displaced (ash shown in Figure 1.10)
not as usually incorrectly assumed. Additionally, they are also known to play important roles in
protein folding, molecular recognition, template-directed synthesis and assembly of variety van

der Waals supramolecular architectures in both biological and artificial systems [57]. The presence
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of aromatic moieties in calixarenes means that n- interactions are common. A typical example of
face-to-face or centroid to centroid « - 7 stacking has been demonstrated by Gou et al. [31] where
centroid-to-centroid and centroid to-plane distances are 3.68 and 3.37 A’ based on the pyridine
moieties leads to 7 - m interactions of adjacent [Co1¢] coordination cages and result to the formation
of the supramolecular layered structure shown in Figure 1.11. A similar kind of « - 7 stacking
system has been reported by Zheng et al. [58] who prepared NH3-Ag"-NHj calixarene complexes
where the cation is trapped as guest. Each calix[4]arene interacts with two neighbors through
aromatic 7 stacking giving centroid/centroid distance of 3.901 A’ N-H:-- & interactions were also

observed between the hydrogen of the silver complex and & systems of the aromatic ring.

Park et al. [59] obtained Pt** metallogel of tetra terpyridine functionalized calixarene prepared in
DMSO/H>0 mixture. The proposed gel formation which depends on amount of water used occurs
through a self-assembled network structure by intermolecular interactions such as n-n stacking and
MLCT resulting in aggregation. Solvent formulations of HO/DMSO (7:3 v/v) gave the strongest
n-n stacking and MLCT interactions as indicated by longer luminescence lifetimes. These n-n
stacking interactions were also found to be stronger in the self -assembled solid than the gel due
to the presence of solvent molecules between the gelator molecules. This suggests that such
interactions can be enhanced by the presence of secondary molecules which affect the strength of

the interactions.
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Figure 1.11: II - & stacking in supramolecular assembly. The stacking sites are indicated in red ovals in the
background[SI of [31]]
IT—r stacking interactions have also been observed in cucurbiturils. Chen et al. [60] reported on

CB6 based supramolecular assemblies for applications in radioactive cesium capture. The
polyaromatic compound 4,4’,4”-benzene-1,3,5-tribenzoic acid (BTBH) was employed as a
directing agent to obtain supramolecular assemblies based on both CB6 and CB7. A mixture of
the CB, BTBH and NH3 resulted to a n-n stacking and C-H:----& supramolecular assembly where
the CB units are sandwiched between two BTB- units. The NH4" ion resulting from the
deprotonation of the acid and NHj; forms cation dipole interaction and hydrogen bonding with the
portal carbonyl oxygen atoms of the CB. Similar type of n-r stacking has also been reported by Ni
et al. [55] who explored self-assemblies based on outer surface interactions of CB(n)s. The account
which details outer-surface interactions involving CB(n)s with a series of species indicates that the
carbonyl oxygen of the glycoluril unit in the CB will always form n-n stacking and C-H----'n
bonding when there is © system within the supramolecular assembly. The authors demonstrated
this by obtaining supramolecular assemblies of CB(#) and 4-sulfocalix[4]arene, hydroquinone, and
p-hydroxybenzoic acid.
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Despite less common, another type of interaction is w — alkyl which originates from the interaction
of an aromatic ring with an alkyl group. This kind of interaction arises from a difference in electron
density between an alkyl group and an aromatic ring. As seen in Figure 1.12(d) there is a © — alkyl

interaction between the resorcinarene aromatic ring and the methyl substituent on the host.

Figure 1.12: (a) Overall structure of CB-BTBH assembly (b) Assembly of CB-BTBH showing n—n stacking and C-
H---- 7 intermolecular interactions (c) Assembly of CB-BTBH showing n—= stacking and NH4+* CB
interactions [60] (d) C-H----- n intermolecular interactions involving a calixarene/host complex [25]

A similar kind of interaction has been observed between the methyl group of the acetonitrile guest
trapped in the cavity of pyrogallolarene with CH--aromatic centroid distances of 2.562 and 2.974
A’[61]. By encapsulating 3-methylpyridine, they demonstrated the presence of w-alkyl interaction
between the methyl group of the pyridine and aromatic ring of the host zinc-seamed

pyrogallol[4]arene molecular capsules.
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Another type of interaction is the m-cation which results from the interaction of aromatic @
electrons with a cation for example ferrocene [Fe2(CsHs)2]. The partial donation of & electrons into
the empty orbitals of the cations such as transitions metals somewhat disqualifies such interactions
from being considered as non-covalent. It is worth noting however, that these interactions do not
only involve metallic cations but also involve non-metallic inorganic and organic cations such as
NH4" and RNH3" respectively. Such m-cation interactions are common in calixarene based
supramolecular assemblies. As a proof of concept, [62] synthesized gallium-pyrogallolarene
seamed porous structure and trapped thallium, Tl ions within. The entrapment of the TI" ions
occurs via Tl-m interactions facilitated by such factors as ionic radius and shorter cation-n (centroid
of pyrogallol) interaction distances. These interactions were found to be sufficiently strong to
maintain the Tl ions within the structure in both solution and solid - state to such extent that even
titration with Zn ions did not lead to the release of the Tl ions, as indicated by NMR data. Parallel
studies by Thuery et al. [41] have indicated the presence of cesium-n bonding by a calixarene with
the cation complexed in endo fashion and the interaction facilitated by absence of bulky para

substituents on the calixarene.

Figure 1.13: Cation — 7 interaction between K and the aromatic ring indicated in doted lines) [adapted from ref [63]]

Figure 1.13 shows another case where cation-n interactions are observed [63]. The bridging K*
ions are coordinated to the calixarene through the phenolic oxygen and to each other through
bridging water molecules. Opposite metallic ions then interact with aromatic rings of neighboring
calixarenes. Cation-n interaction is evident in the work of Orda-Zgadzaj et al. [64], who
synthesized a series of calixarenes and introduced various organic cations as guests (Figure 1.14).
The interaction of the cations with the  electrons led to the formation of a charge-transfer complex

due to the transfer of charge from the m system to the cations indicated by color change in the
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aryltropylium salt. They found that the guest molecule can interact with the cationic end either
being in or outside of the cavity. However, having the cationic end of the guest inside the pore of
the host leads to more stable guest complex indicating the stronger interactions that occur between

the positive end and the & system of the calixarene.

Figure 1.14: Host-Guest interaction and the different cationic guests [64]

Similar work has also be carried out by Imonigie and Macartney [65] who investigated the
inclusion of (Ferrocenylmethyl)trimethylammonium complexes in para-sulfonated anionic
calixarenes. As in the case of the work carried out by Orda-Zgadzaj et al. the host-guest complex
here is also stabilized by the charge transfer from the m system to the cations, in a lock-and-key

kind of interaction.

The rich electron cavity of calixarenes implies that while they can conveniently host cations and
neutral molecules, anion are not suitable guests. If the calixarene is, however, t-metallated on the
outside of the macrocycle or modified with some electron-withdrawing group, conditions are
created for endo-inclusion of anions [23]. It has been shown that n-metallation leads to an increase
in the size of the cavity and thus, the possibility of inclusion of larger guest [66]. Not only can
this approach be used to encapsulate larger guest for a given macrocycle, but it can also potentially
be used as molecular switch through switching n-metallation. Rosokha et al. have noted evidence
which suggest that anion-n interactions can be used to design and exploit artificial receptors for
anions. Additionally, although it is generally thought that the interaction of an aromatic ring with
an anion should be repulsive, an overall charge difference between the centroid of a neutral
aromatic ring and an anion usually leads to an attractive interaction. They further stressed that, this
charge difference can lead to potential charge transfer and consequent formation of charged
complexes which are generally characterized by color changes especially when transition metals
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are involved [67]. Wang and Wang [68] investigated non-covalent interactions involving electron
deficient tetraoxacalix[2]arene[2]triazine and a range of anions including NOs", BF4", PF's, and SCN-
. These anions form complexes with the tetraoxacalix[2]arene[2]triazine with the stability
constants increasing in the order NO3 > BF4s > PF¢ > SCN™ (Figure 1.15). The complexes are

stabilized by a synergic combination of anion-m and lone pair electron-m interactions between

halide and triazine centroid and between the oxygen of water and the centroid of the triazine [68].

Figure 1.15:tetraoxacalix[2]arene[2]triazine complex of (a) NO3™ (b) BF4™ (¢) PF' and (d) SCN™[68]

The concept of obtaining exterior t—metallated complexes and subsequent inclusion of anion was
exploited by the Steed group [69] who obtained endo inclusion complexes of anions and cations
in t—metallated cyclotriveratrylenes which are similar compounds to calixarenes. The inclusion of
anionic species such as BF4", ReOs, CF3S0;™ and CF;CO;", within host cavity was achieved by
having two transition metal ions on the outside of the cavity bound to the n electrons and reducing
the electron repulsion within between the anion and these electrons. The resulting anion-n
interaction yielded host-guest complexes. Similar follow- up research by the same group [70] on
calix[4]arene revealed similar kind of interaction within the cavity with a higher binding constant
of the anion within the cavity compared to that in the cyclotriveratrylene ascribed to the size match.
Fairchild and Hayes [66] reported a cryptophane-anion complex whose exterior is that n-
metallated with Ru (Figure 1.16). Size and anion-n interactions proved pivotal in stabilizing the
structure as too small or too large anions are less tightly bound (Figure 1.16b and c). Fochi et al.
[71] reported on a series of cavitand based coordination cages wherein the cavitands were

complexed with Pd or Pt ions. The self-assembling compounds crystalized with an anion and in
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some cases solvent molecules enclosed in the pore. In the case of triflate anions, weak interactions

resulted in triflate-resorcinarene distances in the range of 2 - 3 A.

Figure 1.16: (a) SXRD structure of trimetallic p-tert-butycalix[4]calixarene complex showing tetrafluoroborate guest
[70] (b) Cp-Ru-calixarene complex XRD structure (b) Vertically sliced view of the capsule in (b)
with SbF6 as guest; dashed blue lines indicate closed contacts [(b) and (c) [66] (d) inclusion of
anionic guest in resorcinarene based metallo-cavitand [70]

1.5.3  Van der Waals interactions
These are electrostatic attractive interactions resulting from polarization of an electron cloud

around a molecule or atom by the nearness of an adjacent nucleus [45]. Unlike hydrogen bonds,
the van der Waals force is non-directional. Two main determinants of van der Waals interactions
are nearness and polarizability. Two very close and easily polarized molecules are more likely to
experience some van der Waals interactions. The strength of these interactions is directly
proportional to surface area and decreases as a function of distance to the negative 6™ power and
is additive with every bond in the molecule contributing to the overall interaction energy [19,45].
These interactions come to light in supramolecular chemistry when the inclusion of small non-
polar molecules is concerned. Van der Waals interactions however do not occur in isolation but
synergy with other interactions and play an important part in directing self-assembly of
supramolecular structures. The molecular structure of calixarenes presents a hydrophobic nano
environment constructed from van der Waals interaction. This causes them to display well-defined

and near constant shape and size which makes it possible to form inclusion complexes with small
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organic molecules [72]. Although van der Waals interactions are generally weaker compared to
other noncovalent interactions such as hydrogen bonds, they are interesting because they are
capable of collectively potentially creating relative stabilities in many structures to enable guest
exchange and chemical transformations inside the cavities of porous materials [72]. As a proof of
concept of the stabilizing effect of such interactions, Ananchenko et al. [72] investigated the van
der Waals nanocapsular complexes of amphiphlic calixarenes containing alkanoyl chains with
tetrahydrofuran as guest. The calixarene arranges in a tail-to-tail fashion with the tetrahydrofuran
trapped within and the layers held together by hydrogen bonds when the alkanyol chains are shorter
as represented in Figure 1.17. However, if the alkanoyl chains on the calixarene host are longer
than required to encapsulate a single guest molecule but just long enough to encapsulate two
tetrahydrofuran guests, hydrogen bonds become disrupted. When this happens the main stabilizing
intermolecular interaction becomes the van der Waals which binds the two calixarene layers and
enables complex formation. They also found that when the alkanyol chain becomes too long -
C100H, van der Waals interactions are so strong that the guest cannot compete, and the addition

of hydrogen bond is required to stabilize the calixarenes.

Figure 1.17: (a) No calixarene capsule due to the short chains; only one guest molecule is present (b) Calixarene
capsule stabilized by van der Waals interactions with two guest per molecule [72]

In a similar development, Thompson et al. [73] investigated the adsorption of butanol on silica-
supported calixarene with similarly appended alkyl chains as found in the case by Ananchenko et
al. With the calixarene anchored to the silica through the hydroxyl groups leaving the alkyl

substituent exposed Thompson et al. found that starting from H-calix[4]arene-SiO; and replacing
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the H with alkyl rings leads to an increase in adsorption of butanol with the amount of butanol
adsorbed directly proportional to the length of the alkyl chain. This increase in the amount of
butanol adsorbed was ascribed to the increase in mainly van der Waals strength resulting from
increase in alkyl chain length. The possibility of other interactions such as OH-n and CH-nt was
however, not overruled given the fact that with the H-calix[4]arene-SiO> some adsorption was
still noticed. Van der Waals interactions are generally not very common in metal complexes of
calixarenes; however, if these calixarenes contain alkyl groups, these interactions can occur. This
has been typified in the Cs complexes reported by the Atwood group who observed that the "lower
rim" C-hexyl chains of pyrogallol[4]arenes generally interdigitate to make the most of van der
Waals interactions in bilayer arrangements of O-alkylcalix[4]arenes, resorcin[4]arenes, or
pyrogallol[4]arenes [61].

As with calixarenes, van der Waals interactions can also be found in cucurbituril supramolecular
systems and are common in host-guest inclusion systems in which they can act as driving force for
complexation [74,75]. A theoretical investigation of host-guest complex formation between Ceo
fullerene and CBJ[9] cucurbituril has highlighted van der Waals interactions as the main stabilizing
force [76]. Hoe et al. [77] obtained a honeycomb cucurbituril MOF with extended hexagonal
channels and stabilized by a combination of van der Waals interactions between the coordination
polymer chains arising from curvature and hydrogen bonds facilitated by water molecules in the
channels.

1.6 Synthetic approaches to calixarenes and calixarene based MOFs

1.6.1 Calixarenes: synthesis and embroidery
Calixarenes are generally obtained by the condensation of either phenol, resorcinol, pyrogallol, or

phloroglucinol or their derivatives with an aldehyde in the presence of either an acid such as HCI
or a base such as NaOH or transition metal as catalyst [16,17,78,79] as shown in Scheme 1.1. The
reaction can be carried out either by refluxing the reagents or by mechanical grinding although the
former i1s most common. Over the years, the synthesis has gone beyond native calixarenes to
embroidery of these compounds to afford them with desired characteristics. This section will

preview some the embroidery of calixarenes.
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Rl :Rz = R3 =H
R4 = OH for calix[4]arene

R
2 R; =R;=0H; R, =R, =H for calix[4]resocinarene
Ry 3 RCHO or resorcin[4]arene
. Rl =R2 = R3 = OH, R4 =H for
H+lor (%H' calix[4]pyrogalloarene or pyrogallol[4]arene
solven
R
4 R, =R;=R,=0H; R, =H for
Reflux or calix[4]phloroglucinol or phloroglucin[4]arene

mechanical grinding
R =H or alkyl or aromatic

Scheme 1.1: Synthesis of calixarenes

As stated earlier, calixarenes can have ring sizes ranging from 4-20 with the tetramer being the
most common and easily synthesized. One step condensation with phenol derivatives and
aldehydes gives good yields and purity of calixarenes with even- numbered rings (n = 4, 6, 8); odd
number (n = 5, 7, 9) rings can also be obtained by this method, though in low yields [45].
Otherwise, the best approach to obtaining ring sizes other than n = 4 is by a stepwise approach.
The identity of R can vary from hydrogen to either aromatic or other alkyl substituents; this has
been varied in different synthetic approaches to alter the properties of the resulting calixarene.

Calixarenes analogues have been obtained from other aromatic hydroxy derivatives like
bisphenols, diphenylphenol, 2-methoxyazulene, naphthol (amongst others) as can be depicted on

the Figure 1.18.

Figure 1.18: Other calixarene analogues synthesized from diverse starting materials [16]

The host-guest complexes of many calixarenes are usually so unstable that modifications are

necessary. Because native calixarenes may not always posses the desired characteristics, different
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approaches have been used to modify them to achieve these characteristics. These approaches
include synthesis of calixarenes capsules including cacerands and cravitands, and post-synthetic
modifications.

The regidification of resorcinarenes by inserting alkyl, silyl, oxo, phosphoryl [23,78], aromatic
[80] bridges between the oxygen atoms at the lower rim leads to cup-like shaped structures with
deep cavities exceeding 4 A . Such ether structures are known as cavitands (Schemel.2). The
synthesis of these structures usually proceeds via heating the resorcinarene and respective reagent
in the presence of an appropriate base and solvent. Although the term cavitand was initially coined
for resorcinarenes and their derivatives, the scope has since expanded to include calixarenes with
enforced cavities large enough to accommodate guest molecules [23]. Cavitands possess
permanent intramolecular cavities and give rise to host-guest complexes which exist both in

solution and solid-state.

Scheme 1.2 (a) Increasing pore depth in calixarene to obtain a cavitand [23] (b) synthetic scheme for cavitands [45]
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Following the success of his work on cavitands, Cram an coworkers sought to obtain a new and
diverse class of molecules, a process that lasted until six years until the first report on this new
class of molecules known as carcerands [78]. Carcerands (Figure 1.1) contain two pyrogallolarene
or resrocinarene with a covalent bridge either through carbon or sulfur atoms. Unlike cavitands
these molecules permanently imprison their guest and release thereof can only happen if the

structure is ruptured [78].

Figure 1.19: Sulfur and oxygen bridged carcerand [78]

Just like their cavitand counterpart, carcerands are synthesized using dihalogenoalkane such as
bromochloromethane or dichloromethane or sulfur-containing group such as CH>SH [78]. Other
than bridging the lower rim oxygens, ethers and esters have also been prepared by adding various
reagents to react with the lower rim phenolic groups. An interesting carcerand-like compound has
been reported by Fochi et al. [71] in which the cavitand moieties are rather bridged by metal ions.
The metal ions attach to the cavitand through the nitrogen atom of a nitrile group attached to the
second position of the resorcinol ring of the calixarene. The nanocages formed via self-assembly
through the slow evaporation of dichloromethane at room temperature, affirming the assertion by
Avram and Cohen [81] that chlorinated solvent seems to facilitate the process of self-assembly.
Schultz et al. [13] and Park et al. [59] reported a functionalization strategy where the phenolic
groups were etherified with ethyl bromoacetate and a series of subsequent steps afforded desired

ligands.
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Scheme 1.3: Synthetic procedure for calixarene derivatives [59]

detection of NO,. The group further modified 4 to 6 as a precursor for Pt -gels. A more detailed

exploration into lower rim etherification and esterification has been treated by Gutsche [16,17].

Another post-synthetic approach that has been extensively exploited is the appending groups on
the upper rim of the calixarene ring. Modification at the upper rim may proceed through one of the
following well-known reactions, including electrophilic substitution, dealkylation of p-
alkylcalixarenes, para-Claisen rearrangement, para-quinone methide. The focus in the current
section stands however, not to deal with these elaborately but rather to give examples where
functionalization at the upper rim has been carried out (the reader is once again referred to Gutsche
for reviews and details). When using calixarenes as MOFs ligands, chemists are always on the
lookout on strategies to introduce extra functionalities and groups such as carboxylates capable of
binding to metal ions in addition to the OH groups. This is a result of the consequent dexterity of
the resulting MOFs containing such additional metal-binding groups. Pasquale et al. [30] have
used a two-step procedure (Scheme 1.4) that involves formylation with hexamethylene tetraamine
(HMTA) and trifluoroacetic acid (TFA) and subsequent reduction with a mixture of NaClO> and

NaH2POq to obtain carboxylate functionalized calixarene ligand for MOF synthesis.
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Schemel.4: Upper rim carboxylate functionalization of calixarene

In a rather different approach, Liu et al. [82] obtained dialdehyde upper rim calixarene by first
attaching alkyl functions to two of the lower rim oxygen atoms (Scheme 1.5). Treatment of this
etherified calixarene with CHCI,OCHj3 and SnCl4 as catalyst yielded formyl functions adjacent to
those containing the alky groups on the lower rim. Subsequent reaction of this formylated
calixarene with 1,10-phenanthroline-5,6-dione resulted in an extended structure that was further
modified by complexing with ruthenium and the resultant complex was used for colorimetric

sensing of acetate and fluoride sensing.
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Scheme 1.5: Upper rim functionalization of calixarene

Like other aromatic rings, nitration, sulfonation, and halogenation is possible with calixarene rings
using standard reagents with yields reaching 87 % reported for nitration [83—86]. However,
reaction conditions in some cases have to be milder, especially when such harsh nitrating or
sulfonation conditions can cause breakdown of the calixarene [87]. Sulfonation has usually been
employed not just to introduce functionality but also increase water solubility due to the charge on
the sulfate group. This reaction proceeds through either direct sulfonation, ipso-sulfonation, or
chloro-sulfonation (Scheme 1.5) In addition to improving water solubility, the sulfonyl group has
also been introduced to impart catalytic activity, selective binding and biological activity [86], and
to act as a coordination point amongst others [85,88]. Sulfonation and subsequent etherification to
give alkyl chains at the lower rim has been used to obtain molecules with surfactant (amphiphiles)

properties that are able to self-assemble to form distinct nanostructures in aqueous media [89]. The
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interesting aspect of such amphiphiles is the fact that they have a guest binding site that can be

explored for producing important soft materials.

Scheme 1.6: Different (av)sulfonation and (b) nitration routes

Like sulfonation, nitration is also known to proceed through direct nitration, sulfonation followed
by nitration and ipsonitration [83,87,90,91]. Due to the possibility of reduction, these nitro

calixarenes are potentially good intermediate for the synthesis of precursors for other reactions.

1.6.2 Self-assembly in calixarenes
Calixarenes can self-assemble into porous and stable structures stabilized by intermolecular forces

which exist in both solid and solution phase. Self-assembly in calixarenes has been reported to
form globular dimeric or hexameric capsules that can be used as hosts for several molecules [62].
Worth noting is that such globular dimeric or hexameric structures have so far only been reported
in cases where the calixarene bridges are methylene or where one of the methylene hydrogen atoms
is replaced by an aliphatic chain. Substituting one of the hydrogen atoms at the methylene bridge
with aromatic ring is known to yield structures that deviate from the cup shape which favors such
globular structures. Self-assembly of pyrogollolarenes and resorcinarenes as hydrogen-bonded
capsules, tubes, and bilayers are common with the nature of solvent and alkyl groups playing a
vital role in the assembly [62]. Understanding the processes involved in self-assembly in both solid
and solution phases and the parameters that allow control over the supramolecular assembly are

critical to supramolecular chemists.
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It has been found that the presence of water in pyrogallolarene facilitates self-assembly through
hydrogen bonding [92]. As illustrated in the Figure 1.17 (page 20), Ananchenko et al. [72] have
demonstrated that the nature of the R-group on the alkyl carbon also plays an essential role in
determining the kind of structure obtained. Long alkyl chains can, because of van der Waals
interactions lead to interactions between two molecules and produce dimeric structures, whereas
shorter chains do not favor such interactions. Besides the nature of the alky chains, other factors
that affect the self-assembly of calixarenes are the nature of solvents and guests given that such
arrangements are usually held by intermolecular forces that do not preclude the host of solvent
[58]. Cave et al. [48] obtained a self-assembled capsule (by slow evaporation from ethyl acetate)
containing six resorcin[4]arene molecules and eight water molecules forming a system stabilized
by sixty hydrogen bonds; thirty-six of which are intermolecular with the polar water molecules
playing a significant role in the hydrogen bonding (Figure 1.20b). Upon crystallization, ethyl
acetate solvent molecules were trapped both in the intrinsic and extrinsic pores and participate in
hydrogen bonding through their carbonyl functionalities. A previously reported pyrogallolarene
aggregate was obtained from acetonitrile wherein the presence of hydrogen bonds was responsible
for the pyrogallolarene arranged in the build-up of double layers aggregation of the molecules [47].
The supramolecular structure is stabilized by a total of seventy-two hydrogen bonds with the
solvent molecules trapped in the pores and participating in the hydrogen bonding, in a structure
with a head-to-head and tail-to-tail orientation where polar molecules are separated by interacting
lipophilic chains. Dalgarno et al. [92-94] subsequently simultaneously carried out self-assembly
of pyrogallolarene and encapsulation of various molecules in Figure 1.20a. In agreement with
results obtained by Gerkensmeier et al. [47] and Cave et al. [48] structures reported by Dalgarno
et al. are held together by extensive intermolecular hydrogen bonding involving not only the
calixarene molecules but as well the encapsulated guest and solvent molecules. There has also
been similar work reported with resorcin[4]arene hexameric capsules self-assembly wherein water

and butanol molecules are involved in hydrogen bonding that stabilizes the structure [46].
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Figure 1.20: (a)Simultaneous self-assembly of pyrogallol[4]arene with guest (b) Encapsulation of ethyl acetate in the
pores of pyrogallol[4]arene [92,93], [48]

1.6.3 Synthesis of calixarene based MOF's
Since the pioneering work of Yaghi et al. [95,96] Kitagawa et al. [97] and Ferey et al. [98] on

MOFs, research on the subject has exponentially grown in scope and application. Several synthetic
methods, including solvo/ hydrothermal, microemulsion, ultrasonic irradiation/ sonochemical,
mechanochemical, and microwave-assisted synthesis, have been developed over time as researchers
seek to obtain MOFs materials for different applications and on different scales (Figurel.21).
MOFs may be obtained on different scales ranging from macro to micro to nanoscale. The latter
scale is, however, more desirable because of the exciting properties associated with materials at the
nanoscale. Generally, to obtain nanoscale MOFs, two main synthetic approaches are employed:

a) Confining the supramolecular assembly; a process that generally leads to MOF formation at

nanoscopic locations through methods like emulsions or template synthesis, and
b) Favoring nucleation against crystal growth, using such methods as fast precipitation or by

using microwave and ultrasound synthesis. [99]
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The choice of a synthetic approach is usually determined by the end goal of the MOF and may yield
amorphous or crystalline material depending on the ability to control nucleation and growth kinetics

of the nanoparticles.

Figurel.21: Representation of synthetic approaches for preparing nanoscale MOFs [99]

Focus here will not be to discuss all the methods and approaches to obtaining MOFs [the reader
may consult Baa et al. [99] for details on the methods] but rather to look at the various methods
that have been used to obtain MOFs based on calixarene macrocycles. Despite the plethora of
synthetic methods to calixarene based MOFs, a review of literature on this topic indicates that slow
solvent evaporation and diffusion from/into mother liquors and solvothermal are the most
exploited methods. These methods favor metal directed self-assembly and are therefore attractive
in cases where structural elucidation through single-crystal X-ray diffraction is envisaged. The
sheer lack in the reported literature of any reason suggesting why other methods such as emulsion,
mechanochemistry, spray drying amongst others have not been used suggests that such absence of
reports is not due to difficulty with calixarene macrocycle but rather insufficient research in that
light.

Single crystals of the uranyl cage depicted in Figure 7.5a and b (see page 5) were obtained at room
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temperature by slow diffusion of acetonitrile on DMF solution of the reactions and pyridine as a
base to deprotonate the ligand [30]. Solvothermal synthesis of the same material was reported to
only yield decomposition by-products of the cage [30], suggesting the unsuitability of the
solvothermal method to the synthesis of the material. Similar room temperature metal directed
self-assembly complexes of pyrogallolarene and resorcinarene MOFs have been reported with
cesium chloride by the Atwood group [61]. Cesium MOF crystals of the ligands were easily grown
in water-acetonitrile mixture, with both solvents coordinating to the metal centers. The same group
obtained coordination polymer chains of dimeric pyrogallol[4]arene capsules by first reacting
pyrogallol[4]arene with the metal salt in hot DMSO [100]. Subsequent reaction of these capsules
with 4,4'-bipyridine hot DMSO solution led to the crosslinking of the capsules as the DMSO

ligands are displaced to produce structures indicated in Figure 1.22.

Figure 1.22: Crystal structures of self-assembled MOFs [100]

Nevertheless, most calixarene based MOFs have been synthesized through a solvothermal
approaches [13,30,31,40,57,71,78] using either a single solvent or a mixture of solvent given the
fact that this approach offers the ability to control the self-assembly using metal ions which possess

weak coordination ability to calixarenes into thermodynamically stable complexes [101].

1.7 Synthetic approaches to cucurbiturils and cucurbiturils based MOFs
1.7.1 Cucurbiturils and analogues
The synthesis of these compounds involves refluxing glycoluril and formaldehyde in a
concentrated acid medium either HCI or H>SO4. When temperatures are maintained at greater than

110 °C, the product is significantly CB6. However, when temperatures are lowered to between 70-

90 °C, a mixture of analogues is formed containing mainly CBS5, 10-15%, CB6 50-60%, CB7 20-

31



25% and CBS8 10-15% [42]. These homologues can then be separated by means of fractional
crystallization and dissolution. The possibility of obtaining analogues of different ring sizes, has
greatly increased the scope of application of these materials especially in cases where pore size is
particularly important. Figurel.23 shows the variability of cucurbituril homologues. Over the
years, research has explored beyond synthesis of the traditional cucurbituril to a variety of
derivatives such as inverted cucurbiturils, hemicucurbiturils, bambusurils amongst others that have

been reported [44,102].

Figure1.23: Cucurbiturils and their Derivatives [44,102]

Cucurbiturils as secondary building blocks for MOFs are also beginning to emerge premised on

the fact that they possess electron pair donor atoms like nitrogen and oxygen which can form
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coordinate bonds. Cucurbiturils easily form metal complexes with various metal ions although the
different homologues tend to show varied abilities to coordinate and as well varied selectivity for
different metal ions [42,54]. Furthermore, it has been observed that several other factors including
coordination geometry and radius of metal ions, temperature, counter-anions, solvent, metal-to-
ligand ratio, and pH amongst other things also affect the formation of the supramolecular assembly

[54].

Upon complexation with metal ions cucurbiturils (especially the five and five member
homologues) form simple complexes including molecular bowls, molecular capsules coordination
polymers and supramolecular assemblies. Unlike the higher homologues, the four- and five-
member ring cucurbiturils can form complexes wherein the metal ion covers the portal completely.
Higher homologues (n > 5) form metal complexes wherein only some of the portal oxygen atoms
are coordinated or involve two or more complexing metal ions. Figure 1.24 depicts the

coordination of metal ions across the different cucurbiturils homologues.

Figure 1.24: Representation of coordination modes of cucurbituril homologues [103]

Because cucurbiturils have donor atoms at two opposite ends, they can form polymeric network
structures that extend as one to three dimensional structures (Figure 1.25). Linear self-assembly
coordination complexes of cucurbiturils with metal ions usually with anionic directing units on the
exterior of the cucurbituril cavity is known to result to honeycomb structures shown in Figure

1.25a[77,103,104]. Although such assembly is not uncommon for the other homologues, it is more
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commonly found in five-member homologue in which the metals can occupy the portal

completely.

The Kim group has demonstrated this by complexing CB6 with alkali metals Na, K, Cs and Rb
complexes of the CB6 wherein coordination occurs through the C=0 oxygens. In the case of the
Rb, the complex forms a 1D structure with Rb ions bridging the CB units through O-Rb-O linkages
resulting to a honeycomb polymeric coordination chain containing linear hexagonal channels.
Similar results were obtained with Rb replaced by K. Crystals of CB6-Na revealed that the Na ions
together with water molecules act like a lid on the barrels of the CB6 covering the portals with
either water or THF molecules enclosed in the cavity. The door-like lids could be removed by

adding trifluoroacetic acid, the structure can then be opened to release the guest.
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Figure 1.25: Some examples of CB-metal complexes. (a) Schematic for the formation of the honeycomb structure
(b) 1D straight and zigzag CB metal complexes (c-d) 2D CB metal complexes and (e-f) 3D metal
complexes showing the channels [abstracted from [103]]

Similar lid-like type complexes were also obtained with Cs [77,105-107]. Similar type of
complexes were also prepared by Shen et al [53] using octamethyl-substituted cucurbituril alkali
metals in the presence of polychloride cadmium anions. The interaction between the polychloride
cadmium anions and the cucurbituril involves ion-dipole and the electrostatically positive outer
surface of the cucurbituril. In the presence of the polychloride cadmium ions, Na and Rb did not
form any complexes whereas K and Cs form coordinate bonds through the portal carbonyl oxygen
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atoms. Parallel studies by the Nau group [108] have examined the chemoselective transformation
of included guests promoted by transition-metal ions coordinated to the cucurbituril rim. The weak
metal-ligand bonding interactions influences the photodeazetation of the bicyclic azoalkanes 2,3-
diazabicylo[2.2.2]oct-2-ene (DBO) and 2,3-diazabicylo[2.2.1]hept-2-ene (DBH) in the presence
of CB7. Another investigation found that the presence of [CdCl4]* in a CB7-La complex resulted
to the formation of the honeycomb structure with the complex cation occupying the extrinsic pores
of the cucurbituril metal complex. Single crystal x-ray analysis revealed that the complex anion
acts as a structure directing agent to the resulting honeycomb supramolecular structure stabilized
by hydrogen bonding, C—H---Cl, and ion-dipole interactions to obtain hollow tubular structures
[103].

Although CB7 is not known to easily coordinate to metal ions, the Tao group successfully obtained
hydroquinone-CB7-rubidium metal complexes wherein the hydroquinone serves to facilitate
complex formation [109,110]. The single crystal data for the complex revealed that each portal of
the CB7 is covered by a pair of rubidium ions which coordinate through the portal carbonyl oxygen
atoms. The hydroquinone was found to be in the intrinsic cavity of the CB7 where is interacts
through direct coordination of its OH group to the metal ions at the portal of the CB7 and
intermolecular boding with the CB7 host. The authors credited the formation of the complex to the
presence of the hydroquinone guest. Another 3D CBS8 cesium metal complex studied by the same
group involved the use of p-hydroxybenzoic acid as a co-ligand [111]. The crystals structure of
the complex revealed that two different inclusion complexes of the co-ligand and the CB8 in a
four-molecule unit are formed. Within a single CB8 unit, the co-ligands are arranged in a head to
tail fashion and the two complexes can be distinguished by the orientation of the co-ligand: vertical
in one and slightly horizontal in the other. Once again as in the case of hydroquinone, the
coordination of the OH group of the p-hydroxybenzoic acid molecules induces further
coordination of the cesium ions to the carbonyl oxygen of the CB8 molecule. The overall
supramolecular assembly is a 3D structure with 3D channel system as shown above in Figure
1.25e. In all the cases reported here, the coligand is enclosed in the cavity of either the CB7 or
CBS. It is however anticipated that the use of dicarboxylic acid ligands like malonic or terephthalic
acid will result to metal complexes where the coligand acts as a pillar and not enclosed in the cavity

of the cucurbituril.
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While research on MOFs obtained from macrocycles such as calixarenes, cucurbiturils,
cyclodextrins is active and still emerging, it is perhaps understandable that much interest is
currently geared at obtaining the MOFs at different scales rather than investigating the influence
of synthetic approach influences the nature of the macromolecular cages obtained. One should
bear in mind that since synthetic routes equally have a direct bearing on the outcome of the MOF
in terms of morphology and scale, investigating different approaches is, therefore, not of any less
importance as the synthesis itself. An advantage associated with MOFs obtained from such
macrocycles lies in the fact that they are excellent candidates for diverse applications because they
usually have at least two types of pores with one set arising from the ligand itself (intrinsic pores)
and the other from MOF structure (extrinsic pores). Consequently, this kind of structure offers

possibility of hosting more than one type of guests especially in drug related applications.

1.8 Drug delivery
Advancement in pharmaceutical science during the past century has led to better healthcare

systems as professionals now have at their disposal drugs and machines capable of treating
diseases that were once fatal or near fatal [19]. This has led to a decrease in mortality and increased
life expectancy. Undermining the tremendous developments particularly in drug science, have
been issues related to pharmacokinetics, metabolic properties, dosage, toxicity, systemic
circulation, solubility, etc. [112]. For instance, cancer chemotherapy is plagued by severe side
effects, while certain drugs, despite their outstanding activities, are poorly solubilized.
Consequently, drug delivery vehicles are necessitated, especially in cases where a drug suffers
issues such as large undesirable dosage, poor solubility, bioavailability, and stability [99]. A drug
delivery system (DDS) is a formulation or a device that can introduce a therapeutic substance in
the body and improves its efficacy and safety by controlling the rate, time, and place of release of
drugs in the body [113]. At present, DDSs enjoy extensive clinical application, and substantial
commercial successes are mostly sustained release systems whose main objective is to provide
constant blood levels of a drug over an extended period [114]. Drug delivery systems are essential
because they offer; -

- improved therapy

- increased patient compliance through reduced dosing frequency, convenient routes of

administration and improved targeting for a specific site to reduce unwanted side effects and
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- a sustained or prolonged release using many natural, semi-synthetic, or synthetic polymers

that are coated on the surface of a drug to provide the release for longer duration [115].
Ideally, a DDS transports an active compound to a specific site, releases the active compound, and
is either eliminated or undergoes degradation. To qualify as an efficient DDS, the delivery vehicle
must meet specific requirements, including controlled release of the active compound while
avoiding "burst effect" (a situation whereby the drug is released from the DDS prematurely)
[99,116]. Several drug delivery systems, including liposomes, micelles, emulsions, and polymeric
nanoparticles have shown great promise in controlled and targeted delivery of drug molecules
[115]. While each of the carriers has its advantages, none is ideal in application. Due to their wide
range of useful properties, porous materials including silica, MOFs, cyclodextrins, cucurbiturils,
aluminosilicates, have either been used or are currently being researched for various purposes,
including the development of drug delivery system, sustained drug delivery system and
improvement in the solubility of poorly soluble drugs. Generally, once in the system, it is expected
that liquid will penetrate and subsequently flow through the pores of the porous carrier to provoke
release of guest. This is a process that depends on both the geometry and surface properties of the
material. Properties of the porous materials which make them suitable for applications in delivery
systems include stable uniform porous structure, high surface area, and tunable pore size with
narrow distribution and readily adaptable for thermolabile drugs [115]. Additionally, as with other
carriers, it 1s expected that for a material to be used as a carrier, it meets the following general
requirements:

- Structural control over size and shape of drug or imaging-agent cargo-space.

- Biocompatible, nontoxic.

- Precise, nanoscale-container and/or scaffolding properties with high drug or

imaging-agent capacity features.
- Well-defined scaffolding and/or surface modifiable functionality that can be finetuned for
specific targets.
- Lack of immunogenicity.
- Appropriate cellular bond, endocytosis, and intracellular trafficking to allow therapeutic
delivery or imaging in the cytoplasm or nucleus.

- Acceptable bioelimination or biodegradation profiles.
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- Controlled or triggerable drug release.
- Molecular-level isolation and protection of the drug against inactivation during
transit to target cells.

- Minimal nonspecific cellular and blood-protein binding properties.

- Ease of consistent, reproducible, clinical-grade synthesis [113].
A porous solid may present one or more types of pores; the roughness of the surface may give rise
to bottle-like (blind) or cylindrical shaped pores, transport pores (channels), and closed pores
shown in Figurel.26. While closed pores are usually not connected to other pores and are
somewhat described as being isolated, the rest are connected to the others so that material can
possibly flow from one to the other. Open pores are connected to the external surface of a solid
and allow the passage of an adsorbate through the solid. Closed pores are void within the solid,
which is not connected to the external surface. Transport pores are connected parts of the external
surface of the solid to the inner microporosity. Blind pores are connected to the transport pores but

do not lead to any other pore or surface.

Figurel.26: Physical picture of a porous solid material A — surface roughness, B — bottle-like (blind) pores, C —
closed pores, D — transport pores (pores through the solid) and E — cylindrical blind pores

1.8.1 Methods of drug loading

When drugs are loaded unto nonporous materials, the drug molecules are usually confined to the
outer surface of the carrier, which, for the most part, has a small surface area implying a low drug
loading capacity. In contrast, using porous carriers with a higher surface area presents a possibility

of higher loading percentage suitability for controlled release [117]. This potential justifies the
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extent to which research has veered in the use of porous materials as carriers. Several methods
have been developed to load drug molecules into porous carriers and are discussed below. The

discussed methods are based on the reviews [115] and [117].

1.8.2 Simple mixing
In this method, the adsorbent is placed in the drug solution and stirred over a magnetic stirrer so

that the drug penetrates the pores. The solution is then allowed to stand for a given time, separated,
and dried over 24 h at 60 °C. This method has been used for a variety of drugs like ibuprofen,
dexamethasone, griseofulvin, ranitidine, and furosemide. Most research on the use of MOFs and
COFs as DDS follow this approach with a few modifications. Various MOFs have been studied
for their abilities to load and release of many drugs, including indomethacin [118], doxorubicin
[119], ibuprofen [120], 5-fluorouracil [121] amongst several other drugs. Because MOFs are still
in their early developmental stage in this field, the method is widely used for its simplicity.

A closely related method is to simple mixing is solvent evaporation. This method differs from
simple mixing in that the adsorbent is usually sieved in the range of 250-350 um to nullify the
effect due to variation in particle size. The porous host is added to the drug solution, and the solvent

evaporated at ambient temperature [[121]].

1.8.3 Loading under high pressure
In this method, the drug-carrier mixture in the required ratio is put into the high-pressure adsorption

equipment for a period over 24 h after which the resultant mix is washed with water to remove the
unadsorbed drug (Scheme 1.7). Prior to mixing the carrier and the drug, activation, which in many
cases involves the thermal or pressure removal of solvent molecules is performed. This process
usually creates a capillary pressure at the liquid—vapor interface of the solvent (surface tension)
which subsequently forces the pores to collapse and an eventual collapse of the framework porosity
[121]. To overcome this challenge, a drying procedure that uses supercritical carbon dioxide
(scCOy)-assisted drying, and impregnation procedures may be an effective method for obtaining a
high load of drug in the pores of a porous material. In a modified procedure, Matsuyama et al.
[121] loaded ibuprofen into a MOF by mixing the carrier and the drug in a high-pressure cell, and
CO; was pumped into the high-pressure cell through a pre-heater at a pressure and temperature of
20 MPa and 333 K. After stirring on a magnetic stirrer for 6 h, the unincorporated drug was

removed at 80 °C.
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Scheme 1.7: Diagrammatic representation of the drug loading in porous material under high pressure [121]

1.8.4 Layer-by-layer adsorption
The technique is applied for drugs such as polypeptide and proteins, which have low thermal

stability and usually performed at room temperature. A layer-by-layer assembly of two oppositely
charged polyelectrolytes at solid surfaces is developed as alternating layers of these
polyelectrolytes on a charged substrate due to their electrostatic attraction and the complex
formation resulting in the defined macromolecular layer on the surfaces. The process usually
involves the successive deposition of the drug microcrystals on the porous material and covering
with polyelectrolyte multilayer walls [122]. While this method has been widely used for loading
drugs such as ibuprofen, indomethacin, dexamethasone [122], its application in MOF drug loading

appears not to have been reported in literature.

1.8.5 Vacuum process
This approach involves adding the adsorbent to a solution of the drug and evacuating the mixer for

an appropriate time. The drug carrier mixtures can then be allowed to stand for a while, and the

solid filtered out and dried [121].

1.9 Drug release mechanisms
Drug release from porous carriers can either be through desorption of the adsorbed entity or release

of an entity not adsorbed but rather chemically attached to the carrier through some modifications
process (Figure 1.27). Cucurbituril and calixarene-based controlled drug-delivery systems can be
designed in various forms, including inclusion complexes, amphiphilic self-assembled micelles,
hydrogels, vesicles and liposomes, and supramolecular nanovalves on mesoporous silica
nanomaterials [123]. Attention here is, however, on inclusion complexes of cucurbiturils,
calixarenes and those of their porous metal complexes. The action or release of the drug from the
pores could be triggered using different stimuli. In the following description of mechanisms,
examples will be drawn from calixarenes, cucurbiturils, and related MOFs, and non-calixarene

MOFs to illustrate work that has been published on the different mechanisms proposed. There is a
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plethora of release mechanisms, however just a few are presented here as may be relevant to proper

understanding of this study.

Figure 1.27: Host-guest complexation and decomplexation [123]

1.9.1 Solution equilibrium and drug release
For a given carrier-drug complex where the drug is adsorbed on the portal or cavity or a

combination of both, there will exist an equilibrium between the free drug in solution and the
encapsulated or adsorbed form. Any given condition may favor the free drug or adsorbed drug,
and this can be described using association (binding) constant, which indicates which of the two
states of the drug is favored. For an efficient carrier, it is expected that an adsorbed drug is
sufficiently protected, that is, a relatively high binding constant but however not too tightly bound
to make release difficult. Binding constants (1.1 to 1.8) x 10* M! have been reported for
doxorubicin interactions with Fe(Ill)-trimesate MOF nanoparticles with a drug-carrier
stoichiometry of 1:1 [124]. Similarly, a study of 1:1 complexation of nedaplatin, (an antineoplastic
drug), and p-4-sulfocalix[4]arene, (a macromolecule possessing a bipolar amphiphilic structure
with excellent biocompatibility and relatively low hemolytic toxicity) for potential use as a drug
delivery system was reported with a stability constant in the range 3.6 x 10*M™'and 2.1 x 10*M!
which corresponds to -6.2 and -5.9 kcal mol™!, respectively for the free energy of complexation
[125]. As a third example, a cancer drug delivery vehicle was prepared based on p-
sulphonatocalix[4]arene (SC[4]A) and dinuclear platinum compound by side-on binding of the
two parts. The 4,4’-dipyrazolylmethane ligand of the Pt complex was located within the s-CX[4]

cavity of the calixarene with binding further stabilized by ion—ion interactions and hydrogen
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bonding between the metal complex amine groups and the s-CX[4] sulfate groups. Release profile
studies revealed that the system releases dinuclear platinum complex upon in vivo administration
due to the high content of blood serum existing in the body [126]. A parallel type of release using
a large octahedral coordination cage based on Cos-p-tert-butylsulfonylcalix[4]arene (Co4-(SC4A-
SO2)) subunits and 4,4°,4”’-(benzene-1,3,5-triyl-tris(benzene4, 1 -diyl))tribenzoate (BBB) has been

observed by Du et al. [127] for the release of anti-inflammatory ibuprofen.

1.9.2 pH controlled release
The release of a drug from a porous carrier can be pH triggered if the cage is stabilized by the

influence of some electronegative portals [23]. Such portals present more effective electrostatic
guest binding but also easily release the guest upon acidification [128]. Under such circumstances,
the drug/cage complex is stable at a given pH; slight changes from this will lead to the desorption
of the drug. Site-specific illnesses such as cancer and tuberculosis are interesting candidates for
such kind of release triggers since affected cells usually have pH values that are different from the
normal physiological pH of 7 — 7.5, due to waste produced by the microbes [99]. A pH-dependent
drug/cage complex that is stable under such physiological conditions of pH will most likely
undergo some changes under pH condition of diseased cells that may lead to the desorption of the
drug. This is the basis of most drug delivery studies from porous materials in cancer and
tuberculosis therapy. Zhang et al. [129] showed proof of this concept using rationally designed pH
responsive MOF nanocarriers ZIF-8 for the simultaneous delivery of doxorubicin hydrochloride
DOX/verapamil hydrochloride VER, for multi-drug resistance MDR cancer therapy. The
polyethylene glycol folate PEG-FA showed high drug loadings (8.9% and 32% for DOX and VER,
respectively), good stability, biocompatibility as well as high cytotoxic activity toward B16F10
and multidrug-resistant MCF-7 (MCF-7/A) cells. After intravenous injection, accumulation of the
drug in cancer cells was observed. The authors demonstrated that during a 24h period at lower pH
(pH =5, the pH for endosome in tumor cell) the amount of drug released is higher [(27.37 + 0.92)
% of DOX and (76.48 £ 0.68) % of VER] compared to [(9.68 = 1.25) % of DOX and (18.18 +
0.74)% of VER] at higher physiological pH of 7.4. These findings are salient since they indicate
that the successful application of MOFs in the delivery of cancer therapy could lead to a reduction

in systemic toxicity common with conventional administration routes.
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Yang et al. [130]exploited a cationic porous drug carrier ZJU-101 synthesized by the solvothermal
method for the loading and delivery studies diclofenac sodium, an anionic drug. The drug delivery
in the inflamed tissues (pH=5.4) demonstrated a more effective release compared to that in the
healthy tissues (pH=7.4), indicating a physiological pH responsive drug release. This
discriminatory drug release process is controlled by anion exchange between anions in phosphate
buttered saline (PBS) and coordinated/free diclofenac anions. [131,132] also demonstrate the pH-
dependent release of paclitaxel (PTX) conjugated with folic acid and doxorubicin. The pH
responsiveness of cucurbiturils has also been demonstrated by Sindelar et al. [133] who
constructed a molecular switch that could be used to control the position of CB7 wheel on a
dicationic pseudorotaxane carboxylic acid axle by varying the pH of the system. They showed by
H-NMR spectroscopy that when the terminal carboxylic acid are deprotonated by raising the pH,
the CB7 moves from the edge of the axle to the center, over the dipyridinium rings. Reducing the
pH leads to a return of the CB7 to the ends of the axle containing the carboxylic acids. The increase
in release amount with decreasing pH once more demonstrate the role pH plays in release profiles.
Pennakalathil et al. [134] reported the synthesis of nanoparticles based on a conjugated oligomer
obtained by coupling divinylfluorene and dibromobenzothiodiazole monomers. The water stable
camptothecin carrying nanoparticle was further capped with CB7 to decrease cytotoxicity and

increase the stability.
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Scheme 1.8: Preparation of CB-capped drug-drug loaded nanoparticle and pH triggered release mechanism [134]

The camptothecin release study revealed a faster release at low pH (at 5.0) compared to
physiological pH (7.4) confirming the pH-responsive nature of the nanoparticles. On the other
hand, CB7-capped drug-loaded nanoparticles was equally found to regulate the release rate by

providing slower release at pH 7.4 than the nanoparticles in the absence of CB7s (Scheme 1.8).

1.9.3 Degradative release
Another approach to controlled drug release is by means of degradative release, a situation in

which the drug gets released as the carrier breaks down. Because porous materials especially
MOFs easily breakdown under acidic conditions as a result of the breakdown of the coordination
bonds by the acidic protons, this method is attractive for the delivery of a drug with MOFs in acidic
environments such as cancerous tissues [135]. In addition to the drug performing its function, the
porous carrier can be designed so that upon breakdown, biologically active species are generated.
In this regard, MOFs containing biologically active metals like calcium, iron, zinc can be
envisioned. Song et al. [135] used a Zn based MOF as a delivery vehicle for 5-FU using simulated
body fluids with different pH.
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Figure 1.28: Release of 5-FU at different pH [135]

While the drug release is pH-dependent and increases with increasing acidity (Figurel.28), the
authors also found that the breakdown of the MOF triggers this release. Another example of
breakdown prompted release has been reported by Cunha et al. [136], who studied the release of
caffeine using a series of different MOFs. Fast release (lasting up to 6 hrs) of caffeine from the
MOFs was attributed to the breakdown of the unstable MOFs in the release medium. In cases
where the MOFs were stable, drug release was found to proceed through slow diffusion through
the slightly amphiphilic 1D pores lasting up to 72 hrs. One other approach to degradative release
is using the drug molecule as a spacer or active metal nodes (Scheme 1.9). The advantage of this
approach lies in the fact that it could reduce toxicity concerns and the possibility of higher drug
content [137]. While permanent porosity is not a requirement, such MOFs could be particularly
useful in combination therapy. Serre et al. [138] demonstrated this approach by obtaining MOF
based on nicotinic acid (which has pellagra-curative, vasodilating, and antilipemic properties) and
Fe(III). Subsequent ibuprofen loading indicated that the amount thereof is less than the amount of
nicotinic acid present in the MOF structure. Release profiles indicated that both drugs are released

upon the gradual breakdown of the MOF.
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Scheme 1.9: Release profile of drug through degradation of the BioMOF [137]

1.9.4 Drug action without release
The possibility of functionalizing calixarenes offers the possibility of imparting biological

activities. This widens the scope of applications of these materials beyond acting as carrier
molecules or ligand for complexation. A wide array of biological applications ranging from protein
recognition, inhibition, and detection to antimicrobial, lectin binding and inhibition, DNA binding,
and cell transfection, antitumor activities is possible depending on the appended moieties. Noruzi
et al. [139] reported on the synthesis, characterization, and biological studies thiosemicarbazide-
functionalized calix[4]arene ligand with transition metal complexes. The complexes showed
significant antibacterial activities against E. coli bacteria and considerable in vitro anticancer
activity against Saos-2 bone cancer cell lines. The authors also found that the compounds show
high blood compatibility. Figure 1.29 shows some functionalized calixarenes; 5 was exploited as
ligand for the mutated p53 protein (p53-R337H) and Kv1.2 potassium channel which are
biologically two tetrameric proteins considered to be medically relevant. 6 shows a calixarene that
has appended sugar units which mimics the cholera toxin that attacks cells and thereby prevent
cells from damage [23]. Compound 7 is capable of disrupting VEGF binding to its receptor
selectively inhibiting VEGF-dependent signaling and suppressing angiogenesis and tumorigenesis
[21]. Compound 8 was evaluated against five tested methicillin-resistant strains of Staphylococcus
aureus (MRSA)] and a considerable increase in antibacterial activity in three of five strains with

respect to the starting material was observed [140].
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Figure 1.29: Some biologically active functionalized calixarenes

1.9.5 Diffusion
Diffusion has also been proposed as one of the mechanisms by which a drug is released from

carriers. Drug release through diffusion is usually prompted by a concentration gradient. Ibuprofen
release from a Cos- p-tert-butylsulfonylcalix[4]arene subunits and 4,4’,4’’-(benzene-1,3,5-triyl-
tris(benzene- 4,1-diyl))tribenzoate coordination cage has been studied under pH. The ibuprofen
molecules diffuse into the calixarenes cavities, and internal voids of the coordination cage and the
subsequent two-step release is due to slow diffusion through the cage apertures [127]. A similar
two-step slow diffusion release mechanism has been observed for the release of mercaptopurine
from a fluorescent zinc-calixarene-based dimeric capsule. As in the case of ibuprofen release
above, slow-release here is due to the slow diffusion rate of mercaptopurine from the windows of
the cavities owing to the strong interaction of S-r and the n-m interactions between mercaptopurine

and the aromatic skeleton [141] .
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1.10 Objectives
Site-specific diseases such as cancer and tuberculosis have remained a significant health concern

not necessarily because of lack of chemotherapeutic agents but mainly because of issues related to
bioavailability, dosage, and systemic circulation. It is on this premise that drug delivery to such
sites becomes essential and has attracted enormous research attention.

The design and fabrication of carrier systems capable of delivering drugs precisely to such sites
and in a controlled manner is particularly impressive. Macrocyclic compounds such as calixarene,
cyclodextrins cucurbiturils, among others, have shown proof of the ability to form supramolecular
host guest complexes which can be used to deliver cargoes in a controlled manner. Scientists have
thus built on the potential of MOFs to explore the applications of MOFs built from such
macrocycles for drug delivery. Whereas strictly organic materials are generally characterized by
relatively good biocompatibility, appreciable loading capacities, and lack of proper control
delivery profile, inorganic materials, on the other hand, are characterized by reduced loading
capacity, poor compatibility, and better release control profiles. MOFs take advantage of their
organic and inorganic components, drawing the advantages of both that they present as good
candidates for DDSs. We hypothesize that a MOF constructed from calixarene or cucurbituril will
possess two types of pores: one set arising from the calixarenes and the other from the MOF
structures. While the pores of both classes of macrocyclic compounds are hydrophobic, the MOF
pores are hydrophilic and should, in principle, be able to load hydrophobic and charged drug into
the calixarene or cucurbituril and MOF pores respectively. Drawing on these properties, the main
aim of this work is to synthesize and characterize calixarenes from aromatic aldehydes and
cucurbiturils and their MOFs. The host-guest chemistry of the synthesized compounds shall be

investigated using selected laboratory solvents and drug molecules (isoniazid and ciprofloxacin).

1.11 Specific Objectives
1) Synthesize and characterize a range of cucurbiturils, resorcin[4]arenes and pyrogallol[4]

arenes

2) Synthesize and characterize MOFs based on the ligands in (1).

3) Evaluate the host-guest complexes of the ligands in (1) and their MOFs based on selected
laboratory solvents and drug molecules including isoniazid, and ciprofloxacin.

4) Evaluate as a proof of concept the release profiles of the drugs from the different carriers.
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2 CHAPTER TWO
This chapter presents an instrumentation and an overview of the experimental approaches used in
this work. General synthetic procedures, starting materials, solvents, operating principles of
instruments and implications of the obtained results in the understanding of structure and function
of the synthesized compounds are presented.
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2.1 Experimental section
This chapter outlines a general overview of synthetic approaches used in this work. Background

of the instrumentation and nature of results obtained from the various techniques employed are

also examined although not in details.

2.2 Materials
All chemicals were purchased from Sigma Aldrich or Merck and used without any further

purification. The following organic chemicals were used as precursors for the synthesis of the
calix[4]arene and pyrogallol[4]arene ligands; resorcinol, pyrogallol, 3,4-dihydroxybenzaldehyde,
p-chlorobenzaldehyde. The following were used for the synthesis of the cucurbiturils; urea,

glyoxal solution and formaldehyde.

The following metal salts were used in the synthesis of metal complexes, manganese (II) chloride,
iron(Il) chloride, cobalt(Il) chloride, nickel(II) chloride, copper(Il) chloride and zinc(II) chloride,
manganese(Il) acetate cobalt(Il) acetate, nickel(Il) acetate and zinc(Il). In the synthesis of
cucurbituril metal complexes we used the following bridging dicarboxylic acids: oxalic, malonic,

succinic and glutaric acid.

The solvents used in this work include dimethyl formamide (DMF), dimethyl sulfoxide (DMSO),
Millipore water dispensed by MilliQ systems, ethanol, methanol, acetonitrile, hydrochloric and

sulfuric acid.

2.3 General synthetic procedures
All compounds synthesized in this research were obtained via solvothermal or slow evaporation

techniques following reports from literatures. In the synthesis of the ligands, resorcinol or
pyrogallol was dissolved in ethanol or methanol of mixture of both and hydrochloric acid added.
The mixture was stirred for a few minutes and the desired aldehyde added and then refluxed at
between 70-90 °C for up to 36 hours. The precipitated product was filtered, and the solvent left for

eventual crystal growth.

In the typical synthesis of a cucurbituril, glycoluril was first synthesized by reacting glyoxal with

urea in the ratio 1:2 respectively in water HCl mixture. The obtained white powder was then
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reacted with the formaldehyde in the ratio 1:2 in concentrated acid at temperatures greater than
120 °C for 36 hours. After cooling, the resultant powder was filtered and washed with either

methanol-water mixture of ethanol water mixture then dried at 50 °C in an oven.

The MOFs were synthesized by either solvothermal or slow evaporation methods using various
systems of solvents and modifications were made where necessary. Detailed synthetic procedures

are discussed in the relevant chapters.

Drug loading experiment were mainly carried out mainly through mechanochemistry, solution
chemistry and/or one-pot synthetic approach. The obtained host-guest complexes were then

analyzed to determine any interaction and as well the amount of drug contained in the host.

To determine if a drug was released from complex system, the complex was suspended in Millipore

water and filtered at given times and the filtrate used for bioassay.

2.4 X-Ray diffraction

2.4.1 Powder X-ray diffraction (PXRD)
PXRD was used both as a characterization technique and for the determination of structural

changes and/or determination of guest sample. This technique is used determine if a material is
crystalline, phases, sample purity, crystallite size, and, in some cases, morphology. This technique
also draws on the fact that when X-rays interact with materials, they produce a diffraction pattern
that is a fingerprint of that material [142,143]. Data collection was carried out by Dr J Britton
(Rhodes University) using a Bruker D8 Discover diffractometer equipped with LynxEye detector
under a Cu-Ka radiation with 1 = 1.5405 A. The samples were ground and loaded unto the sample
holder and the data collected in the 20 range 10-80° at 0.010° per minute. Specific details are

presented in the relevant chapters.

2.4.2 Single crystal X-ray diffraction
In cases where crystals were obtained, these were collected and sent for single crystal diffraction.

Since most porous materials may collapse once the solvent is removed through drying, the crystals
were allowed in the mother liquor and sent as such for analysis. The data collection was carried
out by Dr E Hosten (Nelson Mandela University), Dr V Smith (Rhodes University) at Stellenbosch
University. Structure solution and refinement was done by the Dr V Smith and Dr E Hosten using

SAINT and/ X-Seed. Non-hydrogen atoms were refined with anisotropic thermal parameters and
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the hydrogen atoms were introduced to positions which were calculated. Hydrogen atoms of
hydroxyl groups were allowed to rotate around the C-O bond until the best fit was obtained.

Relevant crystallographic data is presented in the appropriate chapters.

2.5 Elemental Analysis
Carbon, hydrogen, and nitrogen analysis was carried out by Mr. Francis Chinedeka (Rhodes

University) on an Elementar Vario Micro cube possessing a thermal conductivity detector (TCD),
with temperatures of 1150 °C in the combustion tube and 850 °C in the reduction tube. The
technique works on the principle that by subjecting compounds to high temperatures in the
presence of oxygen they decompose to form respective oxides of carbon, hydrogen and nitrogen

that can be quantified, and data used to determine empirical formular [144].

Metal content was determined using atomic absorption spectroscopy. For this technique, a
calibration curve was obtained using the calibration standard and the metal complexes were
digested in in concentrated sulfuric acid and diluted to the to 25 mL using water and then analyzed
[145,146]. By combining the carbon, hydrogen and nitrogen elemental analysis and the flame
atomic absorption spectroscopy data, it is possible to determine the empirical and molecular

formular of the metal complexes.

2.6 Thermal analysis
Thermal analytical techniques including TGA and DSC are routinely used in studying thermal

behavior such as structural changes and decomposition profiles of compounds [147]. This
technique involves subjecting a sample to increasing temperature at a given rate or maintaining at
a given temperature under nitrogen or helium as an inert atmosphere since most samples can
undergo oxidative or reductive processes under non-inert conditions [148]. Different parameters

are then measured to give information about the structure and composition of the compound.

2.6.1 Thermogravimetric analysis (TGA)
TGA technique involves following the mass of a sample as it is being heated under controlled

atmosphere and at a given rate [147,148]. By analyzing the mass loss, both qualitative and
quantitative information about the thermal behavior of the sample can be obtained [148]. For this
research use was made of a top loader PerkinElmer TGA 4000 equipped with a PerkinElmer TGA-

FTIR interface, TL 8000, for evolved gas analysis. The apparatus requires mass of sample to be in
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the range 2.5-5 mg and temperatures ranging from ambient up to 900°C can be attained. From the
decomposition profile of a sample, the mass losses could be quantified. In some cases, the evolved

gases were analyzed with the FTIR for further elucidation of the compound.

2.6.2 Differential Scanning Calorimetry (DSC)
Unlike the TGA which monitors mass changes as a function of temperature, the DSC monitors

energy changes as a function of temperature. These energy changes enables the characterization
of the material through measurement and determination of transitions (such as glass transitions
and melting) that occur in a sample, at what temperature they occur [147,148]. This research made
use of the Perkin Elmer DSC 6000 which can measure temperatures from ambient up to 445 °C.
This technique measures the heat absorbed by the sample contained in an aluminum pan and
compares with a similar empty pan as a reference. Data from the DSC allows for the identification

of phase changes, solvent and/or guest evolution, melting as well as decomposition.

2.7 Fourier transform infrared spectroscopy (FTIR)
FTIR is a fast and easy and non-destructive technique for analysis of compounds especially with

those containing known functional groups. Because interaction between host and guest often lead
to shifts in vibrational wavelength of the interacting sites, this technique was routinely used to
characterize host guest complexes [149]. Additionally, coordination of metal ions to ligands also
results to shifts in bands in the ligand which also justifies the use of this technique in
characterization. FTIR was therefore used as a first tool to check if a reaction had taken place be
it for the ligand or metal complex synthesis. In the case of ligand synthesis, the IR spectra was
usually compared with results from literature and the starting material to ascertain if any reaction
had taken place. In cases where a reaction had occurred, further characterization was carried out
to further ascertain the formation of a new entity. For this work we used a PerkinElmer Spectrum
100 FT-IR spectrometer to scan samples between 4000-600 cm™ and a PerkinElmer Spectrum 400
FT-IR/FT-FIR spectrometer to scan in the range 700-200 cm™ to check metal ligand bond
formation. In the case of FIR, the samples were prepared by grinding in a mortar and mixing with
liquid paraffin after which it was evenly spread between KBr discs and the IR recorded. Further

details of the Technique are presented in the relevant chapters.
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2.8 Nuclear magnetic resonance spectroscopy (NMR)
NMR is also another non-destructive information rich analytical technique which can give

information about molecular structure as well as dynamic processes occurring within a sample
[150]. It can both be used qualitatively and quantitatively for analysis of samples even at very low
concentrations [151]. It is generally used to determine the environment around given atoms usually
hydrogen, carbon, fluorine, nitrogen, and phosphorus although it is also possible to use several
other elements. Both 1D and 2D NMR were extensively used to characterize the ligands and the
synthesized host-guest complexes using deuterated solvent viz; methanol, acetone, DMSO, and
deuterium oxide. Additionally, NMR titrations were also used to determine stoichiometry of the
obtained host-guest complexes. NMR data for this study was done using Bruker NMR 400 and
600 for the analysis. In the presentation of NMR spectra data, ‘d’ is used to indicate a doublet, ‘s’

is used for a singlet and ‘t’ for a triplet. The specific details of the experiment are discussed in the

concerned chapters.

2.9 Ultraviolet (UV) spectroscopy
In this work, UV spectroscopy has been used mainly to analyze host-guest interactions and the

presence of characteristic band of guest released from the host in solution. The technique works
on the principle that specific compounds will absorb energy at a given wavelength. By using the
Beer-Lambert’s law it is possible to determine quantitively the amount of sample present in

solution. Perkin Elmer Lambda 25 UV/VIS Spectrometer was used for this study.
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3 CHAPTER THREE
This chapter presents the synthesis of tetra-(p-chlorobenzyl)resorcin[4]arene and tetra-(p-
chlorobenzyl)pyrogallol[4]arene and their interactions with vapors of methanol, water and DMSO.
The ensuing structural changes resulting from the interaction of these compounds with guest have
also been investigated.
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3.1 Synthesis of tetra-(p-chlorophenyl)resorcin|[4]arene and tetra-(p-chlorophenyl)

pyrogallol[4]arene, host-guest complexes and vapor-phase induced structural
changes.
The two compounds described here were synthesized following a literature report[152] with slight

modifications and characterized using NMR, FTIR, DSC, and single crystal XRD. These
compounds were then used as host to selectively adsorb DMSO from a mixture of solvents. The
subsequent structural changes undergone by these compounds after the interactions were also

investigated.

3.2 Synthesis of tetra-(p-chlorophenyl)resorcin[4]arene (BN22)
A mixture of resorcinol (1.00 g, 9 mmol), p-chlorobenzaldehyde (1.27 g, 9 mmol) and about 5 mL

of dilute HCI (50 %) was refluxed at 70 — 80 °C in 50 mL of ethanol for 36 hours. The precipitate
formed was filtered out and washed three times with 5 mL of ethanol and the filtrate left for
eventual crystal growth. After drying the precipitate in an oven at 50 °C for 36 hours, the obtained
pale-yellow powder weighed 0.97 g, 46 % yield (based on p-chlorobenzaldehyde). Upon exposure
to air the appearance of the tetra-(p-chlorophenyl)resorcin[4]arene powder turned from pale yellow
to russet. Pale yellow crystals suitable for single crystal analysis were obtained by recrystallization
from either DMF, DMSO or methanol by means of slow evaporation. Crystals were also obtained
by slow evaporation of the filtrate from the synthesis.

To investigate if the solvent used has any effect on the conformation of the obtained product,
resorcinol (1.00 g, 9 mmol), p-chlorobenzaldehyde (1.27 g, 9 mmol) and about 5 mL of HCI was
refluxed at 70 — 80 °C in 50 mL of using methanol for 36 hours (Scheme 3.1). After heating under
reflux for 36 hours under same conditions as with ethanol, a cream precipitate was obtained. The
precipitate was filtered and washed 3 times with 5 mL of methanol then dried. After exposure to
air and light, the color of the powder changed color from cream to grey.

The compounds are hereafter referred to as BN22M for the compound synthesized in methanol
and BN22E for the compound synthesized in ethanol. In cases where a characterization technique
gave results with insignificant differences for BN22M and BN22E, no distinction is made between

BN22E and BN22M and the compound is simply referred to as BN22.
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3.3 Synthesis of tetra-(p-chlorophenyl)pyrogallol[4]arene (p-CIBP)
A mixture of pyrogallol (1.00 g, 7.9 mmol), p-chlorobenzaldehyde (1.21 g, 7.9 mmol) and about

5 mL of dilute HCI was refluxed at 70 — 90 °C in 50 mL of ethanol for 36 hours. The precipitate
formed was filtered, washed three times with 5 mL ethanol and the filtrate left for crystal growth.
After drying in an oven at 50 °C for 24 hours, the obtained cream powder weighed 0.85 g, 43.4 %
yield. This compound did not show any color change upon exposure to moisture or light suggesting
that it is stable to stable to moisture and light. Crystals suitable for single crystals were obtained

by recrystallization from either DMF, or DMSO through slow evaporation.

To investigate if the solvent used has any effect on the conformation of the obtained product, a
mixture of pyrogallol (1.00 g, 7.9 mmol), p-chlorobenzaldehyde (1.21 g, 7.9 mmol) and about 5
mL of HCl was refluxed at 70 — 90 °C in 50 mL of methanol for 36 hours (Scheme 3.1). The
precipitate formed gave a cream powder upon drying. This powder is also relatively air and light
stable as the case of ethanol. The compounds are hereafter referred to as p-CIBPE and p-CIBPM
for the samples obtained using ethanol and methanol respectively. In cases where a
characterization technique gave same result for both p-CIBPM and p-CIBPE, the compound is
simply referred to as p-CIBP.

Scheme 3.1: Synthetic scheme for tetra-(p-chlorobenzyl)resorcin[4]arene (BN22) and tetra-(p-chlorobenzyl)
pyrogallol[4]arene (p-CIBP)
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3.4 Results and discussions
The obtained powders were characterized using FTIR, NMR, DSC, and single crystal XRD. The

FTIR spectra of the obtained compounds depicted in Figure 3.1 compare quite well with other
calixarenes that have been reported in literature especially in the finger print region where
calixarenes are reported to look quite similar[16,17]. The vOH band both BN22 and pCIBP both
appear 3100-3400 as expected for calixarenes [16]. The vOH stretch for BN22 is broader than the
pyrogallol counterpart p-CIBP indicating that the strength of intermolecular hydrogen bonding in
BN22 is greater than in p-CIBP. The O-H in-plane bending occurs between 1400-1300 cm™ for
both compounds and broader for BN22 due to the strong hydrogen bonding. In fact, the O-H in-
plane bending vibration appears at 1323 cm™! whereas for p-CIBP the same vibration occurs at
1368 cm™. The C-Cl vibrational band occurs at 718 cm™ and 707 cm™ for BN22 and p-CIBP
respectively. The FTIR spectra of the BN22M and BN22E showed minimal differences just like
that of p-CIBPM and p-CIBPE. This suggests, and was later confirmed by other analyses, that the
only difference between the compounds is that they can adopt different conformations. It is likely
that rapid conformational interconversion and hence averaging effect is account for the similarity
in the spectra. In conformity with literature reports [16,17], the FTIR spectra of the resorcinarene

and pyrogallolarene share significant similarities between 1000 cm™ and 1300 cm™.
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Figure 3.1: FTIR spectra of (top) BN22E (bottom) p-CIBP

From the NMR spectra of BN22M and E shown in Figure 3.2 and Figure 3.3 it is apparent that
the samples are reasonably pure irrespective of the solvent used and despite the low yields. The H-
NMR spectra for BN22E@DMSO-ds shows signals at 5,34 ppm (s, 2H), 5,49 ppm (s, 4H), 6,15 ppm (s,
2H), 6,23 ppm (s, 2H), 6,34 ppm (s, 2H), 6,57 ppm (d, 8H), 6,97 ppm (d, 8H), 8,74 ppm (s, 4H) and 8,83
ppm (s, 4H). On the other hand, BN22M@acetone-ds shows signals at 5.67 ppm (s, 4H), 6.03 ppm (s, 4H),
6.18 ppm (s, 4H), 6.66 ppm (d, 8H) and 6.96 ppm (d, 8H). The H-NMR spectrum of BN22M @DMSO-ds
shows signals at 5.62 ppm (s, 4H), 6.19 ppm (broad, 3H), 6.39 ppm (broad, 3H), 6.63 ppm (d, 8H), 7.05
ppm (d, 8H) and 8.73 ppm (s,8H) while the *C-NMR spectrum of BN22E@DMSO-dg shows a total of ten
signals. The spectrum of BN22M@DMSO-ds shows a total of eight signals. In the *C-NMR spectrum of
BN22E, there are two pairs of signals at 120.75 ppm, 120.82 ppm and 153.20 ppm and 153.35 ppm which
in the case of BN22M give rise to a single signal each at 120.60 ppm and 153.38 ppm respectively. Despite
these differences (in chemical shifts), the rest of the signals in BN22E can be matched with those in BN22M.
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Figure 3.2: HNMR of (top) BN22M and (bottom) BN22E

Figure 3.3: *C-NMR spectra of (top) BN22M and (bottom) BN22E [the NMR was performed in a sumber of
solvent to check solvent effects. The H-NMR of BN22E is performed in DMSO- ds while that for
BN22M is performed in acetone- dg. The '*C-NMR was performed in DMSO-ds]

At first glance the H-NMR for all compounds are not very clear especially for the samples where
ethanol was used as solvent. Even in the absence of impurities that would complicate the
elucidation. The disparities in NMR signals for the BN22M&E samples when obtained in different

solvents, indicates that the solvents, used in synthesis influences the obtained conformation. This
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is evident from the differences in number of signals and chemical shifts of the resorcinol protons
when the solvent of synthesis is changed from ethanol to methanol. In the H-NMR of the
BN22M@DMSO-ds, the OH proton signal appears as a single peak whereas in the H-NMR of
BN22E@DMSO-ds, the OH signal appears as two peaks. This suggest that in BN22M, the OH
protons are in the same chemical environment whereas in BN22E, the OH groups are found in
different chemical environment. The OH proton signal is however not observed

inBN22M@acetone-ds.

The signals at 8.74 and 8.83 ppm in BN22E@DMSO-d¢ are ascribed to the OH protons. The
corresponding signal in BN22M@DMSO-ds appears as a singlet at 8.73 ppm. The p-chlorobenzyl
rings protons appear as doublets while the methine proton appears as a singlet near 5 ppm. In
BN22E@DMSO-ds, the resorcinol protons appear as four singlet signals whereas in
BN22M@acetone-de they appear as two signals. This suggest that obtaining the compound from
different solvent can yield different conformations. The differences observed between
BN22M@acetone-ds and BN22M@DMSO-ds, suggest that in solution, there is also significant
solvent interaction with the compound which result to structural transformations if they are
obtained using aromatic aldehydes. When using aromatic aldehydes and ethanol as solvent,

conformers that deviate from the “cone configuration” [16,17] are obtained.

The single crystal structure of BN22E shown in Figure 3.4 was essential to understanding the H-
NMR of the compound. This data indicates that the resorcinol rings adopt a 1,3-alternate-like
configuration, (with one set of opposite rings lying flat on the equatorial position and the other
vertically oriented). The chlorine bearing benzene rings are on the other side of the molecule with
one ring being disordered. Corresponding resorcinolic protons on adjacent rings are therefore in
different environments while those on opposite rings are in same chemical environment and thus
a splitting of the signals occurs. The methine protons and the p-chlorobenzyl proton signals are in
the same environment and do not experience any splitting. Comparing the H-NMR spectrum of
BN22E@DMSO-ds with that of BN22M@acetone-ds (see Figure 3.2), it is observed that no
splitting of the methine protons occurs as with BN22E@DMSO-ds. The H-NMR of
BN22M@acetone-ds is in fact two singlet less compared to BN22E. The integration of the signals

indicates that all singlets signals have the same number of protons. This suggests that
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corresponding resorcinolic protons are in the same chemical environment in BN22M. This
observation indicates that the conformation of the compound with respect to the resorcinol rings
is u,u,u,u. Furthermore, unlike the BN22E case where the OH protons are clearly visible, the OH
protons are not visible in the case of BN22M@acetone-ds as in DMSO-d¢. With the resorcinolic
rings all pointing in the same direction, there is a ring of intramolecular hydrogen bonding that
forms across the eight OH groups which distorts the electron cloud around the OH protons thus

making it signals broaden and not detectable in the H-NMR spectrum.

Figure 3.4: BN22E crystal structure grown in DMSO showing the orientation of the rings

The H-NMR data of the single crystals obtained from the filtrate (see Appendix C4) of BN22M
reveal that the conformation of the crystals is same as that of BN22E. This suggests that

synthesizing in methanol yields a mixture of two conformations with the cone conformation
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obtained as powder and the 1,3-alternate remaining in solution and crystallizing out upon slow

evaporation of the solvent.

Comparing the >*C-NMR spectrum of the BN22E@DMSO-ds and BN22M@DMSO-ds (Figure
3.3; page 61), we find that BN22M has two signals less than BN22E. The signals in BN22M
appear shifted compared to those of BN22E. The signals at 120.75 ppm and 120.83 ppm in BN22E,
combine to give a signal at 120.36 ppm in BN22M while the signals at 153.20 ppm and 153.35
ppm in BN22E combine to give a signal at 153.39 ppm in BN22M. A closer look indicates that
only the signals due to the carbon atoms and protons on the resorcinol ring and the methine show
considerable changes. The signals arising from the chlorine bearing rings (whether carbon or
proton) do not show significant change in chemical shifts. This indicates that in both BN22E and

BN22M, the environment of the chlorine bearing rings remains practically unchanged.

To further investigate solvent interaction involving BN22M, the H-NMR spectroscopy of the
sample was carried out in different deuterated solvents and the result is shown in Figure 3.5. The
H-NMR spectra of sample in deuterated methanol, acetone, tetrahydrofuran, and acetonitrile
appear very similar suggesting that the nature of the interaction of the sample with the solvent is
similar for these solvents. The H-NMR spectra of the sample in DMSO has been discussed above.
In the case of pyridine however, it is observed that the spectrum is markedly different for the
others. The remarkable difference observed between the H-NMR spectrum of the compound in
pyridine and in the other solvents likely arises from the fact pyridine deprotonates the compound

thereby distorting the electronic environment around the compound.
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Figure 3.5: H-NMR spectra of BN22M in different solvents

DSC analysis (details will be discussed in the section 3.8 pg 78) of the BN22E powder represented
in Figure 3.16 (page 79) shows an exothermic event at 251 °C and an endothermic event at 407
°C 1n addition to the solvent ascribed event occurring between 50 and 80 °C. While the peak at 407
°C is associated with melting, TGA thermogram showed no mass loss at 251 °C, suggesting that
the DSC peak at this temperature is due to a structural change. The narrowness of the melting peak
in the DSC suggests that the compound is obtained in appreciably high purity. BN22M also shows
an exothermic structure change at 247 °C before subsequently melting at 425 °C compared to than
BN22E which melts at 407 °C.

The H-NMR spectrum of p-CIBPE@DMSO-d¢ represented in in Figure 3.6a(i) show signals at
4.98 ppm (s, 2H), 5.65 ppm (s, 4H), 5.91 ppm (s,2H), 6.61 ppm (d, 8H), 6.98 ppm (d, 8H), 7.68
ppm (s, 4H), 7,76 ppm (s, 4H), 7.81 ppm (s, 2H), and 7.98 ppm (s, 2H). The H-NMR spectra of p-
CIBPM@DMSO-ds (Figure 3.6 a(ii)) shows similar signals and splitting. The four signals at
between 7.68 ppm to 7.98 ppm are assigned to the OH protons based on their integration and the
fact that they disappear on addition of few drops of deuterium oxide. The assignment of the pair

of doublets was unambiguous while the singlet at 5.65 ppm was assigned to the methine proton
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labelled “a”. The lone pyrogallol aromatic proton gives rise to two signals at 4.98 ppm and 5.91
ppm due to adjacent pyrogallol rings having different orientation. The integration and later single
crystal data for the compound was used to confirm this assertion. The '*C-NMR spectra of p-
CIBPE@DMSO-d¢ (Figure 3.6b) gives the same results as that of p-CIBPM@DMSO-d¢. The
signal at around 42 ppm is assigned to the methine carbon while the aromatic protons are clearly

seen between 120 -150 ppm. The splitting pattern observed in these compounds is similar to reports
by Gutsche [153] and Hogberg [154].

Figure 3.6: (a): H-NMR spectra of a(i) p-CIBPE@DMSO0-d6 and a(ii) pCIBPM@DMSO0-d6 (b) *C-NMR spectra
of p-CIBPE
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Pale yellow hexagonal block single crystals of BN22E suitable for analysis were grown by slow
evaporation from concentrated solution of DMSO. The compound crystallizes in the space groups
P-1 with eight molecules of DMSO (Figure 3.4 see page 63) in the unit cell. Two of the DMSO
molecules and one of the chlorine bearing rings are disordered between two positions. The
resorcinol backbone rings adopt a 1,3-alternate-like configuration (with a pair of opposite
resorcinol rings lying flat in the equatorial position and the other pair vertically oriented) while the

chlorine bearing rings are on the other side of the molecule.

Table 3.1: Selected crystallographic data and bond lengths (A) and angles (°) for BN22 and p-CIBP
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The hydroxyl groups on the resorcinol rings each connect to a DMSO molecule through a single
hydrogen bond as depicted in Figure 3.4 (page 63). The four chlorine atoms in the molecule do
not take part in hydrogen bonding. The overall supramolecular assembly when viewed along the
a-axis portrays rectangular channels (Figure 3.7d) along which the eight DMSO molecules are
located. The packing diagram of BN22E reveals that the DMSO molecules are not found inside
the cavity of the compound but rather along channels formed by the supramolecular assembly

(Figure 3.7d).

Light-orange single crystals of p-CIBP suitable for single crystal analysis were obtained from
DMF. Like the BN22E, the compound crystallizes in the space group P-/ with each tetra-(p-
chlorophenyl)pyrogallol[4]arene molecule connected to a DMF molecules via hydrogen bonding.
Each unit cell contains two molecules of p-CIBP and two molecules of DMF. As in the case with
BN22E, the chlorine atoms do not take part in hydrogen bonding. The space filling packing
diagram of the compound (probe radius of 1.2 A and grid spacing of 0.7 A) reveals a porous 3D
channel system (Figure 3.70 and c) with an accessible volume of 12.6 % of the unit cell volume
derived using the mercury CCDC software. The overall supramolecular assembly presents a
layered structure in which the DMF molecules occupy the interlayer channels when viewed down

the a axis (Figure 3.7C and d).

Unlike in BN22E where all the OH groups take part in hydrogen binding, in p-CIBPE, only one of
the OH groups are involved in hydrogen bonding. This observation confirms the deductions from

the FTIR spectra with regards to hydrogen bonding.
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Figure 3.7: (a) Packing of p-CIBP along a-axis (b) Space filling model of p-CIBP showing the solvent (green) and unoccupied channels white (c) packing of
p-CIBP showing 3D (Mercury derived [155]) available channels along a-axis (d) packing of BN22 showing the solvent molecules (green) down a
axis [additional images of the pore system of p-CIBP are shown in appendix H]
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3.5 Vapor sorption studies and host-guest complexes
The ability of any compound to selectively adsorb certain organic compounds, be it in the vapor

or liquid state, is of paramount importance to the industry since many industrial processes require
the separation and recovery of some organic components from mixtures and solutions. In this
regard, there have been reports of calixarene films for separation and recovery of various organic
and inorganic species [156]. The porous nature and n-electron rich cavity of calixarenes provide
the basis of interactions with the host and consequent sorption properties.

For the vapor sorption studies reported in this work, the capacity of the desolvated powders to
adsorb solvent vapors when suspended above a solution was investigated. For this study, only the
ethanol obtained samples were used. Figure 3.8 shows a cartoon diagram of the experimental setup
for the solvent studies. Two separate systems were investigated; a mixture of two high boiling
liquids DMSO and H>O and a mixture of a high boiling liquid and a low boiling liquids DMSO
and MeOH were investigated. While separation of the latter is expected to be considerably easy
by means of fractional distillation, the former, despite the significant difference in boiling points

of the components is energy-intensive, necessitating other separation alternatives.

Figure 3.8: Cartoon representation of the experimental setup for solvent sorption studies

Prior to the sorption studies, the host powders were heated to and maintained for ten minutes at
200 °C for complete desolvation and thereafter suspended over the vapor of the liquid mixtures in
a sealed vial for 72 hours. Ten millilitres of the liquid mixtures were typically used and prepared
by mixing the respective liquids in the following ratios 0:10, 1:9, ...... , 9:1, 10:0. After the
incubation period, the samples were analyzed by means of FTIR, H-NMR, TGA-IR, DSC, and
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PXRD. In cases involving methanol as guest, the analysis was run as soon as the sample was

removed from the vial to minimize any potential loss of methanol.

3.6 Results and discussions for sorption studies involving BN22E
For this section, presentation of and discussion of results will focus on the solution systems DMSO

10:0, DMSO/MeOH 5:5, DMSO/MeOH 0:10, DMSO/H»0 5:5, and DMSO/H>0 0:10. The other
results not included here are indicated in the appendix D and E.

The FTIR spectra of the samples in both the methanol/DMSO and water/DMSO systems as shown
in Figure 3.9, reveal a shift of the vOH band of BN22E from 3500 cm™! to about 3100 cm™! which
does not occur in the case compound exposed to pure water. This red shift to lower frequency
indicates a stretching of the OH bond of BN22E due to an increase in H-bond strength because of
the adsorption of the DMSO. The §C-O-H in-plane vibrational band at 1267 cm™' in the desolvated
sample also shifts to lower frequency confirming an increase in strength of hydrogen bonding in
the host-guest complexes [149]. The characteristic band of the DMSO is indicated with the orange
band in Figure 3.9.

When the sample is exposed to absolute methanol, the vOH stretch shows very slightly to lower
frequency but also broadens. This suggests the formation of hydrogen bonds as well between the
calixarene and the methanol guest. The in-plane OH bending vibrational band (6C-O-H) also
witnesses a shift to lower frequency confirming the strengthening of the hydrogen bonds.
However, when the position of the OH band in the DMSO/MeOH system is compared for different
solvent mixtures, it is observed that the change in wave number is greater when DMSO is adsorbed
than methanol indicating that stronger interactions are formed between the host and DMSO than
with methanol as guest.

In the case of DMSO/H2O system, the FTIR spectra for all samples (except for absolute water)
show a similar pattern. The presence of adsorbed DMSO is indicated by the very intense
characteristic band near 1000 cm™! (shaded in green) [149,157]. The vOH band in the case of the
DMSO/MeOH shifts to lower wave number indicating the strengthening of the hydrogen bonds.
When exposed to absolute water, the FTIR spectra of the sample shows no difference compared

to the dehydrated sample suggesting that water is not adsorbed by the desolvated BN22E.

71



Figure 3.9: Infrared spectra of the samples of BN22E obtained from different vapor systems

Thermal analysis of the desolvated and resolvated samples was also used to ascertain and quantify
the amount of adsorbed guest. Data from both DSC and TGA shown in Figure 3.10 indicate the
release of adsorbed DMSO occurs in a series of steps and is dependent on the amount of DMSO
in solution mixture. The intermolecular interactions of the DMSO with the host is strong such that
temperatures exceeding 200 °C is required to completely remove all DMSO guest molecules.
These strong interactions explain why DMSO is adsorbed at the expense of either water or

methanol even though both water and methanol are capable of also forming hydrogen bonds.
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Figure 3.10: DSC and TGA graphs of the powders suspended over different solvents systems [the DSC curves are
indicated in red]

Looking at the DSC data of both DMSO/MeOH and DMSO/H>O systems, (Figure 3.10), when
the calixarene is suspended over pure DMSO, the evolution of surface bound DMSO guest
molecules occurs at about 60 °C. However, for the mixed solvent systems (see Appendix E2 and
E3), no thermal events are observed in the regions near 60 °C suggesting that surface adsorption
of neither DMSO, water or methanol occurs. This supports the suggestion that competing guest
vapors reduces DMSO sorption. In absolute methanol or water, however, there is some surface
adsorption although the interaction is very weak, such that they are easily evolved at temperatures
from 40-60 °C. The presence of an endothermic peak at 138 °C (when the sample is exposed to
absolute water) is assigned to a structural change as there is no corresponding observed mass loss
at this temperature on the TGA thermogram. This supports evidence form the PXRD studies. In
the presence of absolute methanol, the host compound undergoes an exothermic structural change
at 262 °C. These changes are confirmed by the absence of mass loss on the TGA curves at the

respective temperatures for which peaks were observed in the DSC.

73



Figure 3.11: Section of the HNMR spectra of samples obtained from (top) methanol/DMSO and (bottom)
water/DMSO system [the other section of the spectra is discussed in the section regarding structural
changes]

Proton NMR spectroscopy was also used to characterize the host-guest complexes. Figure 3.11
shows part of the spectra from 1 to 5 ppm, the aromatic region of the spectra is discussed in the
section on structural changes (section 3.8 pp. 80). The NMR studies were carried in deuterated
acetone. In the case of DMSO/MeOH system, the signal of the DMSO appeared at 2.55 ppm, a
shift of 0.05 ppm when compared to pure DMSO. When exposed to absolute methanol, the H-
NMR spectrum shows a broad signal between 3.0-3.2 ppm and a singlet at 3.35 ppm (respectively
assigned to OH and CHj3 of methanol) suggests that methanol had been adsorbed. Similarly, in the
case of DMSO/H»0 system, the DMSO signal is observed at 2.27 ppm a shift of 0.07 ppm, which
indicates the adsorption of DMSO. In the case of absolute water, the H-NMR of the sample after
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the incubation period remains largely unchanged. However, given that the H-NMR was carried
out in deuterated methanol, it is inconclusive from these results is water is adsorbed given the fact
that proton exchange is possible in methanol-da.

Room temperature PXRD was also used to characterize selected powders after incubation with the
vapors (See Appendix F1 for complete PXRD). Prior to the PXRD studies, the crystalline powder
was desolvated and preserved in a desicator. PXRD of the vapor exposed samples were performed
and compared to the pattern of the desolvated sample to verify structural transformations due to
adsorbed vapors. The PXRD pattern reveal that the host material is crystalline. The diffractogram
(Figure 3.12) indicates changes when the host interacts with both water and DMSO although the
changes are more pronounced in the case where DMSO is adsorbed. The interaction of the sample
with DMSO leads to a reduction in the number of diffraction peaks indicating an increase in
amorphous character of the sample[158,159]. On the other hand, an increase in the number of
peaks when the sample is exposed to absolute water suggests that there is the formation of a new
phase. This suggest that there is an interaction between the desolvated BN22E sample and water

possibly leading to a host-guest complex.

Figure 3.12: PXRD pattern for BN22E exposed to water and DMSO

In all cases, the data from both IR, TGA, DSC, and PXRD indicate the presence of DMSO in the
powder indicating that there is preferential vapor adsorption. Despite water and methanol capable
of forming stronger intermolecular hydrogen bonds than DMSO, we postulate that the selective
adsorption of DMSO by BN22E should be due to its size. Even though DMSO is not found inside
the cavity of the host, it appears the size of the rectangular channels shown in Figure 3.7 (page
69) will fit DMSO molecules better than water or methanol. The host-guest size complementarity

should, therefore, favor the selective adsorption of DMSO over methanol and water.
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Despite methanol having a higher vapor pressure than DMSO, at higher mole fractions of
methanol, DMSO is still adsorbed indicating that the vapor pressure at least for methanol does not
influence the preferential adsorption of DMSO. Methanol and water are only adsorbed in cases
where there is no competing solvent. Furthermore, the amount of adsorbed DMSO is generally,
directly proportional to the amount in solution (Figure 3.13); reasonably because of increase in

the amount of DMSO in the vapor phase.

Figure 3.13: Percentage weight of DMSO adsorbed by BN22E versus mole fraction in solution for the DMSO/H,0O
and DMSO/MeOH systems

To explain the decrease in amount of adsorbed DMSO as the amount or either water or methanol
is increased, we suggest that the presence of either methanol or water vapor causes the opening of
channels and together with hydrogen bond competition some of the DMSO molecules go through
the structure unadsorbed. Again, the adsorbed DM SO does not get released in one step as revealed
by the TGA and DSC data in (Figure 3.10 page 73) but in a series of steps that range from three
to five depending on the composition of the mixture. At lower mole fraction of DMSO, the
adsorbed molecules are generally released in three steps while at higher mole fractions, the release

occurs in five to six steps, depending on the composition of the liquid phase.

3.7 Sorption studies involving pCIBP
A similar approach followed above for BN22E was applied here to pCIBP powders.

In both the methanol/DMSO and water/DMSO systems, characteristic infrared symmetric S=O

stretching bands of DMSO were observed near 1000 cm™ and the asymmetric stretch near 1500

cm’!. The shifts in the bands of the host confirm that there is an interaction between the host and

the guest DMSO as shown in the FTIR spectra in Figure 3.14. It is also observed that as the DMSO
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is adsorbed by the host, the symmetric S=O stretching band near 1000 cm™! become more intense.
The FTIR spectra of the sample shown in Figure 3.14 reveals that when the sample is exposed to

pure methanol or water adsorption does not occur.

Figure 3.14: FTIR spectra of p-CIBP exposed to (top) DMSO-methanol mixtures (bottom) DMSO-H,0O mixtures

The adsorption of guest DMSO was also confirmed by means of evolved gas analysis (Appendix
D2). Both TGA and DSC analysis suggest that neither water nor methanol is adsorbed by pCIBP.
As in the case of BN22E, the amount of DMSO adsorbed increases with increased mole fraction
in solution although less DMSO is adsorbed compared to the BN22E. The adsorption of DMSO
in the DMSO/MeOH follows a linear relation whereas that on DMSO/H»O appears to follow an
exponential relation (Figure 3.15). The amount of DMSO adsorbed adsorbed at mole fraction of

0.9 DMSO differ very little. The higher adsorption in DMSO/MeOH suggests that the adsorption
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is proportional to the strength of intermolecular interactions. With p-CIBP having four more
oxygen atoms than BN22E, it is expected that the molecule is more sterically hindered compared

to BN22E explaining the reduced amount of adsorbed DMSO.
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Figure 3.15: Percentage weight of DMSO adsorbed by p-CIBP versus mole fraction in solution for the DMSO/H,0
and DMSO/MeOH systems

% weight of DMSO inadsorbed by host

The TGA data (Figure 3.16) also reveals that for the same mole fraction of DMSO in solution,
there is more adsorption in the DMSO-methanol system compared to the DMSO-water system.
This should arise from the fact that the interaction in solution between water and DMSO is much

stronger than methanol and DMSO [160].
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Figure 3.16: TGA (blue) and DSC (red) thermograms of p-CIBPE exposed to different mole fractions of solvent
vapors

It is observed from both the FTIR and thermal investigation that significant differences are only
observed in the product when the amount of DMSO in solution exceeds 20 percent. In the case of
BN22E; however, it is observed that the host can adsorb DMSO at 10 % DMSO in solution (see
Appendix E). This shows that the (p-tetrachlorophenyl)resorcin[4]arene (BN22E) is more
sensitive to DMSO than the (p-tetrachlorophenyl)pyrogallol[4]arene.

The PXRD patterns for the samples after exposure to different solvents vapors are shown in Figure
3.17. Although exposure to absolute methanol or water does not appear to lead to any adsorption,
the PXRD of the powder after exposure to water or methanol appear the same but different from
water. In the case of BN22E, the PXRD patterns for the sample exposed to absolute DMSO shows
more amorphous character compared to all other cases investigated confirming the adsorption of

DMSO.
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Figure 3.17: PXRD patterns for p-CIBPE exposed to different solvent systems and solvent mixtures

3.8 Structural changes involving BN22E
Having confirmed the presence of adsorbed DMSO in both DMSO/H>O and DMSO/MeOH

systems through various techniques, an unusual splitting in the HNMR signals prompted further
investigation (Figure 3.2 page 61). Scheme 3.2 illustrate the investigation that were carried out to
understand the structural transformations. We observed that once DMSO is adsorbed by the
calixarene, not only do the peaks shift, as expected due to the interaction, and altered magnetic
moments, but - there is also a doubling and, in some cases, tripling of some of the proton
resonances. This occurs almost exclusively in the aromatic region of the calixarene spectra. The
appearance of these new signals suggests that there is formation of a new conformation(s), which
possibly results from the flipping of the resorcinolic or p-chlorophenyl rings. When the dry sample
is exposed to absolute methanol vapor, the resorcinolic signals “H.” and “Ha”” and “Hp and Hy”
coalesce to give two signals whose intensity is comparable to the methine signal. Integration of

these signals indicates a 1:1 ratio with the methine signal.
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Scheme 3.2: Schematic representation of conformation change when BN22E is exposed to pure methanol and the
single crystal XRD of BN22 before exposure. [B and B’ have similar but not exact conformations with
respect to the resorcinol rings. The schematic representation here is with respect to the resorcinol rings
only, the chlorine bearing rings are not shown in the scheme]

The coalescence of the some of the proton signals demonstrate that when the dry powder is exposed
to methanol vapor, the equatorial resorcinol rings can adopt different arrangement such that the
calixarene adopts a cone or “u, u, u, u” conformation in which the Ho/Ha and Hy/Hy protons are in
the same chemical environment. In this case, we also observe the disappearance OH resonances.
This is attributed to the fact that when the resorcinol rings are in the vertical arrangement there is
a ring of H-bonded OH groups that is possible, running through the eight OHs that could distort
the electron density on the OH and consequently causes the signal to broaden to the point that it is
not detectable.

On the other hand, when either DMSO or water is adsorbed, Ha/Ha and Hw/Hy do not coalesce.
Rather, there is a doubling of resonance signals (when sample is exposed to pure water) particularly
for the aromatic protons on the chlorine bearing rings. The intensity of the new peaks and the
parent peaks are in the ratio 1:5 respectively suggesting that approximately 20% of the sample gets
converted to a new conformation. Although characterization of the powder exposed to absolute
water with NMR spectroscopy does not reveal as expected any broad signal to suggest that water
is adsorbed, H-NMR spectra does indicate that there is indeed and interaction of the sample with

water which subsequently leads to some structural changes.
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When the desolvated BN22E sample is exposed to pure DMSO, the signals due to the protons on
the chlorine bearing rings triple in an intensity ratio of 7:5:3. This suggests that there are two

additional conformations formed. Similar observations of additional signals are made for the other

signals.

Figure 3.18: H-NMR Spectra of spectra exposed to (top) DMSO/H,0 system (bottom) DMSO/MeOH system

When the sample is exposed to absolute methanol, the new phase formed becomes thermally
stabilized by strong hydrogen bonding requiring temperatures exceeding 200 °C for any structural

change as depicted in Figure 3.18. Another observation from the sample exposed to absolute
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methanol is the significant interaction between the calixarene and the NMR solvent (acetone-d6)
which results in a downfield shift in the signal of the acetone. The acetone most likely takes part

in either hydrogen bonding or other intermolecular interactions which results in the shift of the

signal.
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Figure 3.19: DSC thermograms of BN22 as-synthesized and exposed to methanol.

The structural differences the BN22M, BN22E and “BN22E exposed MeOH”, are also echoed by
the DSC thermograms (Figure 3.19). The ethanol synthesized sample has a lower melting point
(407 °C) compared to the same compound obtained by exposing the dried ethanol synthesized
powder to absolute methanol (417 °C) which is different from the methanol synthesized compound
(425 °C). The higher meting points of BN22M and BN22E exposed methanol is likely due to the
strong intramolecular hydrogen bonds which form across the OH groups. Furthermore, while the
methanol synthesized and the “BN22E exposed MeOH” samples undergo an exothermic structural
change near 251 °C, the ethanol synthesized, sample undergoes an endothermic structure change
at 279 °C. The difference in melting point between two seemingly the same conformations
(BN22M and BN22E exposed MeOH) suggests that despite having same conformation with
respect to the orientation of the resorcinol rings, these compounds may differ in conformation with
regards to the orientation of the chlorinated rings.
Having confirmed that the ethanol synthesized conformation can be converted to methanol
synthesized conformation at least with respect to resorcinol ring orientation, we investigated if
heating the sample to just beyond the 280 °C and cooling will lead to initial chair conformation of
BN22E. To this end, the BN22E sample was desolvated and exposed to absolute methanol to
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achieve the vertical flipping of the equatorial resorcinol rings. Once we had confirmed this vertical
flipping from the H-NMR, the sample was then heated to 300 °C and allowed to cool to room
temperature under nitrogen atmosphere after which the H-NMR of the sample was recorded. The
H-NMR results depicted in Figure 3.20 indicate that there is a partial conversion of the cone
“u,u,u,u” conformation to possibly the chair conformation as evidenced by appearance of the OH
proton signals, doubling of the aromatic proton signals on the chlorinated ring and the appearance
of multiple signals for the resoncinol proton signals. The obtained product is therefore a mixture

of cone conformation and the chair conformation.

Figure 3.20: HNMR showing structural transformation when BN22 (in DMSO-d6) is exposed to methanol then heated.

The orange shades indicate peaks of sample BN22E exposed to MeOH and the green indicate
signals arising from BN22E. The spectra in the middle appears to be a mixture, the top and bottom
spectra, despite the upfield shift of the OH protons which possibly results from interactions
between the components of the mixture, which are absent in pure BN22E. It will therefore appears
that once the equatorial resorcinol rings have been vertically flipped, the process cannot be fully
reversed thermally. H-NMR kinetics studies on the “BN22E exposed MeOH” sample was also
carried out to determine if the conformation would change in solution. The NMR was recorded in
deuterated acetone from 292-314 K and the result is shown in Figure 3.21. The results indicate
that there is almost no change in the signals. This confirms that once vertically flipped, the rings
become locked through very strong intramolecular hydrogen bonding interactions which require

very high temperatures for any noticeable structural transformation.

84



309K j I | '| B
e ____,' S / | S ,'||_ o N ! L
M r|,|'| | | B
303K VU S S A '.ﬂﬁ__ ______JI — A _JII.‘_ — _Jl,_ o
28K J o M T U R
202K I b | l [
ST S ST N S| R S

T T T T T T T T T T T T T T T T T
8.3 B.2 8.1 8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2 7.1 7.0 6.9 6.8 5.7 6.5 E.5 6.4 6.3 6.2 6.1 5.0 5.9 5.8 5.7
Chmical Shift {ppm)

Figure 3.21: Kinetics HNMR for BN22E exposed MeOH

3.9 Conclusions
Two calixarenes were successfully synthesized and characterized based on different techniques.

Results indicate that the solvent used has an effect on the conformation of the product in the case
of tetra-(p-chlorobenzyl)resocin[4]arene (BN22). Synthesizing in ethanol favors the 1,3-alternate
conformation while using methanol favors the cone conformation. The cone conformation can be
obtained by exposing the 1,3-alternate conformation to methanol. Conformational reversibility in
the solid state is however not fully possible. The BN22M sample is so stable that temperatures
exceeding 200 degrees are required to achieve any meaningful structural change. tetra-(p-
chlorobenzyl)pyrogallol[4]arene (p-CIBP) on the other hand appears to show no conformational
preference across solvents. The same conformation is obtained irrespective of the solvent used for
synthesis. Both compounds (BN22 and p-CIBP) can selectively adsorbed DMSO vapors from a
mixture of common solvents. BN22 shows a higher sensitivity to DMSO than p-CIBP
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4 CHAPTER FOUR

This chapter explores the synthesis of cucurbituril metal complexes using four dicarboxylic acids
as bridging ligands. Supramolecular one-pot synthesis and mechanochemistry of these complexes

and a cationic drug guest is also investigated.
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4.1 Synthesis of glycoluril
Urea (1.2 g, 0.02 mol) was dissolved in 40 mL deionized water, and 10 mL of 36 % HCI was

added. A thirty per cent glyoxal solution (2 g, 0.01 mmol) was added, and the solution was stirred
on a hot plate maintained at 70 °C for 45 minutes (Scheme 4.1). Midway through the 45 minutes,
a white precipitate started forming. After cooling, the white precipitate was filtered and washed
with water-ethanol solution (1:1) and the powder dried at 50 °C in an oven. This product was used

in the synthesis of cucurbiturils without any further purification.

o
o ff' HNJJ\NH
J\ _ ﬂ e
i
T0°C, 45 mins
HeM NH, o P e o }
0

Scheme 4.1: Synthesis of glycoluril

4.2 Synthesis of cucurbituril
To date, the synthesis of cucurbiturils still follows the procedure used by Behrend and colleagues

in 1905 [44]. In a typical synthetic procedure, 2 g (0.014 mol) of glycoluril were stirred in a
concentrated acid solution (H2SOs4) until complete dissolution. While still at room temperature,
2.00 mL (0.029 mol) of 40 % formaldehyde solution was added slowly. The temperature of the
mixture was raised to 115-120 °C and maintained as such for 24 hours (Scheme 4.2). After cooling
to room temperature, the pale-yellow solution was diluted with a 50:50 mixture of methanol and
acetone to precipitate the cucurbituril. The precipitate was filtered and washed thoroughly with a
mixture of water and ethanol (100 mL) and then dried at 50 °C in an oven. The crude powder was

used as-synthesized for preparation of metal complexes.
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Scheme 4.2: Synthesis of cucurbituril (CB)

4.3 Synthesis of mixed ligand metal complexes
Metal complexes of the cucurbituril were obtained using four dicarboxylate bridging ligands:

oxalic acid, malonic acid, succinic acid, and glutaric acid. The following metal salts were used:

MnCl;" 4H>0, FeCly" 4H>0, CuCly’ 2H>0, and ZnCl,.

4.3.1 Synthesis of CB-OxA-Mn complex
Manganese chloride tetrahydrate, 0.120 g; 0.6 mmol; was dissolved in 4 mL of deionized H>O.

The temperature was maintained at 80-90 °C, and 0.100 g; 0.1 mmol of cucurbituril was added,
and the mixture stirred until complete dissolution. Oxalic acid (OxA) (0.036 g; 0.4 mmol) was
then added and the solution stirred for a further ten minutes on a hot plate, after which it was
allowed to cool. The precipitate formed was filtered out and dried, and the filtrate was left to slowly
evaporate in a water bath maintained at 30 °C in a fume hood. Colorless crystals were obtained

within five to seven days (yield = 64 %).

4.3.2 Synthesis of CB-MalA-Mn complex
Manganese chloride tetrahydrate, 0.120 g; 0.6 mmol; was dissolved in 4 mL of deionized H2O.

The temperature was maintained at 80-90 °C, and 0.100 g; 0.1 mmol of cucurbituril was added,
and the mixture stirred until complete dissolution. Malonic acid (MalA) (0.042 g; 0.4 mmol) was
then added and the solution stirred for a further ten minutes on a hot plate, after which it was
allowed to cool. The solution was then allowed to slowly evaporate in a water bath maintained at

30 °C in a fume hood. Colorless crystals were formed within five to seven days (yield = 57 %).

4.3.3 Synthesis of CB-SucA-Mn complex
Manganese chloride tetrahydrate, 0.120 g; 0.6 mmol; was dissolved in 4 mL of deionized H2O.

The temperature was maintained at 80-90 °C, and 0.100 g; 0.1 mmol of cucurbituril was added,
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and the mixture stirred until complete dissolution. Succinic acid (SucA) (0.047 g; 0.4 mmol) was
then added and the solution stirred for a further ten minutes on a hot plate, after which it was
allowed to cool. The solution was then allowed to slowly evaporate in a water bath maintained at

30 °C in a fume hood. Colorless crystals were formed within five to seven days (yield = 55 %).

4.3.4 Synthesis of CB-GluA-Mn complex
Manganese chloride tetrahydrate, 0.120 g; 0.6 mmol; was dissolved in 4 mL of deionized H>O.

The temperature was maintained at 80-90 °C, and 0.100 g; 0.1 mmol of cucurbituril was added,
and the mixture stirred until complete dissolution. Glutaric acid (GIluA) (0.053 g; 0.4 mmol) was
then added and the solution stirred for a further ten minutes on a hot plate, after which it was
allowed to cool. The solution was then allowed to slowly evaporate in a water bath maintained at

30 °C in a fume hood. Colorless crystals were formed within five to seven days (yield = 55 %).

4.3.5 Synthesis of CB-OxA-Fe complex
Iron chloride tetrahydrate, 0.120 g; 0.6 mmol; was dissolved in 4 mL of deionized H>O. The

temperature was maintained at 80-90 °C, and 0.100 g; 0.1 mmol of cucurbituril was added, and the
mixture stirred until complete dissolution. Oxalic acid (OxA) (0.036 g; 0.4 mmol) was then added
and the solution stirred for a further ten minutes on a hot plate, after which it was allowed to cool.
The precipitate formed was filtered out and dried, and the filtrate was left to slowly evaporate in a
water bath maintained at 30 °C in a fume hood. Light brown crystals were formed within five to

seven days (yield = 58 %)).

4.3.6 Synthesis of CB-MalA-Fe complex
Manganese chloride tetrahydrate, 0.120 g; 0.6 mmol; was dissolved in 4 mL of deionized H>O.

The temperature was maintained at 80-90 °C, and 0.100 g; 0.1 mmol of cucurbituril was added,
and the mixture stirred until complete dissolution. Malonic acid (MalA) (0.042 g; 0.4 mmol) was
then added and the solution stirred for a further ten minutes on a hot plate, after which it was
allowed to cool. The solution was then allowed to slowly evaporate in a water bath maintained at

30 °C in a fume hood. Light brown crystals were formed within five to seven days (yield = 50 %).

4.3.7 Synthesis of CB-SucA-Fe complex
Manganese chloride tetrahydrate, 0.120 g; 0.6 mmol; was dissolved in 4 mL of deionized H>O.

The temperature was maintained at 80-90 °C, and 0.100 g; 0.1 mmol of cucurbituril was added and
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the mixture stirred until complete dissolution. Succinic acid (SucA) (0.047 g; 0.4 mmol) was then
added and the solution stirred for a further ten minutes on a hot plate, after which it was allowed
to cool. The solution was then allowed to slowly evaporate in a water bath maintained at 30 °C in

a fume hood. Light brown crystals were formed within five to seven days (yield = 57 %).

4.3.8 Synthesis of CB-GluA-Fe complex
Manganese chloride tetrahydrate, 0.120 g; 0.6 mmol; was dissolved in 4 mL of deionized H>O.

The temperature was maintained at 80-90 °C, and 0.100 g; 0.1 mmol of cucurbituril was added,
and the mixture stirred until complete dissolution. Glutaric acid (GIluA) (0.053 g; 0.4 mmol) was
then added and the solution stirred for a further ten minutes on a hot plate, after which it was
allowed to cool. The solution was then allowed to slowly evaporate in a water bath maintained at

30 °C in a fume hood. Light brown crystals were formed within five to seven days (yield = 54 %).

4.3.9 Synthesis of CB-4,4’-OxA-Cu complex
Copper chloride dihydrate, 0.100 g; 0.6 mmol; was dissolved in 3 mL of deionized H>O. The

temperature was maintained at 80-90 °C, and 0.100 g; 0.1 mmol of cucurbituril was added, and the
mixture stirred until complete dissolution. Oxalic acid (OxA) (0.036 g; 0.4 mmol) was then added
and the solution stirred for a further ten minutes on a hot plate, after which it was allowed to cool.
The sky-blue precipitate formed was filtered out and dried and the filtrate was left to slowly
evaporate in a water bath maintained at 30 °C in a fume hood. Blue cube-shaped crystals were

obtained between five to seven days (yield = 61 %).

4.3.10 Synthesis of CB-MalA-Cu complex
Copper chloride dihydrate, 0.100 g; 0.6 mmol; was dissolved in 3 mL of deionized H>O. The

temperature was maintained at 80-90 °C, and 0.100 g; 0.1 mmol of cucurbituril was added, and the
mixture stirred until complete dissolution. Malonic acid (MalA) (0.042 g; 0.4 mmol) was then
added and the solution stirred for a further ten minutes on a hot plate, after which it was allowed
to cool. The solution was then allowed to slowly evaporate in a water bath maintained at 30 °C in

a fume hood. Blue cube-shaped crystals were obtained between five to seven days (yield = 59 %).

4.3.11 Synthesis of CB-SucA-Cu complex
Copper chloride dihydrate, 0.120 g; 0.6 mmol; was dissolved in 4 mL of deionized H>O. The

temperature was maintained at 80-90 °C, and 0.100 g; 0.1 mmol of cucurbituril was added, and the
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mixture stirred until complete dissolution. Succinic acid (SucA) (0.047 g; 0.4 mmol) was then
added and the solution stirred for a further ten minutes on a hot plate, after which it was allowed
to cool. The solution was then allowed to slowly evaporate in a water bath maintained at 30 °C in

a fume hood. Blue crystals were formed within five to seven days (yield =49 %).

4.3.12 Synthesis of CB-GluA-Cu complex
Copper chloride dihydrate, 0.120 g; 0.6 mmol; was dissolved in 4 mL of deionized H>O. The

temperature was maintained at 80-90 °C, and 0.100 g; 0.1 mmol of cucurbituril was added, and the
mixture stirred until complete dissolution. Glutaric acid (GluA) (0.053 g; 0.4 mmol) was then
added and the solution stirred for a further ten minutes on a hot plate, after which it was allowed
to cool. The solution was then allowed to slowly evaporate in a water bath maintained at 30 °C in

a fume hood. Blue crystals were formed within five to seven days (yield = 55 %).

4.3.13 Synthesis of CB-OxA-Zn complex
Zinc chloride tetrahydrate, 0.080 g; 0.6 mmol; was dissolved in 3 mL of deionized H>O. The

temperature was maintained at 80-90 °C, and 0.100 g; 0.1 mmol of cucurbituril was added and, the
mixture stirred until complete dissolution. Oxalic acid (OxA) (0.036 g; 0.4 mmol) was then added
and the solution stirred for a further ten minutes on a hot plate, after which it was allowed to cool.
The precipitate formed was filtered out and dried, and the filtrate was left to slowly evaporate in a

water bath maintained at 30 °C in a fume hood. Colorless crystals were obtained after five to seven

days (yield = 53 %).

4.3.14 Synthesis of CB-MalA-Zn complex
Zinc chloride tetrahydrate, 0.080 g; 0.6 mmol; was dissolved in 3 mL of deionized H,O. The

temperature was maintained at 80-90 °C, and 0.100 g; 0.1 mmol of cucurbituril was added, and the
mixture stirred until complete dissolution. Malonic acid (MalA) (0.042 g; 0.4 mmol) was then
added and the solution stirred for a further ten minutes on a hot plate, after which it was allowed
to cool. The precipitate formed was filtered out and dried, and the filtrate was left to slowly
evaporate in a water bath maintained at 30 °C in a fume hood. Colorless crystals were obtained

after five to seven days (yield = 57 %).
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4.3.15 Synthesis of CB-SucA-Zn complex
Zinc chloride tetrahydrate, 0.080 g; 0.6 mmol; was dissolved in 3 mL of deionized H,O. The

temperature was maintained at 80-90 °C, and 0.100 g; 0.1 mmol of cucurbituril was added, and the
mixture stirred until complete dissolution. Succinic acid (SucA) (0.047 g; 0.4 mmol) was then
added and the solution stirred for a further ten minutes on a hot plate, after which it was allowed
to cool. The precipitate formed was filtered out and dried, and the filtrate was left to slowly
evaporate in a water bath maintained at 30 °C in a fume hood. Colorless crystals were obtained

after five to seven days (yield = 54 %).

4.3.16 Synthesis of CB-GluA-Zn complex
Zinc chloride tetrahydrate, 0.080 g; 0.6 mmol; was dissolved in 3 mL of deionized H>O. The

temperature was maintained at 80-90 °C, and 0.100 g; 0.1 mmol of cucurbituril was added, and the
mixture stirred until complete dissolution. Glutaric acid (GluA) (0.053 g; 0.4 mmol) was then
added and the solution stirred for a further ten minutes on a hot plate, after which it was allowed
to cool. The solution was filtered, and the filtrate was left to slowly evaporate in a water bath
maintained at 30 °C in a fume hood. Colorless crystals were obtained after five to seven days (yield

~ 58 %).

4.3.17 Synthesis of isoniazid Salt
Isoniazid monochloride was prepared following a literature report [161].

4.3.18 Synthesis of isoniazid monochloride (INHCI)

To 20 mL of water, 2.00 g (0.016 mol) of isoniazid was added and stirred until complete
dissolution. HCI1 1.56 mL of 32 % stock solution (0.016 mol) was added to this solution, followed
by 5 mL of deionized water. The solution was stirred at room temperature overnight. The solvent
was evaporated and the product dried under vacuum to obtain a pale pink powder. Then, the solvent

was evaporated, and the final product was dried under a vacuum (yield = 94 %)).

4.4 One-pot synthesis of metal complex-drug supramolecular assembly

4.4.1 Synthesis of CB-Cu-OxA-INHCI
Copper chloride dihydrate, 0.100 g; 0.6 mmol; was dissolved in 3 mL of deionized H,O. The

temperature was maintained at 80-90 °C, and 0.100 g; 0.1 mmol of cucurbituril was added, and the

mixture stirred until complete dissolution. Oxalic acid (0.036 g; 0.4 mmol) was then added and the
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solution stirred for a further ten minutes on a hot plate, after which it was allowed to cool. The
sky-blue precipitate formed was filtered out. 0.07 g, 0.4 mmol of isoniazid monochloride INHCI,
was added to the filtrate and stirred at room temperature until complete dissolution. The solution
was left in a water bath maintained at 30 °C in a fume hood to evaporate slowly. Blue crystals were

obtained between five to seven days (yield = 45 %).

4.4.2 Synthesis of CB-Cu-MalA-INHCI
Copper chloride dihydrate, 0.100 g; 0.6 mmol; was dissolved in 3 mL of deionized H>O. The

temperature was maintained at 80-90 °C, and 0.100 g; 0.1 mmol of cucurbituril was added, and the
mixture stirred until complete dissolution. Malonic acid (MalA) (0.042 g; 0.4 mmol) was then
added, and the solution was stirred for a further ten minutes. After cooling to room temperature,
0.07 g, 0.4 mmol, of isoniazid monochloride INHCI, was added to the solution and stirred until
complete dissolution. The solution was left to slowly evaporate in a water bath maintained at 30

°C in a fume hood. Blue crystals were obtained between five to seven days (yield = 44 %).

4.4.3 Synthesis of CB-Cu-SucA-INHCI
Copper chloride dihydrate, 0.120 g; 0.6 mmol; was dissolved in 4 mL of deionized H>O. The

temperature was maintained at 80-90 °C, and 0.100 g; 0.1 mmol of cucurbituril was added, and the
mixture stirred until complete dissolution. Succinic acid (SucA) (0.047 g; 0.4 mmol) was then
added, and the solution was stirred for a further ten minutes. After cooling to room temperature,
0.07 g, 0.4 mmol, of isoniazid monochloride INHCI, was added to the solution and stirred until
complete dissolution. The solution was left to slowly evaporate in a water bath maintained at 30

°C in a fume hood. Blue crystals were formed between five to seven days (yield = 49 %).

4.4.4 Synthesis of CB-Cu -GluA-INHCI
Copper chloride dihydrate, 0.120 g; 0.6 mmol; was dissolved in 4 mL of deionized H>O. The

temperature was maintained at 80-90 °C, and 0.100 g; 0.1 mmol of cucurbituril was added, and the
mixture stirred until complete dissolution. Glutaric acid (GluA) (0.053 g; 0.4 mmol) was then
added and the solution stirred for a further ten minutes on a hot plate then allowed to cool to room.
The solution was then allowed to slowly evaporate in a water bath maintained at 30 °C in a fume
hood. Blue crystals were formed within five to seven days. Isoniazid monochloride INHCI, 0.07

g, 0.4 mmol, was added to the solution and stirred at room temperature until complete dissolution.

93



The solution was left to slowly evaporate in a water bath maintained at 30 °C in a fume hood. Blue

crystals were formed between five to seven days (yield =47 %).

4.4.5 Synthesis of CB-Zn-OxA-INHCI
Zinc chloride tetrahydrate, 0.08 g; 0.6 mmol; was dissolved in 3 mL of deionized H>O. The

temperature was maintained at 80-90 °C, and 0.10 g; 0.1 mmol of cucurbituril was added, and the
mixture stirred until complete dissolution. Oxalic acid (OxA) (0.036 g; 0.4 mmol) was then added
and the solution stirred for a further ten minutes on a hot plate, after which it was allowed to cool.
The precipitate formed was filtered out, and 0.07 g, 0.4 mmol of isoniazid monochloride INHCI,
added to the filtrate and stirred at room temperature until complete dissolution. This liquor was
left to slowly evaporate in a water bath maintained at 30 °C in a fume hood. Colorless crystals

were obtained after five to seven days in quantitative yield (yield = 43 %).

4.4.6 Synthesis of CB-Zn-MalA-INHCI
Zinc chloride tetrahydrate, 0.08 g; 0.6 mmol; was dissolved in 3 mL of deionized H>O. The

temperature was maintained at 80-90 °C, and 0.10 g; 0.1 mmol of cucurbituril was added, and the
mixture stirred until complete dissolution. Malonic acid (MalA) (0.042 g; 0.4 mmol) was added
and the solution stirred for a further ten minutes on a hot plate, after which it was allowed to cool.
The solution was filtered, and 0.07 g, 0.4 mmol of isoniazid monochloride INHCI, added to the
filtrate and stirred at room temperature until complete dissolution. This liquor was left to slowly
evaporate in a water bath maintained at 30 °C in a fume hood. Colorless crystals were obtained

after five to seven days in quantitative yield (yield = 44 %).

4.4.7 Synthesis of CB-Zn-SucA-INHCI
Zinc chloride tetrahydrate, 0.08 g; 0.6 mmol; was dissolved in 3 mL of deionized H>O. The

temperature was maintained at 80-90 °C, and 0.10 g; 0.1 mmol of cucurbituril was added, and the
mixture stirred until complete dissolution. Succinic acid (SucA) (0.047 g; 0.4 mmol) was then
added and the solution stirred for a further ten minutes on a hot plate, after which it was allowed
to cool. The solution was filtered, and 0.07 g, 0.4 mmol of isoniazid monochloride INHCI, added
to the filtrate and stirred at room temperature until complete dissolution. This liquor was left to
slowly evaporate in a water bath maintained at 30 °C in a fume hood. Colorless crystals were

obtained after five to seven days in quantitative yield (yield = 44 %)).
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4.4.8 Synthesis of CB-Zn-GluA-INHCI
Zinc chloride tetrahydrate, 0.080 g; 0.6 mmol; was dissolved in 3 mL of deionized H,O. The

temperature was maintained at 80-90 °C, and 0.100 g; 0.1 mmol of cucurbituril was added, and the
mixture stirred until complete dissolution. Glutaric acid (GluA) (0.053 g; 0.4 mmol) was then
added and the solution stirred for a further ten minutes on a hot plate, after which it was allowed
to cool. The solution was filtered, and 0.07 g, 0.4 mmol of isoniazid monochloride INHCI, added
to the filtrate and stirred at room temperature until complete dissolution. This liquor was left to
slowly evaporate in a water bath maintained at 30 °C in a fume hood. Colorless crystals were

obtained after five to seven days in quantitative yield (yield = 47 %).

4.49 Mechanochemistry
In a typical synthesis, a given metal complex was airdried for a few hours and then mechanically

ground together with INHCI or ciprofloxacin with the addition of few drops of acetone. After that,

the sample was airdried and then analyzed
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4.5 Results and discussions

4.5.1 Characterization of glycoluril
Glycoluril was obtained as a white water-insoluble powder at 68% yield. The synthesis of

glycoluril was confirmed using FTIR, NMR, and thermal analysis. Figure 4.1 displays the FTIR
spectrum, DSC and TGA thermogram respectively of the compound. The FTIR spectra is
characterized by the strong and intense carbonyl vibrational band at 1675 cm™!. In free amines, the
NH stretching vibrations usually occur at 3300-3500 cm™ [162]. However, when the NH group is
involved in hydrogen bonding, the band shifts to lower wavenumbers [162—164]. The broadband
at 3150 cm™! is ascribed to the NH stretching vibration with strong inter and intramolecular
hydrogen bonding. The bands at 3056 cm™ and 2828 cm™! are due to the aliphatic C-H stretching.
The bands at 1244 cm™ and 1112 cm™! are respectively assigned to the C-N and C-C- stretching.
DSC analysis showed that the compound is thermally stable beyond 250 °C after which it melts in
the range 300 - 343 °C. The TGA decomposition profile of the compound reveals no mass loss up

to 330 °C when it begins to decompose. This indicate that the compound is thermally stable

Figure 4.1: FTIR, DSC and TGA spectra of glycoluril

The H-NMR spectra of the obtained glycoluril is consistent with expectation, with the N-H proton
appearing at 5.25 ppm and the C-H protons appearing at 7.16 ppm. The signals at 3.42 and 2.50
ppm are respectively assigned to water and deuterated DMSO. With regards to the '*C-NMR
spectra, the carbonyl peak appears at 161.89 ppm and the methine carbon signal at 65.07 ppm
(Figure 4.2).
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Figure 4.2: *C-NMR and H-NMR of glycoluril

4.6 Characterization of cucurbituril
After drying the filtered precipitate, the cucurbituril powder weighed 1.51 g (~ 65 % yield with

respect to glycoluril). The reaction was carried out in concentrated acid at temperatures exceeding
110 °C so that the formation of CB6 was favored [165]. The cucurbituril was analyzed using FTIR,
TGA and NMR spectroscopy.

The FTIR spectra shown in Figure 4.3A reveals an intense band at 1713 cm™ is ascribed to the
C=0 vibration. The aliphatic C-H vibrational bands are observed at 2913 cm™ and 2996 cm,
while the broadband between 3000 and 3600 cm™' is due to the presence of water adsorbed into
either the pore or surface of the cucurbituril. The absence of N-H stretching vibrations suggests
that the cucurbituril has been obtained. The C-N and C-C stretching vibrations respectively shift

from 1244 cm™ and 1112 cm™ in glycoluril to 1228 cm™ and 1185 cm™ in the cucurbituril.

The TGA thermogram of the cucurbituril shows two thermal events, the first being the evolution
of water occurs between room temperature and 150 °C and the second corresponding to the
decomposition which onsets at 309 °C. The decomposition step occurs in two steps; the first step
involves the loss of approximately 60% of the total mass while is a gradual decomposition which
involves about 20% of the sample as shown in Figure 4.3B.
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Figure 4.3: A: FTIR spectra B: TGA thermogram of CB6

The carbon-13 and proton NMR spectra shown in Figure 4.4 suggests the successful synthesis of
cucurbituril. The H-NMR spectra displays three signals at 4.24 ppm (dd, 12H), 5.51 ppm (s, 12H),
5.64 ppm (d, 12H) while the '*C-NMR showed signals at 50.58 pp, 70.10 ppm and 156.22 pp. The
resonance singlet signal at 5.51 ppm is assigned to the methine protons on the glycoluril subunit
while the signals at 4.24 ppm and 5.64 ppm are assigned to the methylene protons indicated in red
and green. Through space interaction of the proton coded in red with the methine protons on the
glycoluril subunits is responsible for the additional splitting of the signal. The Assignment of the
3C-NMR spectra is unambiguous; the signal at 156.22 is assigned to the carbonyl while the signals
at 50.58 ppm and 70.10 ppm are respectively assigned to the methylene and methine carbon atoms.

These results are consistent with literature [166,167].
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Figure 4.4: NMR spectra of CB6

4.7 Characterization of metal complexes

Metal complexes were obtained in good yields, mostly as crystals by slow evaporation from water.
These complexes were analyzed using FTIR, TGA, elemental analysis H-NMR (in the case of Zn
complexes), and single-crystal XRD. In the case of oxalic acid, a precipitate was formed after
stirring for three to five minutes on a hot. The other acids did not form any precipitate at elevated

temperature.

While the main objective here was to obtain complexes where the dicarboxylic acid bridges the

. *+M-CB-M-C *
two metals to form polymeric structures of the form 1 Aty

, it is worth mentioning
that cucurbituril rotaxanes have often been reported using ligands with functional groups at both
ends such as diamines [168]. The ability of diamines to form a spindle around which the
cucurbituril rotates results from the presence of a positive charge midway the spindle which gets
enclosed in the cucurbituril cavity. Coligands have also been used as structure directing units to
obtained metal complexes of cucurbiturils [109,111]. However, it is anticipated that the absence
of a positive charge midway the chains of the acids used here preclude their inclusion and favors

the formation of the predicted structures.
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The FTIR spectra of the ligands and complexes depicted in Figure 4.5 -Figure 4.8 were compared,
considering the position and intensity of the different bands to determine if complexation had
occurred. A general observation which has also been noted elsewhere [111], is that FTIR spectraof
metal complexes obtained from cucurbiturils shows only small shifts in terms of the position of
the bands. A similar observation has been made here with the FTIR of the complexes. The FTIR
spectra of the complexes show an intense band near 1700 cm™ assigned to the cucurbituril C=0
stretching vibration. Across the different complexes, this cucurbituril C=0 stretch appears shifted
compared to the same band in the uncoordinated cucurbituril. This shift results from the

coordination of the C=0O carbonyl oxygen to the metal ions, which distorts its electron cloud.

Furthermore, FTIR spectra of the complexes show a shoulder near the cucurbituril carbonyl band
assigned to the C=O vibration of the bridging dicarboxylic acid used. These observations are
consistent with the results by Chen et al. [111]. The intense bands of the cucurbituril mask the
other bands due to the carboxylic acid. Table 1:1 indicates the position of the carbonyl bands both

for the cucurbituril and the carboxylic acid.

Table 4:1: C=0 IR band values for the C=0 of cucurbituril (CB) and carboxylic acid (CA) for the obtained complexes.

OxA MalA SucA GluA C=O0 in free CB

Fe?* CB 1715 1717 1717 1715

CA 1662 1638 1651 1657
Mn* CB 1708 1707 1709 - 1711

CA 1651 1651 1664 1638
Cu** CB 1727 1697 1707 1692

CA 1643 1628 1628 1628
Zn** CB 1715 1715 1716 1717

CA 1632 1651 1632 1638
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——CB ———CB-CuCl2-OxA ——— CB-CuCI2-MalA CB-CuCl2-SucA  —— CB-GluA-CuClI2
Figure 4.5: FTIR spectra of CB and copper metal complexes
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Figure 4.6: FTIR spectra of CB and iron metal complexes
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Figure 4.7: FTIR spectra of CB and zinc metal complexes
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Wave Number (cm-1)

——CB  ———CB-MnCI2-OxA —— CB-MnClI2-MalA ——— CB-MnCl2-SucA ——— CB-MnCI2-GluA
Figure 4.8: FTIR spectra of CB and manganese metal complexes

Table 4:2 shows the elemental analysis data. The amount of metal was determined using atomic
absorption spectroscopy. The elemental analysis data suggest that the metal to cucurbituril to acid
ratios are 2:1:2 and 2:1:1 for oxalic and glutaric acid complexes, respectively. The manganese-
oxalic acid complex shows a high metal content, suggesting more than one metal ion at each portal.

The elemental analysis data shows a similar trend for the series malonic, succinic and glutaric,
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different from oxalic acid. This disparity for oxalic acid suggests that its coordination mode is
different from malonic, succinic and glutaric. At this stage, it is, however, unclear what the

coordination network looks like.

Table 4:2: Elemental analysis data for the complexes

Compound C H N Molecular Formular
Found (Calc’d) Found (Calc’d) Found (Calc’d)

CB-Fe-OxA 25.65 (25.79) 3.07 (3.44) 18.33 (18.05) Fe4C40H36N24020 14H20 Cle
CB-Mn-Ox 22.74 (22.72) 3.15(3.21) 15.22 (15.90) MnsCa0H36N24020 16H20 Cle
CB-Mn-MalA 30.31 (30.59) 3.94 (3.79) 21.72 (21.96) Mn2C39H3sN24020 12H>0 Cly
CB-Mn-SucA 29.69 (30.38) 4.24 (4.05) 22.54 (22.27) Mn2C40H40N24020 12H20 Cle
CB-Mn-GluA 27.91 (27.99) 4.11 (3.97) 19.98 (19.59) Mn2C40H40N24020 14H20 Cls
CB-Cu-OxA 30.26 (30.24) 3.78 (3.84) 21.19 (21.23) Cu2Ca0H36N24020 12H20 Cla
CB-Cu-MalA 25.78 (26.52) 3.90 (4.08) 19.64 (19.01) Cu2C39H38N24016 18H20 Cls
CB-Cu-SucA 26.50 (27.25) 3.90 (4.20) 20.28 (19.10) Cu2C40H40N24016 18H20 Cls
CB-Cu-GluA 26.58 (27.50) 3.52 (4.14) 19.21 (18.71) Cu2C41H42N24016 16H20 Cls
CB-Zn-OxA 28.97 (29.54) 3.68 (3.69) 21.56 (21.68) Zn2C40H36N24020 14H20 Cles
CB-Zn-MalA 29.42 (30.23) 4.01 (3.74) 22.13 (21.69) Zn>2C39H3sN24016 10H20 Cla
CB-Zn-SucA 29.48 (30.32) 3.96 (3.79) 22.12 (21.21) Zn2C40H40N24016 10H20 Cls
CB-Zn-GluA 28.97 (29.70) 3.69 (4.23) 21.62 (21.28) Zn2C41H42N24016 14H20 Cls

The H-NMR data of the CB-zinc-carboxylic acid complexes were collected, and the spectra
indicated in Figure 4.9-Figure 4.1/ (page 104-105). These spectra were compared with that of
cucurbituril and the carboxylic acid to determine if both entities were present in the obtained
complex. In all cases, the signals due to the carboxylic acid and the cucurbituril could be identified.
By comparing the signals of the pure starting materials and the corresponding product, a shift in
the signals both of the cucurbituril and the carboxylic acid was observed, suggesting that both
entities were present and coordinating. The H-NMR spectra of CB-ZnCl>-SucA shows two signals
for the CH> protons suggesting that the carboxylic acid molecules may be found in different
environments within the complex. This may be due to coordination along different axes, which

results in the observed spectrum.
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Figure 4.9: HNMR of CB-ZnCl2-MalA, MalA and CB

Figure 4.10: HNMR of CB-ZnCI2-SucA, SucA and CB
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Figure 4.11: H-NMR of CB-ZnCI2-GluA, GluA and CB

Thermal analysis of the compounds also proved helpful in understanding the coordination within
the complexes. The representative TGA thermograms of the obtained complexes is shown in
Figure 4.12-Figure 4.15 (page 106-107) and the others have been included in the appendix. The
complexes generally undergo a multistep decomposition which begins with the evolution of
unbound water molecules near 100 °C followed by the evolution of coordinated water molecules
in the region between 120-180 °C. The evolution of the carboxylic acid occurs between 200-400
°C, which is closely followed by a series of decomposition steps involving the cucurbituril. It can
be observed from Table 4:3 that increasing the carbon chain length of the carboxylic acid bridge
results in a general decrease in thermal stability. This trend, however, does not appear evident in
the case of iron complexes suggesting the mode of coordination within the complexes of iron is

different from that of the other complexes.

The decomposition profile of iron complexes indicates that after the evolution of the carboxylic
acid, the oxalic and malonic bridged complexes show a similar profile with the cucurbituril unit
breaking down in a single step. However, when the bridging acid is either succinic or glutaric acid,
the iron complexes show a decomposition profile akin to the complexes of the copper, zinc and
manganese where the decomposition of the cucurbituril unit occurs in a series of steps. This
observation suggests that the coordination mode in the CB-Fe-CA complexes (where CA 1is either

succinic or glutaric acid) is different from cases where CA is either oxalic or malonic.
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Table 4:3: Evolution temperature of carboxylic acid bridging linkers

OxA MalA SucA GluA
Mn2* 328 -- 325 324
Fe?t 262 298 -- 286
Cu?* 298 273 270 264
Zn>* 339 229 -- 322
0.1

Weight %
Deerivati ve Weiglht
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Derivtmive Wisght — -0.4

1 ' I ' T T T T T
100 200 00 400 500 600 TOo0
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Figure 4.12: TGA thermogram (black) and derivative (Blue) of CB-MnCl,-OxA

Figure 4.13: TGA thermogram (black) and derivative (blue) of CB-FeCl,-SucA
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Figure 4.14: TGA thermogram (black) and derivative (blue) of CB-FeCl,-GluA
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Figure 4.15: TGA thermogram (back) and derivative (blue) of CB-ZnCl,-OxA

4.8 Structure of the complexes
Metal complexes of cucurbiturils are usually polymeric with alternating cucurbituril and metal
ions. The FTIR analysis of complexes obtained in this work indicates that the metal ions coordinate
to the cucurbituril through the portal carbonyl oxygen as in most reported cases. The bridging
dicarboxylate ligands also coordinate with the metal ions. With the metal ions lidded on the portal

of the cucurbituril, the dicarboxylate ligands could either bridge longitudinally or crosslinked or
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both as shown in Figure 4.16A, B and C. If the carboxylic bridges like shown in Figure 4.16A,
external pockets such as depicted Figure 4.16C are generated. With such external pockets, the
complexes can form both inclusion and exclusion complex ensembles. It however, appears that
while malonic, succinic, and glutaric acid can form complexes of the type represented in frame A,
oxalic acid is precluded since its approximate length [169] is smaller than 5.5 A’ [170] the diameter
of cucurbit[6]uril. The inability of this oxalic acid to form crosslinked bridges possibly explains
the differences observed in the TGA decomposition profiles of oxalic acid-based complexes

compared to the other acids.

Figure 4.16: Bridging mode of the dicarboxylate ions.
4.9 Possible porosity in the obtained complexes

As earlier indicated, cucurbiturils form complexes in which the metal ions coordinate to the portal
carbonyl oxygen atoms, thereby blocking the internal cavity of the cucurbituril unit [171].
Notwithstanding, these compounds form metal complexes that often display pores other than those
linked to the cavity. An indirect approach of exposing the compounds to volatile solvent vapors
and evaluating any adsorption was used to assess the presence of extrinsic pores. In this regard,
airdried samples were exposed to methanol vapor and then characterized by FTIR and TGA

analysis to determine if any adsorption had occurred.

After incubation of the sample for twelve hours, the FTIR spectrum showed a new band at 986
cm! which is indicative of the presence of methanol (Figure 4.17). The carbonyl band shifted

slightly from 1700 cm™ in the air-dried sample to 1706 cm™ after incubation, also suggesting an
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interaction between the methanol and the metal complex. Similar results were obtained with the
other complexes suggesting that other than the cavity of the cucurbituril units, the complexes have
other pores which are accessible. Feng et al. observed that external porosity is possible in

cucurbituril metal complexes [171].

Figure 4.17: FTIR of CB-GluA-CuCl, before and after suspension over methanol vapors

The TGA data for the complexes (Figure 4.18) revealed that the release of adsorbed methanol
peaks at 135 °C. After the methanol release, the complex undergoes a similar decomposition
compared to the parent compound between 200-450 °C. The evolution of methanol at temperatures
higher than its boiling point indicates that the methanol is inside the pores and not just surface-
bound. Significant intermolecular interaction between the methanol justifies the higher
temperatures required for its evolution. Feng et al. [171] observed that water molecules in the
cucurbituril metal complex could be displaced by methanol molecules when the airdried
compound is exposed to methanol vapor. TGA analysis of the sample further indicates that, unlike
the parent compound, which shows a distinct thermal event in the region of 650 °C, upon methanol
adsorption, the compound shows a gradual decomposition from 450 °C until 750 °C. As opposed
to the parent compound, the gradual decomposition indicates that the adsorption of methanol into

the pores leads to a change in structure.
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Figure 4.18: TGA profile for CB-CuCl,-MalA before (red) and after (green) suspension over methanol (The
derivative curves are indicated in dotted lines)

With the cucurbituril cavity lidded, and the compounds are yet able to adsorb methanol vapor upon
exposure to methanol, it is evident that external channels are present in the material. It is postulated
that the introduction of dicarboxylic acid bridging ligands acts as interlayer pillars creating
channels which are external to the cucurbituril cavity. These results are parallel to report by Feng
etal. [171] who observed that the presence of iodide ions in a cucurbituril supramolecular complex
acts as interlayer pillars creating channels in the cucurbituril metal complex, accessible to the
methanol vapors, a phenomenon not observed in the absence of the iodide ions. The results
obtained here with carboxylate bridging ligands suggest that these compounds contained pores
enabled by the introduction of the dicarboxylic acid. Further pore characterization using traditional

BET is envisaged in future work.

4.10 One-pot synthesis of metal complex-drug supramolecular assembly

The metal complex-drug supramolecular assemblies were obtained in water mostly as crystals.
Slow evaporation of water from the mother liquor afforded quantitative yields of the products

characterized through FTIR, NMR, and TGA.
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Table 4:4: Characteristic C=0 band in the supramolecular assemblies of INHCI and Cu and Zn complexes

C=0 band in | Oxalic acid Malonic acid Succinic acid Glutaric acid
free INHCI
Cc=0 Cc=0 Cc=0 Cc=0
1637 () @) (*) (*)
CB INHC1 | CB INHCI | CB INHCI1 CB INHCI1
Cu?* 1704 1645 1727 1647 1729 1651 1725 1648
(1692)* (1697)* (1707)* (1692)*
Zn* 1720 1612 1719 1612 1727 1611 1725 1612
(1715)* (1715)* (1716)* (1717)*

Values in (*) are those of the C=0 of CB in the metal complex without INHCI. These values are present in table
4.1 and stated here to indicate that a shift occurs once INHCI is introduced. The carbonyl band of INHCI in the
supramolecular assembly is compared with the free same band in the free INHCI at 1637. Attention here is not
paid to the C=0 of the bridging acid but rather just the C=0O band of the guest and the CB.

The FTIR of the supramolecular ensembles depicted in Figure 4.19 and Figure 4.20 reveal that
the bands due to the cucurbituril are very intense thereby masking bands due to both the bridging
ligand and the guest. Notwithstanding, the bands due to the carbonyl stretching of the INHCI guest
are visible and have been indicated in Table 4:4. Significant shifts in the stretching frequency of
the INHC1 C=0 band suggest the most likely intermolecular interaction involving the CONHNH;"
end of the drug molecule. However, the masking of the NH bands by broad OH bands implies that
it could not be determined from FTIR spectra (if the NHNH3" was involved in intermolecular
interaction). Still, since the cucurbituril moiety within which the drug molecule is enclosed has a
hydrophobic cavity, it is reasonable to assume that there is at least a cation-m interaction between

the drug molecule and the cucurbituril cavity.

—— CB-CuCI2-GIuA —— CB-CuCI2-GluA-INHCI —— INHCI

3600 3100 1600 1100 600

2600 2100
Wave Number (cm-lj)
Figure 4.19: FTIR of INHCI (black), CB-CuCl>-GluA-INHCI (red) and CB-CuCI2-GluA (purple)
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—— CB-ZnCI2-Oxa-INHCI —— CB-OxA-ZnCI2 — INHCI
3600 3100 2600 2100 1600 1100 600

Wave Number (cm-1)
Figure 4.20: FTIR of INHCI (black) CB-ZnCl,-OxA-INHCI (red) and CB-ZnCl,-OxA

The zinc supramolecular assemblies were also investigated using H-NMR spectroscopy. The H-
NMR data shown in Figure 4.21 reveals the presence of two doublets assigned to the INHCI.
Comparing the position of these signals with those in pure INHCI reveals a shift indicating that
not only is the INHCI present, but it is also in a different chemical environment compared to the
free molecule. The signals due to cucurbituril moiety and carboxylic acid were also found to shift
when compared to the compound without the guest, suggesting an additional interaction is formed
when the guest is introduced. These observations all suggest that the obtained product is not just a

physical entity but a supramolecular ensemble of the host and guest.

Figure 4.21: HNMR of CB-ZnCI12-OxA-INHCI supramolecular ensemble (blue), CB-ZnCI2-OxA (green) and
INHCI (red)
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Thermal analysis of the compounds was helpful in determining the stability and giving information
as to whether an inclusion or an exclusion complex had been formed. In the case of an inclusion
complex, it is expected that the guest will be released only once the complex begins to break since

the metal ion lids the cucurbituril.

The thermal data indicates that the supramolecular ensemble containing the isoniazid guest is
generally more thermally stable compared to the complex without the guest. The presence of two
thermal events before 200 °C suggests that, as in the case of the complexes without the INHCI
guest, water molecules occur both as guest and ligand. The mass loss occurring between 50 and
120 °C is ascribed to the loss of guest water molecules, while the mass loss between 130 to 200 °C
is ascribed to the loss of coordinated water molecules. Again, as in the case of the metal complexes,
the evolution of the bridging ligand from the supramolecular ensemble generally occurs between
200 to 400 °C, although at a slightly higher temperature compared to the corresponding metal
complexes without the INHCI guest. Beyond 400 °C, the cucurbituril moiety breaks down in two

or three steps across the ensembles.

In the case of copper complexes, the derivative of the TGA thermogram reveals a thermal event
occurring just after the initial breakdown of the cucurbituril moiety, which is absent in the metal
complexes. This event is ascribed to the decomposition of the isoniazid guest. For the
supramolecular ensemble CB-CuCl>-MalA-INHCI, for example, this event troughs at 441 °C. The
isoniazid guest only breaks down after the cucurbituril macrocycle's initial collapse, suggesting
that it is found inside the lidded cucurbituril cavity. The release of the guest, therefore, only occurs
once the macrocycle collapses. Based on this data, the following (Figure 4.22) has been suggested

as the structure of the formed supramolecular ensemble.
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Figure 4.22: Proposed structure of the supramolecular ensemble

Although the presence of the INHCI in zinc-based ensembles was confirmed from H-NMR
spectroscopy, the TGA did not reveal a distinct thermal event relating to the evolution of the INHCI
like in the case of copper-based ensembles. The thermal data reveal that the cucurbituril moiety in
the ensembles breaks down at a lower temperature than the non-guest metal complex. The absence
of a specific guest evolution event suggests that the breakdown of the cucurbituril unit and the
guest occurs simultaneously. The TGA data of CB-M-Mala-INHCI (M = Cu?" or Zn*") reveal that
the INHCI guest makes up between 5-10 % by weight of the supramolecular ensemble. Mass
percent calculations from the TGA indicate that a single ensemble unit will enclose a single INHCI
molecule. This observation is plausible since a single unit contains just one unit of the cucurbituril

in whose cavity the guest becomes enclosed.

4.11 Mechanochemistry
Aware that cucurbiturils form metal complexes with both intrinsic and extrinsic pores, especially

when such complexes employ bridging ligands and having confirmed that the obtained complexes
contain both types of pores, we decided to investigate if the same supramolecular ensembles
obtained from one-pot synthesis is possible via mechanochemistry. To this end, solvent assisted
mechanochemistry was carried using acetone. The use of acetone was premised by its volatile
nature. After grinding for ten minutes, the sample was air-dried then analyzed. Table 1:1 displays
the observed color changes. Drastic color changes observed with ciprofloxacin as opposed to less
drastic color changes observed in the case of isoniazid. These color changes are likely to arise from

n-1 stacking interactions.
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Table 4:5: Color changes obtained when complexes are mechanically ground with INHCI and ciprofloxacin

Color
Cucurbituril Metal Complex Cucurbituril metal Complex with
INHC1 Ciprofloxacin
CB-CuCI2-OxA Green W Apple Mustard @
Green
CB-ZnCI2-OxA White ® | White @ Cream @

Compared to the initial reactants, the FTIR spectra of the mechanochemistry product (Figure 4.23)
reveal shifts to higher frequencies, indicating a decrease in the double bond character. The spectra
of the mechanochemistry complexes also reveal a shift to a lower frequency of the OH bands,
suggesting an increase in hydrogen bonding strength within the system. A comparison with the
one-pot synthesis products suggest that the two products are not identical. For instance, in the one-
pot synthesis of the CB-CuCl;-OxA-INHCI supramolecular ensemble, the C=0O band of the
cucurbituril unit is found at 1704 cm™ (Figure 4.4 page 99). In contrast, in the mechanochemical
synthesis, the same band is found at 1726 cm™'. Similar observations are made when the CB-CuCl,-
OxA-INHCI one-pot supramolecular ensemble is compared with the mechanochemistry derived
product. The obvious and drastic changes in the color of the complexes of ciprofloxacin from the
original color of the complex may be due to the interaction of the ciprofloxacin with the metal

center or pi-pi interactions.

Figure 4.23: FTIR of mechanochemistry product

Like in the case of one-pot synthesis, where TGA analysis was critical in determining the complex

ensemble's stability and the guest's position, a similar approach was employed here. TGA analysis
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of the complex ensembles confirmed that these complexes are chemical entities different from the
initial starting materials. While the TGA thermogram of copper complex ensembles look like the
TGA of the starting complex, those of zinc differ distinctly from the starting material. In the TGA
thermogram of zinc complex ensembles, the decomposition of the cucurbituril unit occurs beyond
550 °C, whereas in the starting complex, this decomposition occurs at about 380 °C. This
significant thermal stabilization of the complex following mechanochemistry should result from

some chemical interaction and not just some weak intermolecular interaction.

The cucurbituril unit of the CB-ZnCl>-OxA-INHCI complex ensemble, like the starting complex,
shows a two-step gradual mass loss between 370-430 °C ascribed to the loss of the INHCI guest.
The evolution of the guest at this temperature indicates significant intermolecular interaction
between the host and the guest. Once the INHCI guest has been lost, the complex then undergoes
a slow decomposition losing about 6-10 percent mass (probably the bridging ligand) before the
final two-step break down ascribed to the collapse of the cucurbituril moiety. The decomposition
of CB-ZnCl>-OxA-CIP seems to follow a similar profile with the slow decomposition of the guest
occurring between 230-330 °C. The evolution of the bridging oxalic ligand follows around 430 °C

before the final collapse of the cucurbituril units in a single step between 590-620 °C.

Copper supramolecular complexes, on the other hand, do not present such drastic thermal
stabilization following mechanochemistry. The evolution of the INHCI guest from CB-CuCl»-
OxA-INHCI occurs just before 200 °C. After the guest has been removed, the complex undergoes
a slow decomposition, losing about 7-10 percent of its mass ascribed to the loss of the bridging
oxalic acid ligand. The breakdown of the cucurbituril unit then follows from 480-560 °C in a single
step. The thermal decomposition profile of CB-CuCl,-OxA-CIP is somewhat similar with the loss
of the ciprofloxacin guest evolved at between 200-210 °C and oxalic acid at between 310-320 °C.

The cucurbituril unit then breaks down in a single step from 340-420 °C.

These TGA results (Figure 4.24, page 114) suggest that unlike in the case of the one-pot synthesis
where the guest is in the cavity of the cucurbituril unit, mechanochemistry gives complexes where
the guest is in the pores. Extrinsic guest inclusion could be due to the metal ion blocking the portal
of the cucurbituril upon coordination or the guest being too big (in the case of ciprofloxacin) to fit
into the cavity of the cucurbituril unit.
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Figure 4.24: TGA spectra of mechanochemistry supramolecular ensembles

4.12 Conclusion

Glycoluril has been successfully synthesized and used as a precursor in the synthesis cucurbituril.

Metal complexes of the obtained cucurbituril product have been prepared using different bridging

dicarboxylic acid ligands. The porosity of the complexes was confirmed by exposing the

complexes to volatile vapors and assessing any sorption. Supramolecular ensembles involving the

complexes and isoniazid chloride (INHCI) and ciprofloxacin have been successfully synthesized

by one-pot synthesis and mechanochemistry. Successful characterization of the one-pot and

mechanochemistry synthesis products revealed that one-pot synthesis favors the inclusion of

INHCI 1n the cavity of the cucurbituril unit while mechanochemistry favors the inclusion of the

guests in extrinsic pores.
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5 CHAPTER FIVE

This chapter deals with two calixarenes viz: tetra-(3,4-dihydroxybenzyl)resorcin[4]arene and
tetra-(3,4-dihydroxybenzyl)pyrogallol[4]arene. Their synthesis, characterization and subsequent
complexation with metal salts 1s discussed. Host-guest complexes of both the ligands and the metal
complexes are discussed.
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5.1 Synthesis, characterization and host-guest complexes of tetra-(3,4-dihydroxyphenyl)

resorcin[4]arene and tetra-(3,4-dihydroxyphenyl)pyrogallol[4]arene and their metal
complexes
The two compounds described here were synthesized following reports from literature [152] with

some modifications and characterized using NMR, FTIR, DSC, and XRD. These compounds were
then used as ligands for the synthesis of metal complexes. The Complexes and ligands were
subsequently used as hosts for ciprofloxacin. The stoichiometry of the obtained complexes was

determined using H-NMR titration.

5.1.1 Synthesis of tetra-(3,4-dihydroxyphenyl)resorcin[4]arene (BN15)
A mixture of resorcinol (0.45 g, 4.1 mmol), 3,4-dihydroxy benzaldehyde (0.50 g, 4.1 mmol) and

about 5 mL of 50% HCI was refluxed at 70 — 80 °C in 50 mL of methanol for 36 hours, and the
resulting precipitate filtered out and washed three times with ethanol and the filtrate left for
eventual crystal growth. After drying in an oven at 50 °C for another 36 hours, the obtained cream
powder weighed 0.74 g, 79% yield with respect to 3,4-dihydroxybenzaldehyde. Upon exposure to
air for about a week, the fetra-(3,4-dihydroxyphenzl)resorcin[4]arene turned brown-purple. The

compound is hereafter referred to as BN15.

5.1.2 Synthesis of tetra-(3,4-dihydroxyphenyl)pyrogallol[4]arene (3,4-dHBP)
A mixture of pyrogallol (0.52 g, 7.9 mmol), 3,4-dihydroxy benzaldehyde (0.50 g, 4.1 mmol) and

about 5 mL of HCl was refluxed at 70 — 80 °C in 50 mL of ethanol for 36 hours, and the resulting
precipitate filtered out and washed several times with ethanol and the filtrate left for eventual
crystal growth. After drying in an oven at 50 °C for another 36 hours, the obtained brown-purple
powder weighed 0.75g, 75 % yield with respect to 3,4-dihydroxybenzaldehyde. Reddish-brown
rod-like crystals were obtained by slow evaporation from a solution of DMSO and water. The

compound is hereafter referred to as 3,4-dHBP.

5.2 Synthesis of metal complexes
The metal complexes were synthesized (in a 1:4 ligand metal ratio) at room temperature using

methanol, DMF and water. In a typical synthesis, 0.10 g of the ligand was dissolved in 0.25 mL
DMF with heating (Scheme 5.1). The solution was made up to 50 mL using a methanol-water 1:1
mixture. 10 mL (0.02 mg) of the solution was then mixed with the corresponding amount of a

metal salt dissolved in water. The addition of the metal salt solution to the ligand resulted in an
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immediate color change of the solution; the color changes were metal-dependent. The clear
solution was allowed to stand for 24 hours, after which the precipitate formed was filtered, washed
with methanol, and dried in an oven. In the case of 3,4-dHBP, precipitates were obtained
immediately with metal acetates but not with metal chlorides except in the case of zinc chloride.

Products were generally obtained in yields ranging from 39 — 63 %.

DMF,H,0, MeOH
+ MX ML,
RT, 24H

M =Mn?*, Fe?*, Fe*", Co?*, NiZ', Cu®*, Zn?"
X =CI, CHCOO

Y=H; BNI15
Y =OH; 3,4-HBP

Scheme 5.1: Synthesis of metal complexes

5.3 Mechanochemical synthesis of host-guest complexes
Non-covalent host-guest complexes of the ligands (BN15 and 3,4-dHBP) and ciprofloxacin were

prepared by mechanochemistry using 1-2 drops of HCI. In a typical synthesis, ciprofloxacin
(guest), hereafter referred to as CIP, was added to a mortar, and one drop of 36 % HCl was added
and ground for two minutes. The desolvated host was then added, while grinding was continued
for ten minutes and thereafter transferred to an oven maintained at 30 °C for 24 hours. After 24

hours, the mixture was ground again for 5 minutes and analyzed.

5.4 Results and discussions
Both BN15 and 3,4-dHBP were obtained in good yields and high purity. BN15 and 3,4-dHBP each

possess two sets of unique C-O-H infrared ring patterns. The presence of C-O-H in BN15 and 3,4-
dHBP give rise to three types of stretching and bending (O-H and C-OH stretch and 8C-O-H
bending) vibrations. The vO-H vibration usually occur above 2900 cm™ while the vC-OH stretch
and 8C-O-H bending vibrations will occur variously coupled between 1400-950 cm™ [157,172].
The substitution pattern of the aromatic rings determines the vibrational coupling within the two

different ring systems [172] which is reflected in the C-OH stretches. Furthermore, the vibrational
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coupling between the vC-OH stretch and in plane bending (6C-O-H) may also occur. The FTIR
spectra of the two compounds are practically identical although, few differences arise due to the
extra OH group and subsequent interactions on the pyrogallol (Figure 5.1). Both spectra are
characterized by a very broad OH band between 2900 and 3600 cm™'. The appearance of these vO-
H bands at lower wavenumbers compared to the non-hydrogen bonded case, usually between 3550
-3700 cm™ [173], is indicative of hydrogen bonding. The C-C aromatic stretching bands appear at
1603 cm! for both compounds. The corresponding OH in-plane vibrations are observed at 1185
cm! and 1182 cm™! for BN15 and 3,4-dHBP [157]. The coupled C-OH stretching and bending
vibrations occur at 1425/1072 cm™ and 1456/1073 cm™ for BN15 and 3,4-dHBP, respectively
[173-175]. Due to the broad nature of the OH band stretch at 2900 cm™, the CH alkyl stretching
band becomes masked. With the exception of an extra CH bending band at 967 and 771 cm’!
[157]arising from the extra CH in BN15, the FTIR spectra of both compounds show minor

differences.

S600 3100 2600 2100 1600 1100 B/

Wawve Mumber (cm-1)

Figure 5.1: FTIR spectra of BN15 and 3,4-dHBP

The carbon and proton NMR spectrum of BN15 is displayed in Figure 5.2. The H-NMR spectra
of BN15 showed signals at 5.47 ppm (s, 4H), 6.10 ppm (s, 4H), 6.15 ppm (d, 4H), 6.28 ppm (s,
4H), 6.50 ppm (d, 4H) and 6.55 ppm (s, 4H). The signal at 5.47 ppm is assigned to the methine
proton resonance. The corresponding methine carbon resonance appears at 41.18 ppm. The
presence of these methine signals and the absence of an aldehyde proton or carbon signal confirms

the formation of a new compound.
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The signal at 6.10 ppm is assigned to the protons labelled “e” while the signal at 6.55 ppm is
assigned to the resorcinolic proton sandwiched between the OH groups and is labelled “f”. The
appearance of a single signal for the protons “e” and another for the protons “f” suggest that all
the four protons giving rise to “e” are in the same chemical environment as is the case for the
protons giving rise to the signal “f”. With all corresponding protons on the 3,4-didhydroxyphenyl
rings appearing in the same chemical environment, it is evident that the resorcinolic rings are in
the same plane and form a u,u,u,u conformation. A computational optimization revealed that the
compound adopts an irregular hour-glass shaped (see insert in Figure 5.2) where one end is wider
than the other. The 3,4-dihydroxyphenyl rings form the wider end of the hour-glass shaped, and
the resorcinol rings form the narrow end of the structure. The methine carbon lies around the

narrow constriction of the structure. The assignment of the other carbon signals was unambiguous.

Figure 5.2: NMR spectra of BN15 and the energy minimized structure [insert (a) shows the wider (yellow circle)
and narrower (blue circle) ends of the molecule when viewed from above (b) shows the hour-glass-shape
of the molecule]
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Mass spectrometry proved useful in not only confirming the formation of the compound but also
in determining the ring size of the resorcinarene. It is known that the synthesis of calixarenes under
the conditions used in this work usually gives rise to the cyclic compounds, in which the tetramer
is the main product in appreciable yields and purity. The hexamer or octamer are also usually
formed [16]. While analytical techniques were instrumental in deciding if the reaction had formed
the product, mass spectrometry was critical in determining the size of the ring of the major product.
The use of electrospray ionization (ESI) mass spectrometry, a soft ionization desorption technique
that makes use of polar solvents such as acetonitrile, water, methanol, or sodium formate, was
employed for direct measurement of cations in solution. The choice of such a soft technique was
to avoid the complete fragmentation of the molecular ion before they get to the detector. This
technique has been routinely used to analyze calixarene and calixarene derivatives with adduct
formation, a common phenomenon [176]. The mass spectrum of BN15 reveals that the obtained
sample is predominantly the cyclic tetramer. It is observed from the mass spectrum in Figure 5.3

that adducts of the BN15 with sodium, hydrogen, and potassium are formed.

Figure 5.3: ESI-MS of BN15

Thermal analysis of the compound was carried using a Perkin Elmer TGA 4000 and Perkin Elmer
DSC 6000 at a heating rate of 25 °C/min under a nitrogen atmosphere. The compound losses

solvent molecules in two steps between 40-120 °C as shown in Figure 5.4.
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Figure 5.4: DSC and (left) and TGA (right) of BN15 [the corresponding derivatives are indicated in dashed green
lines]

The first loss of solvent is probably molecules found on the surface of the molecule, while the
second step occurring between 90-120 °C is the loss of adsorbed molecules. After that, the
compound remains stable until beyond 300 °C, where the onset of melting begins at around 320
°C and peaks at 368 °C. This onset also coincides with decomposition, during which the
compounds lose about 8 % of its mass before gradually decomposing. TGA analysis further
indicates that this approximately 8 % loss corresponds to the evolution of four water molecules.
This probably arises from the formation of an intermediate epoxide ring on the 3.4-
dihydroxybenzaldehyde ring due to thermolysis (Scheme 5.2). The TGA evolved gas analysis

indicates the evolution of water, confirming that there is indeed the loss of water molecules.

OH
320 °C
OH
H
X=H:BNI15

Scheme 5.2: Elimination of water from BN15 and 3,4-dHBP at 320 °C
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To further investigate this evolution, powder of BN15A was heated to 320 °C to obtain BN15B,
cooled and then analyzed using FTIR spectroscopy. Other characterization techniques are

envisaged in future work to gain more insight into the epoxidation.

The FTIR spectra of BN15B after heating to 320 °C shown in Figure 5.5 reveals that the structure
remains largely intact as most of the bands are still visible although shifted. The OH stretch in
BNI15B occurred at a higher wavenumber. The presence of the band indicates that complete
dehydration has not occurred as postulated, while shifts to higher frequency indicate the
destruction of intramolecular hydrogen bonding, which occurs during the dehydration. The
aromatic bending and stretching band due to C-OH on the 3,4-dihydroxybenzoyl ring in BN15A
appear at 1073 cm™'. Upon epoxidation, this band disappears in the FTIR spectrum of the
dehydrated product. Epoxides have a weak infrared ring stretch (vC-O-H) between 1280-1230 cm’
1, a strong asymmetric ring distortion (8a C-O-C) between 950-815 cm'and and a symmetric ring
deformation between 880-750 cm™ [157,177]. With respect to BN15B, the ring breathing can be
observed at 1260 cm™! while the bands at 890 cm™ and 795 cm™ are respectively assigned to the
asymmetric and symmetric ring deformations of the formed epoxide ring. he strong band at 1425
cm’!, also arising from the stretching and bending of the C-OH, splits into two bands (1432 and
1422 cm™) upon dehydration. It is suggested that this splitting is due to the change in symmetry
following the epoxidation. Furthermore, it is also suggested that loss of the band at 1072 cm-1 is
due to the loss of proton and change in symmetry during epoxidation. When the two spectra are
compared significant vibration, bending and stretching band activity is observed between 1280-

1145 cm™.

125



Figure 5.5: FTIR spectra of BN15 and the dehydrated product [BN15A is the as-synthesized sample while BN15B
is the sample heated up to 320 °C]

In the proton NMR spectra of 3,4-dHBP displayed in Figure 5.6, signals are observed at 5.54 ppm
(s, 4H), 5.60 ppm (s, 2H), 5.70 ppm (s, 2H), 5.89 ppm (s, 2H), 5.91 ppm (s,4H), 6.11 ppm (s, 4H),
6.18 ppm (d, 2H), 6.25 ppm (s, 2H), 6.31 ppm (s, 2H), 6.34 ppm (d, 4H) and 6.49 ppm (d, 2H).
The carbon NMR spectra, on the other hand, showed twenty peaks, with only one peak appearing
below 100 ppm.

The signal at 5.54 ppm in the H-NMR spectra is assigned to the methine proton, and the
corresponding carbon signal was found at 42.30 ppm. The OH proton signals appear as a broad
peak between 7.2 and 8.5 ppm. The doublets at 6.18, 6.34 and 6.49 ppm appear in the ratio 1:2:1.
The doublet signals 6.18 and 6.49 are assigned to the proton alpha to the para OH group on the
3,4-dihydroxyphenyl rings, while the doublet at 6.34 ppm is assigned to the proton beta to the para
OH group on the same ring. The split in the signal of the proton alpha to the para OH group
suggests that corresponding protons on the four rings in the molecule are not in the same chemical
environment. In the 3C-NMR, the signals at between 142-145 ppm were assigned to the hydroxyl

carbon atoms. The assignment of the other atoms was, however, not straightforward.

Integration of the signals reveal that the total hydrogen count exceeds the actual count by ten. This
prompted the suggestion that the compound may exist as an equilibrium mixture of two

conformers, which should perhaps accounts for why there are several carbon signals.
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Figure 5.6: NMR spectra of 3,4-dHBP (top CNMR and bottom HNMR).

The thermal decomposition of 3,4-dHBP (Figure 5.7) is akin to that of BN15. The first step
involves the loss of solvent molecules. The compound remains stable up to 340 °C after which it
undergoes a further two-step decomposition characterized by loss of about 11.2 % ascribed to
water evolution followed by gradual decomposition. The evolution of water molecules in the
second step is analogous to what happens in BN15 and equally results in the formation of epoxide
rings on possibly both the 3,4-dihydroxybenzyl and pyrogallol rings. The percent weight loss here,
however, suggests that there are six molecules of water evolved implying there is also epoxidation

on the pyrogallol rings. This assertion is plausible since pyrogallol contains adjacent OH groups.
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Figure 5.7: TGA thermogram of 3,4-dHBP

The compound was heated to 340 °C to afford dehydration, and then FTIR elemental analysis was
carried out and compared with that of the original sample. The results are displayed below in

Figure 5.8.

—3,4-dHEBPA — 3,4-dHEBPA

3600 3100 2600 2100 1600 1100 &00
Wawve Mumber {cm-1)

Figure 5.8: FTIR spectra of the 3,4-dHBP and the dehydrated product [3,4-dHBPA is the spectra of the 3,4-dHBP
as-synthesized and 3,4-dHBPB is the spectra of 3,4-dHBP after heating to 320 °C)]

As in the case of BN15, the FTIR spectra of 3,4-dHBP (Figure 5.8) indicates that the compound
is still intact. However, the flattening of the OH band seems to suggest a greater extent of
dehydration compared to BN15. The poor resolution of the spectra between 1700 and 600 cm!,

suggests the that the material is non-homogeneous. With the pyrogallol rings containing three
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adjacent OH groups, epoxidation is also possible in this ring in addition to that occurring in the
3,4-dhydroxybenzyl rings. The epoxidation in the pyrogallol ring can however occur in one of two
ways. This results to the loss in symmetry and consequently the non-homogeneous character
displayed by the material. Considerable shifts in the bands due to C-O and aromatic stretching is
observed. It is likely that thermolysis and epoxidation, as that which occurs in BN15, happens in

the pyrogallol rings between adjacent OH groups (Scheme 5.3).

Scheme 5.3: Epoxide intermediate formation during the thermal decomposition of 3,4-dHBP

Single crystals of 3,4-dHBP suitable for diffraction were obtained by slow evaporation from water.
The compound crystallizes in the space group P-/ with five water molecules and a single 3,4-
dHBP per unite cell. TGA analysis revealed the presence of four water molecules. The overall
supramolecular assembly presents a layered structure where the bridging channels are occupied by
water molecules that form hydrogen bonds with the host. The pyrogallol backbone form a 1,3-
alternate-like conformation with one pair of opposite pyrogallol rings lying in the equatorial
position with their lone hydrogen oriented to the cavity of the macrocycle (Figure 5.9a). Two of
the 3,4-dihydroxybenzyl rings are directed to one end while the other face the opposite direction.
The computer optimized structure of the compound is however different from the single crystal
structure. The pyrogallol backbone rings form a 1,3-alternate conformation where opposite rings

are planar. The 3,4-dihydroxylbenzyl rings lie in the equatorial position.

The single crystal structure lends more explanation to the NMR, as such an arrangement will give
rise to four doublets and seven singlet signals. The doublet signal at 6.35 ppm is double those at

6.19 ppm and 6.50 ppm suggesting two of the four doublet signals have the same chemical shift.
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Figure 5.9: (a) Single crystal structure of 3,4-dHBP viewed from (i) the side and (ii) above (b) parking diagram for 3,4-dHBP (c) parking of 3,4-dHBP showing
water molecules (in blue) along the channels (d) computer optimized structure of 3,4-dHBP viewed from (i) side and (ii) above
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5.5 Metal complexes

5.5.1 BN15 metal complexes
Metal complexes of BN15 were obtained based on chlorides of manganese, iron, cobalt, nickel,

copper, and zinc. These were characterized using FTIR, TGA and atomic absorption spectroscopy.

The FTIR spectra of the complexes (Figure 5.10), when compared to the ligand, showed very
subtle differences. The OH stretch shifts from 3200 cm™ in the free ligand to higher frequencies
in all complexes. The introduction of metal ions leads to interaction with the OH groups which
disrupts the hydrogen bonds resulting to the observed shift in the OH band. The persistence of the
OH band in the complexes also suggests that not all the OH groups coordinate under these
conditions. Additionally, the appearance of two new bands in all complexes between 1210 and

1250 cm™! suggests that there is coordination between the metal ions and the ligands.

Figure 5.10: FTIR spectra of BN15 and its metal complexes.

Thermal analysis data also proved helpful in elucidating coordination within the complexes as well
as thermal decomposition profiles. All metal complexes except that of FeCl, are generally more
stable compared to the ligand as shown in Figure 5.11. This suggest that the complexes involving
manganese, cobalt and zinc are isostructural. The disparity shown by the iron complex is most
likely due to the oxidation of iron(ii) to iron(iii) by residual oxygen in the nitrogen atmosphere.

The iron-BN15 undergoes complete thermolysis to give the FeO. Like the ligand, the complexes
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generally show a three-step decomposition profile characterized by loss of uncoordinated water,
dehydration, and subsequent decomposition to give carbon dioxide, water, and metal oxides. The
dehydration step in the complexes occurs at slightly higher temperatures compared to the ligand
which is due to the thermal stabilization effect of complexation. With the complexes generally
showing decomposition profiles akin to that of the ligand, it is evident that the ligand under these
synthetic conditions coordinates through the oxygen atoms of the resorcinol rings. However, this
second step of decomposition in the metal complexes results in a much higher percent mass loss,
suggesting more than just the epoxidation of the complex occurring at this point. It is postulated
that the mass loss here results from epoxidation, evolution of coordination water molecules and

partial breakdown of the ligand within the complex.

Figure 5.11: TGA thermograms of the ligand (BN15) and metal complexes showing the decomposition steps

Carbon and hydrogen microanalysis was done via combustion while metal analysis was carried
out by means of atomic absorption spectroscopy. Water content was determined by means of TGA
analysis. The TGA data reveals that the complexes contain varying amounts of coordinating and

lattice water molecules. which are given off simultaneously with the dehydration of the ligand.
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While the evolution of lattice water is evident and occurs between ambient temperature and 130

°C, the evolution of coordinated water molecules occurs in the second and third step.

Based on the elemental analysis shown in Table 5:1 a 1:1 metal to ligand ratio has been proposed
wherein the ligand coordinates through the resorcinol oxygen atoms. It is suggested that the metal
ion coordinate the to one oxygen atom on each resorcinol ring for the isostructural complexes
(those of Mn, Co, Ni, Cu, and Zn). However, in the case of the iron complex, two chlorine atoms
coordinate to the metal ion; this accounts for the significant decrease in the carbon content of the
complex. In the isostructural complexes, the coordination mode of the ligand (to all four resorcinol
rings) restricts ring movement which results to more thermally stable structure compared to the
iron complex where the two uncoordinated resorcinol rings can flip to induce thermal instability.

Table 5:1: Elemental analysis of ligand and metal complexes [L = BN15]

Compound Percent Composition Formula

Carbon Hydrogen Metal

Found (calc’d) | Found Found (calc’d)

(calc’d)

BNI15 67.83 435 | - Cs2Ha0016
BN15-MnC12 | 55.16 (55.96) | 5.21(4.70) 4.89 (4.92) [MnL*(H0)2] 6H-0
BN15-FeClI2 52.29 (52.49) | 4.84 (4.57) 4.71 (4.69) [FeL*(C1)2(H20)2] 6H.0
BN15-CoCI2 | 59.65(59.10) | 4.72 (4.29) 5.64 (5.58) [CoL*(H20),] 2.5H,0
BN15-NiClI2 58.38 (58.60) | 4.40 (4.35) 5.55(5.51) [Ni L*(H20)25] 2.5H20
BN15-CuCI2 | 59.47 (58.84) | 3.70 (4.27) 6.08 (5.99) [Cu L*(H20)2] 2.5H0
BN15-ZnCI2 59.33(59.85) | 4.00 (4.27) 6.32 (5.97) [Zn L*(H20)25] 2.5H20

In the uncoordinated ligand, the second step involves the loss of 9.81 % weigh which corresponds
to the loss of four water molecules. Upon coordination, the amount of material lost in the second
step 1s greater than 9.81 % (although the mass loss at this step is expected to be lower). This suggest
that the mass loss here is not just the due to dehydration but possibly loss of some of the
coordinated water. The uncoordinated OH groups of the 3,4-dihydroxy rings and lattice water
molecules are responsible for the OH stretch observed on the FTIR spectra. When metal ions and
the ligand are allowed to self-assemble, they form complexes wherein the resorcinolic oxygen
atoms coordinate. This results in stabilized symmetrical six-membered rings as opposed to an

unsymmetrical relatively unstable five-membered rings on the 3,4-dihydroxy rings. An hour-glass
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shape depicted in Figure 5.12 has been proposed for these complexes where the 3,4-dihydroxy

end of the molecule is broader than the resorcinol end, which is capped by the metal ion.

Figure 5.12: Proposed coordination model for the complexes of Mn, Co, Ni, Cu, and Zn in 1:1 metal-ligand ratio [in
the case of Fe-BN15 only two oxygen atoms are coordinating]

3,4-dHBP Complexes

The complexes of 3,4-dHBP were prepared based on metal acetates. The FTIR spectra of metal
acetate complexes of 3,4-dHBP shown in Figure 1.1 show a broad, less intense shape in the OH
stretching region, suggesting that unlike in the case of BN 15, all the oxygen atoms are coordinating
with little or no localized hydrogen bonding. Though resembling the spectra of the ligand, the
FTIR spectra of the complexes appear more broadened between 1700-600 cm™ is indicative of
polymeric structure. Visible shifts in bands, particularly the C-O band, indicate that there is
coordination through the oxygen atom of the ligand. The absence of a carbonyl band in the FTIR

suggests that there is no coordinating or free acetate ion in the complexes.
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Figure 5.13: FTIR Spectra of 3,4-dHBP and its metal acetate complexes

From the microanalysis data, coordination of the ligand to metal ions is more extensive unlike the
mono-complex case of BN15, where the percentage carbon drops by 8-11 percent upon
complexation. Complexation of 3,4-dHBP with metal salts results in a decrease of 30-33 percent
in carbon content (Table 5:2). This significant decrease in carbon content in the metal complexes
indicates a high concentration of metal ions in the complexes as opposed to the complexes of
BNI15, where metal content is relatively low. Since the metal complexes were prepared using metal
acetates, it 1s likely that due to the basic nature of the acetate anion in solution, the ligand is
extensively deprotonated such that all twenty terminal oxygen atoms of the ligand coordinate to

metal ions. As such, M7L.nH,O complexes are formed in the case of Mn, Co, Ni, and Zn and

M;sL.6H>0 in the case of Cu.
Table 5:2: Microanalysis data for 3,4-dHBP and complexes prepared from metal acetates.
Compound %C % H Molecular formula
Found Found
(cal’d) (cal’d)
3.4-dHBP Cs2H40029
3,4-dHBP-Mn 39.17 (39.74) 2.23 (2.82) Mn;Cs;H20020 12H,0
3,4-dHBP-Co 40.48 (40.10) 2.25(2.59) Co07Cs52H20020 10H,0
3,4-dHBP-Ni 39.84 (40.17) 2.33 (2.59) Ni7Cs2H20020 10H20
3,4-dHBP-Cu 39.56 (39.39) 2.07 (2.02) CugCsaH20020. 6H20
3,4-dHBP-Zn 38.20 (38.48) 2.30 (2.73) Zn7Cs2H20020 12H20

TGA analysis of the 3,4-dHBP (Figure 5.14) shows a similar profile to BN15 with a dehydration

step around 330 °C followed by a decomposition. The TGA of the complexes depicted in Figure

5.14, fails to show distinct thermolysis steps observed in the complexes of BN15, suggesting that
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coordination here is very different from that of the complexes of BN15. The complexes are
generally less stable than the ligand and show a slow decomposition up to around 330 °C after
which they decompose to the metal oxides. All the metal complexes undergo complete
decomposition to give either the pure metal or metal oxides. Complexes of Mn, Co, Ni and Zn
show similar decomposition profile suggesting that they are isostructural. All four complexes

decompose completely and leave the pure metal residue.

The copper complex undergoes complete thermolysis but leaves a higher percentage of residue
compared to the other metal complexes. It is observed form the TGA curve that between 490 and
520 °C the copper sample increase in weight. Lamprecht et al [178] observed similar increase in
mass ascribed to the oxidation (by residual air in the TG by the disproportionation of carbon
dioxide to molecular oxygen) of copper residue in the sample. The increase in weight observed in
the thermogram of the complex between 490 and 520 °C, is ascribed to the oxidation of copper to
copper(I) oxide by residual oxygen from the nitrogen atmosphere with. The deviation in thermal
behavior of the copper complex from the others could be due to Jahn-Teller distortions which are
common in copper. The TGA data further reveals that the metal oxide formed in the case of the
copper complex is about 42 % of the weight of the complex, indicative of the high copper content
of the complex. This result was confirmed by microanalysis results which show that carbon

constitutes only 29.56 % of the complex, down from 63.41 % in the ligand.

This implies that the loss in mass between 50 to 330 °C constitute the evolution of both coordinated
and uncoordinated water molecules. The steps that follow the loss of these water molecules
represent the breakdown of the complex, which results in the formation of metal oxide, carbon

dioxide and water.
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Figure 5.14: TGA thermograms for the metal complexes with 3,4-dHBP

5.6 Host-guest complexes of ligands and some complexes
The powders obtained from the mechanical grinding of the host and guest were analyzed

employing FTIR, TGA, NMR and DSC where available. Generally, one drop of 32 % HCI was
added [to (1) solubilize the drug, (2) formation of a cation (Scheme 5.4)] to the drug and ground
for about a minute then the dried powder of the host added and grinding continued for the next 5
minutes. Solubilizing the drug facilitates diffusion of the drug molecules into the calixarene pores

while the cationic nature renders attractive cation-m interaction with the calixarene cavity.
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Scheme 5.4: Dissolution of ciprofloxacin in HCI to form a cation

Since calixarenes have a hydrophobic cavity, cation formation is critical to driving cation-w
interactions, which stabilizes the complex and directs insertion by dictating which part of the
ciprofloxacin enters the cavity. The carboxylate end of the molecule is then likely to be responsible

for H-bonding interactions.
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5.6.1 BN15-ciprofloxacin host-guest Complexes
The formation of host-guest complexes was ascertained using FTIR, NMR, PXRD and thermal

analysis.

Figure 5.15: FTIR spectra of BN15(black), Cipro (green) and their host-guest complex (red)

The FTIR spectra of the complex (Figure 5.15) compared to the host and guest reveals broadening
and a shift to higher frequency of the vOH band from 3302 cm™! in the host to 3274 cm™! in the
complex. This shift suggests a weakening in intramolecular hydrogen bonding interactions in the
host due to the presence of the guest. The formation of new hydrogen bonds is indicated by the
weak bands appearing in the region shown in purple. Another observation made in the spectra of
the complex is the shift in the band due to the stretching vibration of the carboxylate C=0 of the
ciprofloxacin from 1734 cm™ in the free drug to 1699 cm™ in the complex [179]. This shift
indicates the interaction of the carboxylic acid end of the ciprofloxacin with the host through
hydrogen bonds. The shift in the vC-O band of the ciprofloxacin from 1281 cm™ in the free
ciprofloxacin to 1263 cm™ in the complex also confirms the assertion that the drug interacts with
the host through its carboxylic end [179,180]. Similar shift in the C-O band of the host from
1263cm™ to 1231 cm™ also indicate that the host interacts through the OH groups.

The H-NMR spectra of the host, guest, and complex were also critical in determining interactions
between the host and guest and if the host-guest complex was stable in solution. Comparing the
H-NMR of the ciprofloxacin and the complex shown in Figure 5.16 reveals significant up-field

chemical shifts of almost all proton signals. This up-field shift is caused by the host-guest
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interactions. The protonation of the ciprofloxacin with HCl results in the new NH signal appearing
at 9.31 ppm in the complex. The broad and less intense peak at 7.51 ppm is assigned to the OH of
the carboxylic end, which upon complexation shifts to 8.37 ppm and becomes even broader due to

hydrogen bonding interactions [181].

Figure 5.16: HNMR spectra of BN15 (red), Cipro (green) and BN15-cipro (blue) in DMSO-d6

At first sight, it appears the signals of the host does not shift significantly. However, careful
observation (and zooming in as shown in Figure 5.16) revealed that some peaks were split in
addition to the minimal chemical shift changes (typically in the range of 0.1 to 0.3 ppm). Weak
interactions reflecting long range coupling as proton exchange such as has been observed with
through space coupling of hydrogen atoms with fluorine [182,183] may indicate exchange between
two distinguishable chemical environments. The splitting of the proton signals on the 3,4-
dihydroxy rings (Figure 5.17) was critical in determining which part of the host and guest were
interacting. Given that the proton signals that undergo splitting are located on the 3,4-dihydroxy
ring, it is evident that the piperazine end of the ciprofloxacin molecule with fluorine on the adjacent
ring is interacting with the rim of the host containing the 3,4-dihydroxy ring. The carboxylic end
of the ciprofloxacin then interacts with the OH protons of the resorcinol rings through hydrogen

bonding. The resulting structure is a head-to-tail tubular arrangement of the host wherein the
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piperazine end of the guest interacts with the head of the host and the carboxylic end with the tail

(Scheme 5.5).

Figure 5.17: Overlayed HNMR spectra of BN15, ciprofloxacin and BN15-Cipro complex in DMSO-d6.

Scheme 5.5: Schematic representation of possible interaction of BN15 with a single ciprofloxacin molecule

The host, guest, and complex TGA was performed to evaluate the thermal stability of the
supramolecular complex. Obtained data indicates that all three compounds, the host, guest, and

complex decompose in three steps.

The first decomposition step of ciprofloxacin begins at about 100 °C and lasts until 155 °C, during
which acetylene (C2H2) [180] gas is released from the breakdown of the cyclopropane ring attached
to the quinoline nitrogen. The second step in the decomposition onsets at 300 °C and ends at 400
°C, while the third step continues from 400 °C slowly to 700 °C leaving a residue of about 20%

due to incomplete thermolysis.

The decomposition of BN15 has already been discussed above. The TGA decomposition profile

of the complex (Figure 5.18) reveals a weight loss that starts from ambient temperatures until 100
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°C. This loss is ascribed to the evolution of water molecules trapped within the host- guest
complex. After that, a second decomposition step resulting in the loss of about 20% of the mass
follows from 280 °C to 310 °C. The third step then follows from 310 °C up to 700 °C leaving a
residue of about 37%. An observation worth noting is the fact that unlike in the free guest, where
acetylene is released between 80-150 °C due to the breakdown of the cyclopropane ring, this does
not occur in the complex. This is because the guest molecule is enclosed in the center of the host
and the intermolecular interaction of this side ring with the host protects it from breaking at

temperatures near 100 °C.
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Figure 5.18: TGA thermogram for Cipro (black), BN15 (red) and BN15-Cipro (blue)

5.6.2 Determination of Stoichiometry
The stoichiometry of the complexes between the host and guest was determined using the

continuous variation (Job's plot) method. To this end, ten mixtures of the host and guest were
prepared with different host-guest mole fractions (0<r<1), in which the total volume of the solution
was maintained constant. 0.02 g of ciprofloxacin was measured into ten NMR sample tube and the
corresponding amount of host (BN15) added. A reference peak on the ciprofloxacin (encircled in
red in Figure 5.19) was chosen and its position monitored by H-NMR as BN15 was added to a
solution of the guest. A jobs’ plot of Ad of the host versus the mole fraction was made and used to

determine the stoichiometry.
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Figure 5.19: H-NMR spectra of titration of BN15 against ciprofloxacin
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Figure 5.20: Job’s plot for the titration of BN15 against Ciprofloxacin

The singlet around 8.7 ppm was chosen as the reference. As soon as a solution of BN15 is added
into the ciprofloxacin, the chemical shift of this signal reduces. Incrementally adding host solution
result to increase in chemical shift until at a critical point where further addition result to a decrease
in chemical shift as shown in Figure 5.19. The red curve shows a parabolic shape with a maxima
near 0.4 mole fraction of the host. A plot of the change in chemical shift versus mole ratio of the
host is shown in Figure 5.20. The maxima of this curve suggest a 1:2 host-guest ratio. It is however
unclear at this stage where the second guest is in the complex. It is anticipated that future work on

single crystal diffraction will shed light.
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For the determination of binding constant,
[Cla A (5.1)

where [C] is the concentration of the complex, Ad is the change in chemical shift and %, is the mole

fraction of the host.

The expression 5.1 can be transformed as
[C]=kA (5.2)

where k is the binding constant. By substituting the values of point ‘P’ in Figure 5.20, in equation
5.2, the value of K is obtained as 111.76 pmol/(mL.ppm). This value is three times greater than

that reported for testosterone-4-sulphonic calix[4]arenes host-guest complex [1].

The obtained host-guest complex between 3,4-dHBP and ciprofloxacin was characterized using

FTIR, NMR, PXRD and thermal analysis.

Figure 5.21: FTIR of 3,4-dHBP (red), Ciprofloxacin (black) and 3,4-dHBP (green)

Comparing the FTIR spectra (Figure 5.21) of the complex, with the host and guest reveals peak
broadening and a shift to lower frequencies of the OH stretching band from 3280 cm™ in the host
to 3240 cm™! in the complex. This suggests a weakening of the hydrogen bonding interactions in
the host due to the presence of the guest. The formation of new hydrogen bonds is indicated by the
weak bands appearing near 2600 cm™. The carboxylic vC=0 vibrational band shifted from 1732
cm’! in the ligand to 1639 cm™ in the complex, suggesting there is an interaction of the carboxylic
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functional group on the guest with the host. Because the host contains OH groups, interactions
with the COOH group of the guest are most likely hydrogen bonds [179]. The shift in the vC-O
stretching band and O-H deformation of the carboxylic function on ciprofloxacin from 1281 cm!
stretching band in the free ciprofloxacin to 1263 cm™ also confirms the assertion that the
ciprofloxacin interacts with the host through the carboxylic end [179,180].

The H-NMR of the complex, as in the case of BN15-CIP (Figure 5.22) shows a significant shift
for the resonance signals of the drug and very little shift for the host. The most notable observation
in the supramolecular complex is the disappearance of the signals due to the host OH protons. This
disappearance suggests that these OH groups are extensively involved in interaction with the guest.
The appearance of the NH resonance signal in the H-NMR of the complex is a confirmation of
protonation. The resonance of the methylene protons alpha to the protonated nitrogen atom
broadens upon complexation. This broadening is due to the m-m interaction of these methylene
groups with the aromatic « electrons [181]. This observation suggests that the protonated end of
the guest molecule is located inside the hydrophobic & cavity of the host where a mix of cation-n
and 7-m interaction exist to stabilize the host-guest complex. The carboxylic end of the guest then
interacts with OH groups of the pyrogallol rings on the following host molecule.

Again, as the case of the BN15-CIP complex discussed above, the splitting of some of the proton
resonances on the host molecule was observed. This further supports the assertion that the
protonated end of the guest molecule is located inside the hydrophobic cavity of the host, where
the fluorine atom is in proximity with the split signals (Figure 5.23). The through-space interaction
of the fluorine atom on the adjacent aromatic ring with the protons in its vicinity then results in the

observed splitting.
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Figure 5.22: HNMR spectra of 3,4-dHBP (blue), ciprofloxacin (oxblood) and 3,4-dHBP-Cipro (green) indicating
regions with observed changes in DMSO-d6

Figure 5.23: Section of HNMR spectra of the host, guest and host-guest complex showing splitting in the host
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The thermogravimetric analysis of the host, the guest and the host-guest complex were compared
to further understand the nature of the interactions between the species. The TGA of the host and
guest have already been discussed above. The decomposition profile of the complex (Figure 5.24)
shows remarkable similarity to the complex formed between the guest and BN15. The evolution
of acetylene observed in the free guest is absent in the complex, suggesting that the guest is
protected inside the host. The synergistic interplay of intermolecular interactions, including n-n
and cation-m, are likely to be responsible for stabilizing the supramolecular complex. Unlike the
free guest, where a second decomposition step involves the loss of approximately 60 % of the total
mass, the complex thereof loses about 30 % of the initial mass in the second step. The complex
decomposes slowly from about 330 °C to 700 °C leaving a 30 % residue due to incomplete

thermolysis.
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Figure 5.24: TGA thermogram of host 3,4-dHBP(blue), guest ciprofloxacin (red) and complex (black)

Determination of stoichiometry and stability constant

The stoichiometry of the complex formed between 3,4-dHBP and ciprofloxacin was investigated
following procedure used the preparation of BN15-CIP complex. Mixtures of the host and guest
were prepared with different host-guest mole fractions (0<r<1), in which the total volume of the
solution was maintained constant. A reference peak on the ciprofloxacin (encircled in red in Figure
5.25) was chosen and its position monitored by H-NMR as the 3,4-dHBP was added. A plot of Ad

of the host versus the mole fraction was made and used to determine the stoichiometry.
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Figure 5.25: Section of the H-NMR titration between 3,4-dHBP and ciprofloxacin.
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Figure 5.26: Job’s plot for the titration of 3,4-dHBP against ciprofloxacin

The H-NMR data indicate that as the amount of 3,4-dHBP is added to the ciprofloxacin, the
chemical shift of the signal at 8.9 ppm decreases due to the interaction between the host and the
guest. Once the stoichiometric amount has been formed, further addition of 3,4-dHBP result to an
increase. This trend is very similar to the complex formed between ciprofloxacin and BN15

suggesting that the stoichiometry is similar as well. A Jobs’ plot for the data shown in Figure 5.26
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confirm a 1:1 guest-host complexation. Similar Job’s plots for the reference signals indicated in

purple and green in Figure 5.25 are indicated in the appendix.

The association constant was determined using same approach as with BN15, and the value found
to be 92.60 umol/(mL.ppm). The binding interaction between BN15 and ciprofloxacin is therefore

stronger than between 3,4-dHBP and ciprofloxacin.

5.7 BNI15-ZnCl: rt-ciprofloxacin complexes

With both BN15 and 3,4-dHBP forming hollow structures in which the guest molecules are located
inside the tube, BN15-ZnCl> was investigated as a host for ciprofloxacin to verify similarities

between the supramolecular structures.

The FTIR spectra of the metal complex, the host-guest complex depicted in and the host Figure
5.27 were compared. The OH stretching band becomes less intense and broader when the metal
complex is combined with ciprofloxacin through mechanical grinding. Another salient observation
is the appearance of a band at 3528 cm! in the spectra of BN5-ZnCl-CIP. This band is assigned
to the NH stretching; interestingly, however, this band is absent in the supramolecular complexes
of BN15-Cipro and 3,4-dHBP-CIP. The appearance of this band suggests that the interaction and
location of guest, in this case, is different from the two previously discussed cases. At this stage,
i1s however not possible to say the exact location of the guest; ongoing work to obtain single
crystals of the complex suitable for diffraction will elucidate the exact nature of the interaction.
The shifting of the C=O vibrational band of the COOH group from 1737 cm in the free
ciprofloxacin to 1703 cm™ in the complex indicates guest interaction through the carboxyl group
with the host [164]. This is further confirmed by shifts in the C-O stretching and O-H deformations
bands in the 1280 cm™ region of the spectra [180]. It is also observed that weak bands are formed

in the region around 2600 cm™! which are ascribed to the formation of hydrogen bonds [162,164].
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Figure 5.27: FTIR spectra of BN15-ZnCl-cipro (red), ciprofloxacin (black), and BN15-ZnCl, RT (green)

The TGA comparison of the supramolecular complex (Figure 5.28) with the host and guest
revealed that the complex formed is thermally less stable compared to the guest. It is observed that
the decomposition of the complex begins with the evolution of water and is closely followed by
another mass loss which is ascribed to the loss of the acetylene [180], which takes place slowly
and lasts until 200 °C. The complex then remains stable until temperatures exceed 300 °C from
where it breaks down in three steps, leaving a residue. The decomposition profile of the complex
reveals that unlike in the case wherein the host was purely organic, the guest is less tightly bound

and more exposed.
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Figure 5.28: TGA thermograms of BN15-ZnClI2 rt (blue), ciprofloxacin (red) and BN15-ZnCI2-Cipro (black)

5.8 Conclusion
Two tetracyclic compounds have been successfully synthesized by reacting 3,4-

dihydroxybenadehyde with resorcinol and pyrogallol (BN15 and 3,4dHBP, respectively). The
resorcinol obtained compound (BN15) forms an hour-glass shaped structure with a u, u, u, u
configuration with respect to resorcinol backbone rings. The overall structure of BN15 presents an
undulating tube where individual molecules are linked via hydrogen bonding to the next. 3,4-
dHBP, on the other hand, forms a 1,2-alternate configuration with respect to the pyrogallol rings.
Metal complexes of the compounds were prepared based on metal chlorides (for BN15) and metal
acetates (for 3,4-dHBP). In the presence of metal chlorides, the compound coordinates at the 3,4-
dihydroxybenzaldehyde rings, while in the presence of metal acetates, 3,4-dHBP undergoes

complete deprotonation so that all the oxygen atoms coordinate to the metal ion.

BN15; 3,4-dHBP and their metal complexes have been demonstrated to form supramolecular host-
guest complexes with ciprofloxacin which are stabilized by various intermolecular forces. The
orientation of the ciprofloxacin in the cavity of BN15 has been determined using H-NMR while

the stoichiometry has been determined by means of titration.
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6 CHAPTER SIX
This chapter is rather a proof of concept than a detailed investigation. The detail investigation is
an ongoing project. The chapter reports on the biological studies on some of the compounds
reported in this work. The bioassays of some of the compounds and supramolecular assemblies
and the release of ciprofloxacin from BN15-ciprofloxacin supramolecular complex has been
reported.
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6.1 Cell toxicity assay
To investigate the cytotoxicity of the compounds, they were incubated at a concentration of 50
ug/ml in 96-well plates containing HeLa cells for 24 hours. The numbers of cells surviving after
exposure to the compounds were determined by using the resazurin based reagent and reading

resorufin fluorescence in a multiwell plate reader.

6.2 Drug release in simulated body fluid
The drug release was carried out in a phosphate buffer pH 5.8. Typically, a dry powder of the
complex (in the case of the supramolecular ensembles) was placed in a dialysis tubing cellulose
membrane and 1 mL of Millipore water added. The tube was sealed and placed in a vial containing
20 mL of the buffer maintained at 37.4 °C. In the case of BN15-CIP, 1.97 mg of the complex was
dissolved in 0.1 mL of DMSO and diluted to ImL using water. The solution was transferred into
the dialysis tubing cellulose membrane, sealed, and placed in a vial containing the phosphate buffer
maintained at 37 (+0.4) °C. The solution was constantly stirred throughout the experiment. At
given times, aliquots were drawn from the buffer for analysis and replaced with fresh buffer. The
UV-vis data of these aliquots was used to determine the release profile. The aliquots were also

subject to biological evaluation to confirm that the drug was indeed present.

6.3 Antimicrobial assay
To assess the effect of the aliquots drawn from the buffer on the growth of E. coli cells and S.aureus
cells. The compounds were dissolved in either DMSO or 11% HCI and diluted to 50 pg/mL and
incubated for in 96-well plates containing the target cells for 24 hours. The numbers of cells
remaining viable after exposure to the compound were then determined by using the resazurin
based reagent and reading resorufin fluorescence in a multiwall plate reader.

6.4 Results and discussions

6.4.1 Cytotoxicity
The results indicate that the cucurbituril metal complexes and 3,4-dHBP generally do not show

any significant cytotoxicity against HeLa cells as represented in Figure 6.1. However, BN15
shows a significant cytotoxicity. The standard antibiotic drugs used as guest in the work isoniazid
hydrochloride and ciprofloxacin also do not show any significant cytotoxicity. The supramolecular

complexes obtained with these drugs as guest however show significant cytotoxicity.

152



120
100 |
- = 0 _ ‘ ‘ |
N3 SRS

Percentage Viability
N H D [os]
o o o o o
S Il
%
% |
I
||

§ § ; h 3 3 ; SORNPIN NN O
¥ & §F K S ¥ 8 §
R RS e NS s ’\,“'@ »
\/ y 3 /(’0 /\/d © &’ © &' &
" Y

Figure 6.1: Cytotoxicity of representative compounds

6.4.2 Antibacterial assay

Figure 6.2a shows the activity of selected compounds against S. aureus and Figure 6.2b shows
the activity of selected compounds against E. coli. As depicted in Figure 6.2a&b, BN15 show
significant activity against S. aureus and E. Coli killing more than 90% of cells in each case. The
pyrogallol counter 3,4-dHBP also shows significant activity against both cell lines although lower
than BN15 killing approximately 75% of cells in each case. The introduction of isoniazid (INH)
or ciprofloxacin into both BN15 and 3,4-dHBP result to increased activity against both cell lines
with lee than 5% of cells surviving in each case. The activity of these host-guest complexes is

therefore a synergic effect of the activity of the host compound and the drug guest.

Across the cell lines is it observed that the activity of the supramolecular ensembles CB-Cu-MalA-
INH and CB-Cu-OxA-CIP is not very high with the later killing less than 50% of the cells and the
former just over 50%. The other supramolecular ensembles showed significant activity against the

cell lines.
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Figure 6.2: Activity of selected compound against (a) S. aureus (b) E. coli.

6.4.3 Drug release

We observed an increasing reddish coloration in the buffer solution which peaked after twenty-
four hours of release. The UV spectra of the collected aliquots revealed that the color was a result
of the carrier BN15 molecules diffusing through the membrane. The peaks due to BN15 can be
observed near 480 nm in Figure 6.3. The release of the drug from the carrier is gradual and takes
approximately 96 hours for 90 percent of the drug to be released as shown in Figure 6.3.
Notwithstanding, about 80 percent of the drug is released during the first 36 hours of release. After
one week of release, and allowing the vial to stand for 24 hours, fine powder of BN15 was visible

in the buffer. FTIR of this powder reveals that very little change had occurred on the powder.
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Figure 6.3: UV spectra of representative aliquots from release media and the release profile and pH 5.8

6.5 Conclusion
The compounds synthesized and the resulting supramolecular ensembles have been evaluated for

cytotoxicity and antibacterial properties. BN15 shows significant cytotoxicity and antibacterial
effect against S. aureus and E. coli. 3,4-dHBP on the other hand does not show any significant
cytotoxic effect but is active against the investigated cell lines where it kills approximately 75%
of the cells after 24 hours of incubation. The host-guest complexes of these two compounds show
activity against the evaluated cell lines which is ascribed to the combined effect of the host and
the drug guest. The release studies of BN15-CIP reveal that the drug guest and the host pass
through the dialysis membrane. Into the buffer. The release of ciprofloxacin last until almost 50

hours for 90% of the guest to have been released.

The cucurbituril metal complexes are generally non-cytotoxic. The antibacterial effect of these
complexes when the drug guest is introduced is ascribed to the drug since the metal complexes are

not toxic to the cell lines under investigation.
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7 CHAPTER SEVEN
CONCLUSION

The initial intention of this work was to synthesize a series of calixarenes based on aromatic
aldehydes and cucurbiturils. Thereafter prepare complexes of these macrocycles and investigate

their ability to form host guest complexes.

7.1 Synthesis of calixarenes and cucurbiturils and metal complexes
The envisioned aromatic aldehyde based calixarenes BN15, BN22, p-CIBP, 3,4-dHBP and

cucurbiturils were successfully synthesized in appreciable yields and purity following reported

literature.

These macrocycles have been used to obtain porous metal complexes with or without bridging
ligands chiefly by solvothermal methods. Metal complexes involving cucurbiturils have been

obtained and characterized using various techniques.

7.2 Application of the obtained compounds
The macrocycles and their metal complexes were investigated for various host-guest interactions.

BN22 and p-CIBP were investigated for selective sorption of DMSO whereas the others were
investigated for hosting either isoniazid or ciprofloxacin hydrochloride. Host-guest complexes of
isoniazid and ciprofloxacin have been achieved through both solution chemistry and

mechanochemistry.

The biological activities of selected compounds and guest release from host in simulated body

fluid were investigated.

7.3 Characterization and identification
The physicochemical characterization of the obtained compounds and the host guest complexes

was achieved through NMR, DSC, TGA, FTIR, UV spectroscopy, single crystal X-ray diffraction
powder X-ray diffraction, elemental analysis, and atomic absorption spectroscopy. NMR was used
to ascertain the successful synthesis of the macrocycles, host-guest complexes. By analyzing the
chemical shift variation of given protons in the guest, it was possible to determine the
stoichiometry of the supramolecular host-guest complexes. FTIR and powder XRD provided

further evidence of the supramolecular complexes while the single crystal XRD was used to
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determine the structure of the obtained crystals. Data from elemental analysis and atomic
absorption spectroscopy was essential in determining the stoichiometry of metal complexes. The
UV spectroscopy data reveal that the release of ciprofloxacin from BN15 lasts until 48 hours for
90% of the drug to be released from the host. Furthermore, the host material was also found to

cross the dialysis membrane.

Thermal analysis was useful in determining the thermal stability of the obtained complexes and

the structural changes undergone by the compounds upon exposure with guest samples.

7.4 Significance of the obtained results
Separation of mixtures and solvent recovery remains an active research area. Newer and effective

candidates for separation are therefore welcome as they offer alternatives for the existing ones. In
this regard, we have therefore been able to obtain a compounds BN22 and p-CIBP that is capable
of selectively adsorbing DMSO form a solvent mixture. Compound BN22 has also been found to

show interesting structural dexterity in the presence of different solvents.

The formation of host-guest supramolecular complexes involving active pharmaceutical
ingredients is also an important area of research as this form the basis of sustained release of these
active ingredients. With the synthesis of porous materials essential to this development, we have
obtained porous materials capable of forming supramolecular host complexes with ciprofloxacin
and isoniazid. Our work has demonstrated that these supramolecular ensembles with isoniazid and
ciprofloxacin can be obtained both by one pot synthesis and mechanochemistry. One pot
supramolecular ensemble involving cucurbiturils reveals that the isoniazid is enclosed in the cavity
of the cucurbituril despite the complex having pores extrinsic to the cavity. This offers the
possibility of loading guest in the intrinsic and extrinsic pores of the complex although this has not

been explored yet and is an area of future research.

7.5 Future work
Future work includes carrying complete investigation of drug release from the supramolecular

complexes that have been reported, utilizing different pH and different guests. We also are looking
forward to investigating if the guest content of the supramolecular ensembles obtained through
one-pot synthesis can be further increased by carrying out mechanochemistry to increase
bioavailability. An important future stud will be to load two active pharmaceutical moieties unto
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a single metal complex; with one enclosed in the intrinsic pores and the other in the extrinsic pores.

This presents as an interesting approach to combination therapy.

With respect to the aromatic aldehyde synthesized calixarenes, we observed that unlike those
traditionally reported in literature, these do not easily form crystalline complexes with metal ions
using similar approaches to those reported in literature. This implies that obtaining calixarenes
from aromatic aldehydes yields compounds whose behavior with respect to complexation is quite
different from those obtained with aliphatic aldehydes. We therefore intend to further explore on
the complexation of such materials with different metal ions to obtain crystalline complexes. This

is important since their elucidation will be easy through single crystal x-ray diffraction techniques.

7.6 Final comments
The author believes that the intended aims indicated in Section 1.10 and 1.11 of this work have

been achieved. We have sufficiently proven by various techniques that the intended compounds
have been synthesized. We have furthermore established through the available techniques that the
obtained compounds make good candidates for supramolecular chemistry as they form host-guest
complexes with various guests. The formation of host-guest complexes with active
pharmaceuticals implies these compounds make good candidate for application in drug delivery

systems.
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APPENDIX

Appendix A: FTIR Spectra
1) FTIR of i) CB-CuCl-MalA [purple], ii) CB-CuCl-MalA-INHCI [red] and iii) INHCI [black].
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Appendix A 1: FTIR of i) CB-CuCl,-SucA [purple], ii) CB-CuCl,-SucA-INHCI [red] and iii) INHCI [black].
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Appendix A 2: FTIR of i) CB-ZnCl,-MalA [purple], ii) CB-ZnCl,-MalA-INHCI [red] and iii) INHCI [black].
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Appendix A 3: FTIR of i) CB-ZnCl-SucA [purple], ii) CB-ZnCl-SucA-INHCI [red] and iii) INHCI [black].
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Appendix A 4: FTIR of i) CB-ZnCl>-GluA [purple], ii) CB-ZnCl,-GluA-INHCI [red] and iii) INHCI [black].
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Appendix A 5: FTIR of i) CB-CuCl,-MalA-INHCI at RT [green], ii) CB-CuCl,-MalA-INHCI heated to 140 °C and
cooled [black].
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Appendix A 6: FTIR spectra of 3,4-dHBP and it metal complexes
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3,4-dHBP-Mn(Ac)2
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3,4-dHBP-Ni(Ac)2
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Appendix B: TGA Thermograms

APPENDIX B 1:TGA thermogram for CB-MnCl,-MalA (black) and Derivative (blue)
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APPENDIX B 2: TGA thermogram of CB-MnCl,-SucA (black) and derivative (blue)
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APPENDIX B 3: TGA thermogram for CB-FeCl,-OxA (black) and derivative (blue)
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Appendix B 4: TGA thermogram for CB-FeCl,-MalA (black) and derivative (blue)
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Appendix B 5: TGA thermogram CB-FeCl,-GluA-HCI (black) and derivative (blue)

Appendix B 6: TGA thermogram for CB-CuC12-OxA (black) and derivative (blue)
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Appendix B 7: TGA thermogram for CB-CuCl,-SucA (black) and derivative (blue)
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Appendix B 8: TGA thermogram of CB-CuCl,-GluA (black) and derivative (blue)
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Appendix B 9: TGA thermogram of CB-ZnCl,-MalA (black) and derivative (blue)
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Appendix B 10: TGA thermogram of CB-ZnCl,-SucA (black) and derivative (blue)
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Appendix B 11:TGA thermogram of CB-ZnCl,-GluA (black) and derivative (blue)
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Appendix B 12: TGA thermogram of CB-CuCl,-MalA (green) and CB-CuCl,-MalA-INHCI (red). The respective

derivatives are indicated in dotted lines
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Appendix B 13: TGA thermogram of CB-CuCl,-SucA (green) and CB-CuCl-SucA-INHCI (red). The respective

derivatives are indicated in dotted lines
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Appendix B 14: TGA thermogram of CB-CuCl,-GluA (green) and CB-CuCl,-GluA-INHCI (red). The respective

derivatives are indicated in dotted lines
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Appendix B 15: TGA thermogram of CB-ZnCl,-OxA (green) and CB-ZnCl,-OxA-INHCI (red). The respective

derivatives are indicated in dotted lines
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Appendix B 16: TGA thermogram of CB-ZnCl,-MalA (green) and CB-ZnCl,-MalA-INHCI (red). The respective

derivatives are indicated in dotted lines
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Appendix B 17: TGA thermogram of CB-ZnCl>-GluA (green) and CB-ZnCl,-GluA-INHCI (red). The respective
derivatives are indicated in dotted lines
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Appendix B 18: TGA thermograms of BN22E after exposure solutions of DMSO/H>O

100
50 <
20 -
S
£ 704
o
0 HIO O '
g 50 2o
H2O 2
=203
cn 4 HIO 4
HID 5
=I0 &
HIO T
40 4 HI0 &
nzo e | The values afier HXO represent the
A0 10 | yoglume iof H1O in 10 mL solution marsos=0H
30 T T T T T T T T T T T ——
50 100 150 200 250 300 350
TE‘fT'IpE‘FEltUFE.‘{DC}

187



Appendix B 19: TGA thermograms of BN22E after exposure solutions of DMSO/MeOH
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Appendix B 20: TGA thermograms of p-CIBP after exposure solutions of DMSO/MeOH
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Appendix B 21: TGA thermograms of p-CIBP after exposure solutions of DMSO/MeOH
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Appendix C: H-NMR spectra

Appendix C 1: HNMR spectra of CB (red), INHCI (green) and CB-ZnCl,-OxA-INHCI (blue)
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Appendix C 2: HNMR spectra of INHCI (blue), CB-ZnCI2-MalA-INHCI (green) and CB-ZnCl,-MalA

Appendix C 3: HNMR spectra of INHCI (green), CB-ZnCl,-SucA (marron) and CB-ZnCl,-SucA-INHCI (blue)
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Appendix C 4: H-NMR spectra of crystals obtained from (top)BN22E and (bottom) BN22M
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Appendix D: Evolve gas FTIR spectra
Appendix D1: Evolve gas analysis FTIR of BN22E for DMSO/H>0 and DMSO/MeOH systems
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Appendix D2: Evolve gas FTIR Spectra of p-CIBP after exposure to DMSO/H20 and DMSO/MeOH spectra
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Appendix E: DSC thermograms
Appendix E1: DSC thermograms of BN22E after exposure to DMSO/H,0 system
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Appendix E2: DSC thermograms of BN22E after exposure to DMSO MeOH system
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Appendix E3: DSC thermograms of p-CIBP after exposure to DMSO/H,0 system
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Appendix E4: DSC thermograms of p-CIBP after exposure to DMSO/MeOH system
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Appendix F: PXRD diffractograms
Appendix F1: Powder XRD patterns for BN22E exposed to DMSO/H,0 system
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Appendix F2: Powder XRD pattern of BN22E exposed to DMSO/MeOH system
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Appendix G: Job’s plots for host-guest complexes [the Job’s plot for the proton signal
in red has been presented in chapter 5]

135

13

145

12

it

1.15

11

105

0 0.2 0.4 0.6 0.8 1
yof 3,4-dHBP

202



&

0.8

0.75

0.7

(.65

0.6

.55

0.5

.45

0.4

0.2

0.4 0.6
yof 3,4-dHBP

0.8

203




Appendix H: Channel system of p-CIBP show along a b and c axes
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