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Abstract

Cyclotriveratrylene compounds crystallised from acetonitrile (1) and 2-butanone (4) are shown to be
nearly isostructural, resulting in the formation of dimeric capsules, while the compound which crystallised
from chloroform (3) results in the formation of layers of cyclotriveratrylene molecules separated by layers
of chloroform molecules. 1 is found to undergo a single-crystal-to-single-crystal transformation following
desolvation. Consecutive single-crystal X-ray diffraction experiments on 1 at 50 °C reveal that the rotation
of a unique, single methoxy group of the host molecule may permit the escape of the solvent molecules

from the apparently nonporous crystal.

C-methylcalix[4]resorcinarene has been shown previously to form either channel-type structures or
hexameric, spherical assemblies when crystallised from various alcohol molecules. The effect of the length
of the alkyl chain of the solvent alcohol was studied. It was established that the short-chain alcohols favour
the formation of channel-type structures while the longer-chain alcohols favour the formation of the
hexameric, spherical assemblies. A hexameric assembly structure crystallised from 1-propanol (8) displays
a ~25% increased interior volume over known assemblies and is found to be the first of these types of
assemblies to form by vapour sorption. A hexameric assembly structure crystallised from 1-butanol (9)
has already been published in the literature. However, SCXRD studies for this work revealed additional
structural information not apparent in the literature structure. Another hexameric assembly structure,
this time crystallised from 1-pentanol (10), was shown to be similar to the structure of 9, with certain

differences.

Characterization of these structures was performed by single-crystal X-ray diffraction, powder X-ray
diffraction, hot stage microscopy and thermal analysis. All compounds were shown to maintain

crystallinity upon heating and desolvation — however, several transitioned through an amorphous phase.

Gas and vapour sorption analysis was performed on all activated compounds. Some of these compounds
were found to resolvate to their original solvated structures merely upon exposure of the desolvated

powders to the solvent vapours.
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Chapter 1 — Introduction

Supramolecular chemistry is defined by molecular structures held together by noncovalent interactions
and plays significant parts in biochemistry, chemistry, nanoscience and numerous other areas.! Within
supramolecular chemistry, host molecules are generally larger molecules which encapsulate or trap
smaller guest molecules within their own molecular cavities or cavities which are formed by the

supramolecular association of these host molecules into larger host systems.

Crystal engineering is the preparation of functional molecular crystals.? During the 1990s, numerous
considerations drove the development of crystal engineering.? There was a requirement for more applied
objectives for basic research. At the same time, small molecule crystallography was becoming more
accessible to non-specialists, but perhaps, the most significant consideration was the cultural
consideration in the growth of crystal engineering. The supramolecular insight into chemistry produced a
significant ‘conceptual shift’: from emphasis on atoms and bonds between atoms to emphasis on
molecules and bonds between molecules.> These intermolecular interactions include Coulombic
interactions, van der Waals’ forces and hydrogen bonds, among others.® The official definition of
supramolecular chemistry excludes coordination bonds due to them being short and strong as opposed
to weak and long.* Supramolecular chemistry has blurred all the customary lines between the various
chemical disciplines (biological, organometallic, inorganic, organic). Instead, the focus has centred on the
collective characteristics of the assembly of molecules and how those characteristics are related to those
of the individual molecules.? Since the early 1990s, crystal engineering has grown from analysis of crystal
structures with regard to intermolecular interactions, to the preparation of crystals with predicted
topologies, to design and manipulation of crystal properties.>*3 At the outset of crystal engineering, a
particular characteristic was linked to a molecular structure, which therefore became linked with a
particular intermolecular interaction.? Thereafter, interactions were associated with certain structural
motifs within crystal structures, leading to ‘supramolecular synthons’.’® Currently, though, crystal
engineering has reached the point where it is possible to target a certain desirable characteristic and

determine the crystal structure likely to confer this desirable characteristic.'*
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The supramolecular chemistry of host-guest systems is currently of immense and growing significance and
interest.’>17 Host-guest systems containing powerful intermolecular interactions are also seen in polymer
science, allowing the creation of polyrotaxanes (mechanically interlocked molecular structures consisting
of linear polymers encircled by macrocyclic hosts which are prevented from dissociating by bulky end
groups) and polypseudorotaxanes (polyrotaxanes without the bulky end groups),*®2° catenanes?! and
polycatenanes (molecules which consist of two (catenanes) or more (polycatenanes) interlocked rings like
links in a chain),?%?3 pseudorotaxane-type supramolecular polymers?*2¢ and star, dendritic, graft and
block polymer self-assembly from appropriately functionalized macromolecules.?’2° The search for
binding host-guest pairs of increasing strength is an ongoing endeavour in laboratories all over the

world.30-32

Since the cation-complexing properties of the crown ethers were first discovered in 1967,3334 the growth
of novel categories of macrocyclic hosts has been one of the most significant subjects in supramolecular
chemistry.3>37 Macrocycles such as cyclodextrins,3®3° crown ethers,*® cucurbiturils*#? and calixarenes*3#4
have been widely investigated to study their self-assembly features and host-guest interaction
arrangement because of their different selectivity characteristics. It has been shown, for example, that
calix[4]arene crown ether can selectively bind amino groups with great specificity via the macrocyclic
cavity-mediated host-guest interactions.*>*® Some commonly used host molecules are displayed below

(Figure 1.1).

Figure 1.1: Organic host macrocycles in host-guest chemistry: (a) 18-crown-6 (b) a-cyclodextrin (c) tert-
butylcalix[4]arene (side and top views). Figure adapted from reference number 47 and
reproduced with the permission of American Chemical Society (ACS) Publications.
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The definition of porosity is an important consideration in the discussion of sorption capabilities of
materials. Barbour defined three types of porosity: conventional porosity, porosity ‘without pores’ and
virtual porosity.*® Conventional porosity refers to compounds such as metal-organic frameworks (MOFs)
or zeolites, which maintain structural integrity after guest evacuation creating open, unobstructed
channels. Permeability is therefore maintained, and the structure remains porous. Porosity ‘without
pores’ describes apparently non-porous compounds, for example compounds that either have no voids
or have isolated voids, which have been shown to have the ability to adsorb guest molecules. Virtual
porosity describes the inappropriate practice of relying only on creating packing diagrams in the stick or
ball-and-stick style or on the deletion of guest molecule coordinates and claiming porosity without further

experiments.

An important emerging phenomenon in solid-state chemistry is the ability of some molecules to undergo
a single-crystal-to-single-crystal (SC-SC) transformation.*® This refers to a crystal maintaining
monocrystallinity after a physical event (for example, a polymorphic transition or desolvation) which
causes a change in crystal structure. The single crystal X-ray structure of this different form can therefore
be determined by single-crystal X-ray diffraction, yielding possible insight into the mechanism of the
transformation. SC-SC transformations are still relatively rare. However, the phenomenon has been
increasingly reported in recent times, especially for MOFs. As an example, a thermally-triggered SC-SC
transformation has been reported in the complex [{bpbp}Co2(02)}(NH2bdc)](NO3)s-7H.0 (bpbp = 2,6-
bis(N, N-bis(2-pyridylmethyl)aminomethyl)-4-tert-butylphenolato; NH;bdc = 2-amino-1,4-
benzenedicarboxylato) (Figure 1.2).>° The oxy form converted into the deoxy form
[{bpbp}Co2(NO3)}2(NH2bdc)](NO3)2:2H20 upon heating at 80 °C for about 5 minutes. The deoxy form
subsequently reverted to the oxy form upon uptake of a stoichiometric quantity of oxygen. A unique two-
step SC-SC transformation has been displayed by a cobalt complex [Co(hep-H)(H20)4]-SO4 (hep-H = 2-(2-
hydroxyethyl)pyridine) (Figure 1.3).>! Fluorochromism is a change in observed colour of a particular solid
or solution. Mechanofluorochromism (MFC) of molecular solids is usually caused by external mechanical
forces inducing a change in intermolecular interactions.”? A unichromophoric anthracene-pentiptycene
derivative exhibiting both photomechanofluorochromism (PMFC) and MFC, resulting in different
fluorescence colours comprising red-green-blue and near-pure white-light emission, has been reported.>?
This derivative crystallises in two polymorphs, the green and yellow emissive forms. The pairwise stacked

anthracene groups within these polymorphs experience [4 + 4] photodimerization to yield a UV black
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emissive photodimer. This photodimer is generated by a SC-SC transformation (Figure 1.4). This dimer

then exerts local photomechanical forces on neighbouring molecules, therefore known as PMFC.

(b)

Figure 1.2: Molecular structure of the cations in (a) [{bpbp}Co2(02)}2(NH2bdc)](NO3)4:7H,0 and (b) deoxy
[{bpbp}Co2(NO3)}2(NH2bdc)](NO3)2:2H2,0 complexes. A pair of amine nitrogen atoms are
displayed on the 2-aminoterephthalato linker due to disorder over two positions at 50 %
occupancy each. Hydrogen atoms are omitted for clarity.>® Figure reproduced with the
permission of the Royal Society of Chemistry (RSC).

H, O§<O
H H, H; ?H 72 IN HCI treatment HZO\
N —N=- (10 min) SO
=N SOy ——> N °\0 4
\ \OH 120°C,1h Y/ J)H (!)H 2 hep -H H,
A Kz T

3,Pink [5]SO4,Green FE

[1]SO4,0Orange

Figure 1.3: Stepwise SC-SC transformations from an ionic monomer to a neutral dimer to another ionic
monomer by displacement of the sulfate ion.>! Figure reproduced with the permission of the

RSC.

R
S
7 =
h
4+4
soIEd+stz]=1te / Q

Figure 1.4: Structural formulae of the anthracene-pentiptycene derivative and its photodimer generated
by solid-state [4 + 4] photodimerization.>? Figure reproduced with the permission of the RSC.
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A novel inclusion compound, a guanidinium 1,3,5-tri(4-sulfophenyl)benzene (GsTSPHB) encompassing
isophorone guests which enclose apparently inaccessible and isolated voids, has been reported (Figure
1.5).>3 This compound was found to be susceptible to guest exchange with hexafluorobenzene through a
SC-SC transformation after exposure to hexafluorobenzene vapour for 1 h. Single-crystal X-ray diffraction
of transformation intermediates revealed a crystal system transition from monoclinic to hexagonal before

complete guest exchange.

a@s)mk)w\ﬂ aﬁc [ ) m@w

§¥ kéﬁg %@f O N @

@%M@%M& b)\\w Q m(.\

(

Qjm QJM

fbk

Figure 1.5: (a) Crystal structure of the initial GsTSPHB-isophorone compound, viewed along the irregular
guanidinium-sulfonate cylinders (void A), running parallel to the b-axis in the P21 space group,
while void E contains severely disordered isophorone molecules which could not be refined
(b) Crystal structure of intermediate state, after 8 min. exposure to the vapour of 25 % v/v
hexafluorobenzene/hexane solution, viewed along the b-axis. The structure still refined
optimally as P21, and the guanidium-sulfonate cylinders are almost hexagonal (c) Crystal
structure of the transformed GsTSPHB-hexafluorobenzene compound, viewed along the
hexagonal guanidinium-sulfonate cylinders which run parallel to the c-axis. The green circles
in (b) and (c) represent completely disordered hexafluorobenzene guest molecules.>® Figures
reproduced with the permission of ACS Publications.
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A few other examples of SC-SC transformations in the literature are reported to be those that are solvent

exchange-induced,>* ion exchange-induced>>>® and light-induced.>”->8

1.1. Host Compounds

1.1.1. Calixarenes

Calixarene is a general name given to a class of macrocyclic molecules comprising phenolic units linked by
methylene bridges. The name ‘calixarene’ originated from the Greek word ‘calix’ meaning ‘chalice’ and
‘arene’ due to the arene rings which are components of the molecule.>® They were first discovered in 1872
when Adolph von Baeyer presented the preparation of calixarenes as products of the reaction of
aldehydes with phenols in the presence of strong acid.®® Baekeland then patented a procedure in which
a minor quantity of base was utilized to produce resinous compounds he called Bakelite at the start of the
twentieth century.®* However, the structural features of the Bakelite were uncertain until the mid-1940s
to early 1950s, when a tetrameric cyclic structure was suggested for the product of the base-catalyzed
condensation of formaldehyde and p-tert-butylphenol.6%63 In the late 1970s, these formaldehyde phenol
products were given the name ‘calixarenes’.®* The present IUPAC nomenclature for calixarenes is as
follows: a number in brackets, n, situated between calix and arene shows how many phenolic units are
connected by methylene bridges to constitute the macrocycle of the molecule. Appropriate prefixes
describe substitution on the aromatic rings, e.g. p-tert-butylcalix[4]arene, which has tertiary butyl groups
in the para-position on each phenolic ring. Calixarenes consisting of four, six or eight phenolic units can
be easily synthesized in high yields with exceptional purity. The calixarene frame has a distinct hollow with
potentially different polarities on the lower edge and the upper edge, depending on the functionalization
of these edges. They can also be tailored with respect to functional group and cavity size to produce
selective hosts. Calixarene chemistry has grown into a crucial branch of supramolecular chemistry since
the 1970s.%°%7 They comprise a category of molecules with different and rare characteristics that are the
subjects of widespread research. This is due to their adaptable molecular recognition characteristics,
exceptional void and conformational structures, and wide availability.?87° Calixarenes and their
substituted analogues have been utilized for the recognition of organic molecules, neutral compounds,
anions and cations.”*”2 Calixarenes are also extremely prevalent in chromatography as stationary phases
or in sorption applications as sorbent because of their reversible interactions with various types of guest

molecules.” Several examples of calixarenes are displayed below (Figure 1.6).
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1n=4; R;=H; R, =t-Bu
2 n=8; R; = (CH,);SO;Na; R, =H
3 n=8; R, =H; t-Bu 1

Figure 1.6: Structures of several calixarenes (1 — p-tert-butylcalix[4]arene, 2 — octasodium p-3-
sulfonatopropylcalix[8]arene, 3 — p-tert-butylcalix[8]arene, 4 — calix[4]naphthalene, 5 — tert-
butylcalix[4]naphthalene).

In 1992, it was shown that the water-soluble calix[8]arene derivative 2 (Figure 1.6) was able to extract Ceo
into an aqueous phase.’”® In addition, it was then found that p-tert-butylcalix[8]arene (3 — Figure 1.6) could
preferentially isolate Ceo from a solution containing Cso and Czo in toluene.”®”” This was achieved by
forming a 1:1 complex with Ceo. Efforts to crystallise this complex from chloroform led to de-complexation,
yielding pure Ceo. This and several other discoveries resulted in widespread research of the interactions

between numerous other calixarenes and calixarene derivatives with fullerenes.”®
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1.1.2. Calix[n]resorcinarenes

Resorcinarenes (Figure 1.7), a subgroup of calixarenes formed from the condensation of 1,3-
dihydroxybenzene and an aldehyde, have also attracted much attention over the last twenty years,
playing a vital role in supramolecular chemistry owing to their structural characteristics, making them
versatile host molecules for the encapsulation of different guest molecules. They have been shown to
encapsulate sugars’®-8! and alcohols,??8 methylammonium compounds®4-2¢ (especially acetylcholine®”-#9)
and alkali metal cations.®°! They have also been used as ion tunnels®? and as surfactants on gold®3>*° and

thin films.26-%8

Distinct spherical molecular structures formed by spontaneous self-assembly routes are prevalent in
nature. Spherical fullerenes® and viruses!® are examples in which covalent and non-covalent forces,
respectively, guide the formation of smaller subunits into larger assemblies. Nature employs the concepts
of supramolecular chemistry, enabling biological processes to utilize noncovalent interactions, for
example hydrogen bonds which hold together the DNA double helix. The assembly of intricate synthetic
structures in both the solid state and solution is becoming increasingly possible. This generally means that
known structures must be studied, modelled and honed to create further structures of greater intricacy.
These include the preparation of spherical, self-assembled molecular capsules. A shared characteristic of
these molecular cages is their capability to trap charged and/or neutral guests whose chemical properties,
shape and size match those of the inner surface of the host.19193 These assemblies have possible uses as
mimics of biological systems, nanoreactors, van der Waals catalysts and drug delivery agents. These

characteristics have led to the new appearance of monomolecular®*1% and dimeric capsules,'”:1% most

HO

O "

OH

OH

HO

" Q

OH

OH

Figure 1.7: An example of a resorcinarene — in this case, C-methylcalix[4]resorcinarene.
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of which are formed because of the head-to-head arrangement of multi-aromatic, bowl-shaped host
molecules such as calix[4]arenes.!04106:108 However, genuine structural imitation of naturally-occurring
assemblies, based on the self-assembly of more than three host molecules, continues to be elusive. These
spherical assemblies are usually highly symmetrical and regularly take the form of Archimedean or
Platonic solids. As an example of a large supramolecular assembly in nature, 180 indistinguishable protein
subunits amassed into an icosahedron forms the cowpea chlorotic mottle virus (Figure 1.8). The general
conformation of the viron changes with pH, resulting in holes in the outer shell, therefore permitting the
migration of molecular matter between the exterior and interior of the viron.1%® While obtaining similar
manipulation over the composition, conformation and size of synthetic supramolecular structures is a
difficult task, developments have occurred in manipulating both the composition and volume of interior
chemical space within the hydrogen bonding-assembled hexameric spheres from
pyrogallol[4]arenest'®112 or resorcin[4]arenes.13-114 These molecular assemblies are positioned so that
the centroids of the six host molecules can be imagined to be located on the faces of a cube, but can also
be described as positioned on the vertices of an octahedron, with the pattern of the hydrogen bonding

symbolizing the small rhombicuboctahedron and the snub cube, respectively.!!®

Cowpea Chlorotic Mottle Virus PDB_ID: 1CWP
20A

images at virology.wisc.edu/virusworld

gk IRasmol image by Jean-Yves Sgro ©2007

Coordinates from: PDB: www.resb.org/pdb/ VIPER: mmish.scripps.edu/viper/

Figure 1.8: The cowpea chlorotic mottle virus. (http://www.virology.wisc.edu/virusworld/images/ccmv-
ictv9style-blue.jpg)
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1.1.3. Heterocalixaromatics

Fascination with heterocalixaromatics has developed quickly in recent times.!'® Heterocalixaromatics
consist of aromatic rings linked by heteroatoms (Figure 1.9), as opposed to regular calixarenes in which
the aromatic rings are linked by methylene bridges. The first amine-bridged and oxygen-bridged
calix[4]arenes date back to the 1960s.11711® However, in the subsequent five decades, they have not
drawn interest from the organic chemistry community, probably due to the difficulties of their
preparation.t”118 Yet in recent times, significant advancements in the synthesis of these compounds have

been made,'°12! gpening the way for the study of the supramolecular chemistry of these hosts.

The different steric and electronic properties of the heteroatoms result in essentially novel types of
macrocyclic hosts. Increasing efforts are being made to derivatize simple calixarene frames.'?>12* One of
the relatively new advancements in this area is the synthesis of novel calixarenes by substituting their
phenol moieties with other heteroarene units such as pyridine, enabling the adjustment of their voids to
improve their selectivities towards different molecular guests.''® The different characteristics of varied
heterocalixaromatics include the molecular recognition features and exciting structures that are

controlled by the bridging heteroatoms. This has led to several fascinating macrocycles, for example

68,125,126 69,127,128

calixpyridines, calixpyrroles, and other calixheteroaromatics (Figure 1.10).6870

Calixpyrroles have been demonstrated to be strong anion receptors.

RN <N
B ID

Figure 1.9: Two examples of heterocalixaromatics synthesized in (a) 1997 (p-tert-butylthiacalix[4]arene)
and (b) 2004 (an azacalix[2]arene[2]pyridine).1112L
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(a) (b)

Figure 1.10: Structural formulae of (a) a chloro-substituted calix[2]benzene[1]pyridine[1]pyrrole and (b) a
chloro-substituted calix[1]pyridine[3]pyrrole.®® Figures reproduced with the permission of

John Wiley & Sons.
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Figure 1.11: (a) The molecular structures of various azacalix[n]arenes (where 3 < n < 8).130131 (b) The
structures of the silicon-bridged calix[n]phosphaarenes.3* Figures reproduced with
permissions of the RSC, ACS Publications and the American Association for the Advancement
of Science.

Reaction of 1,3-dihydroxybenzene with 1,3-difluoro-4,6-dinitrobenzene formed a tetranitro-substituted
tetraoxocalix[4]arene in a low yield,*?° while both the Pd°-catalyzed condensation of benzene-1,3-diamine
and 1,3-dibromobenzene derivatives and the Pd'"-catalyzed cyclic oligomerization of 3-bromo-N-
methylaniline resulted in extremely low yields of combinations of azacalix[n]arenes (n = 3-8) (Figure

1.11).120130131 The coupling of 1,3-dibromobenzene or phenol with dichlorodimethylsilane has resulted in
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silicon-bridged calixarenes in low yields,'3%133 and several heteroatom-bridged calixheteroaromatics have
been synthesized by including new heteroatoms into heteroaromatics.'!® An example is the silicon-
bridged calix[n]phosphaarenes, which behave as ligands with powerful rm-acceptor characteristics (Figure
1.11).13%135 However, extremely poor, and hence non-viable, yields were obtained in nearly all cases for

heteroatom-bridged macrocyclic hosts.*3134

Meticulous manipulation over intricate chemical structures by the use of an external stimulus warrants
attention because of possible uses in adaptive and useful smart materials, such as self-healing
materials3¢138 and drug-delivery systems.13®14! Supramolecular methods manipulate the reversible
character of noncovalent forces and have been particularly valuable in the preparation of responsive and
self-assembled compounds. Structures that react to ions or guest molecules,42-144 heat!#>146 or |ight147,148
have been discovered. Especially exciting are compounds that rely on highly-ordered, predictable
forces,'* as these generally deliver superior consistency in terms of self-assembly in addition to a greater
guantity of stimuli that can be employed to manipulate the structure. Several instances of self-assembled
compounds made via these highly-ordered, predictable noncovalent forces have been reported.>%11
However, oligomeric structures formed from heteroditopic monomers which show stimuli-responsive
molecular switching action have not yet been discovered. These structures may permit a degree of
stimulus-based manipulation that is hitherto unseen. Recently, it was discovered that anion-bound
tetrathiafulvalene-annulated calix[4]pyrroles are capable of forming 1:1 complexes with Li@Ceo, Ceo Or
C70, where the fullerene is fixed via charge-transfer interactions in the bowl-like pouches of the
calix[4]pyrroles in both the solid state and in solution.'*>1>3 These complexes do not form without the
anions, and are unstable in the presence of competitive guests. Typically, calix[4]pyrroles assume the
thermodynamically more stable 1,3-alternate conformation in noncompeting solvents, without a
coordinating anion. However, addition of a coordinating anion causes a change to the cone-like anion-
bound conformers.t> The fullerene-calix[4]pyrrole complexes are therefore the result of a precise
molecular switching procedure, where an anion salt with a noncompetitive countercation is employed to
generate the structure appropriate for Ceo binding. Therefore, if these calix[4]pyrroles are combined with
an appropriately anion-functionalized fullerene, they could be utilized to generate a novel division of
stimulus-responsive compounds whose purpose might be manipulated via conformational switching at

the monomer level.
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1.1.4. Spherical Assemblies

In 1997, a significant advance was made in small-molecule supramolecular chemistry by increasing the
number of chemical entities which enclose chemical space, i.e. where guest is completely surrounded by
host molecules, when MacGillivray and Atwood discovered a spherical molecular assembly made up of 6
C-methylcalix[4]resorcinarene (CMCR) molecules and 8 water molecules held together by sixty O—H:--O
hydrogen bonds (Figure 1.12).113 It self-assembles and maintains its arrangement in nonpolar solvents and
encapsulates guest molecules inside a distinct void. The electron density maxima suggested that guest
molecules are located inside the cavity, although their identity could not be determined due to the high
degree of disorder imposed by the high symmetry of the assembly. The interior void volume was
determined to be approximately 1 400 A3, which represented a four-fold increase in interior volume over

the previous largest assemblies.?” The structure displays 432 (O) point group symmetry and is chiral.

CMCR has been subsequently shown to assemble in a similar fashion with 6 (t)-2-ethylhexanol molecules
and 2 water molecules as an assembly made up of 58 O—H---O hydrogen bonds which traps three 2-
ethylhexanol molecules within the cavity, as indicated by NMR, TGA and elemental analysis data (Figure
1.13).2%5 The size of the cavity of this assembly is approximately 1 290 A3. This assembly has S¢ point group
symmetry and is achiral, as dictated by the point group symmetry. A major structural difference between
the Atwood and Holman assemblies is that opposing CMCR molecules are staggered in the former and

eclipsed in the latter.

Figure 1.12: The spherical assembly consisting of CMCR and water molecules (shown as red spheres).
Hydrogen bonds are shown in blue and hydrogen atoms have been omitted for clarity.*3
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Figure 1.13: The CMCR-2-ethylhexanol-water assembly as observed in the single crystal X-ray structure.
The water molecules are displayed as red spheres and the 2-ethylhexanol molecules are
shown in green. Hydrogen atoms and minor components of disordered 2-ethylhexanol
guests are omitted for clarity.!>>

It has also been found that it is feasible to manipulate the characteristic symmetry of the spherical
assembly made up of p-sulfonatocalix[4]arene host molecules.!*® These host molecules usually favour the
infinite bilayer arrangement, where neighbouring calixarenes are positioned ‘up-down’ relative to each
other.2>® A search of the Cambridge Structural Database (5 August 2019) reveals 120 structures containing
p-sulfonatocalix[4]arene, of which 9 have no 3D coordinates. Of the remaining 111, the vast majority
contain the ‘up-down’ bilayer motif. However, under controlled conditions in a ternary system using
pyridine N-oxide, a lanthanide(lll) nitrate salt and pentasodium p-sulfonatocalix[4]arene, it was possible
to cause ‘up-up’ packing of the calixarenes, imparting considerable curvature to the overall packing,
leading to the generation of either tubular or spherical assemblies.'>”18 The spherical assembly is made
up of twelve calixarenes positioned at the vertices of an icosahedron (Figure 1.14). These assemblies do
not form a close-packed arrangement in the broader structure as icosahedra cannot pack densely in three
dimensions by sharing faces, edges or vertices. However, the replacement of pyridine N-oxide with 18-
crown-6 in the above system leads to the formation of a significantly different spherical assembly and

therefore a much more closely-packed overall structure.
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Figure 1.14: Spherical assembly generated by the aggregation of twelve p-sulfonatocalix[4]arene
molecules. The twelve p-sulfonatocalix[4]arene molecules are situated at the vertices of
an icosahedron. The crystallographically equivalent calixarenes are shown in blue (six
around the middle of the sphere) and orange (three in the front and three at the back).1*®
Figure reproduced with the permission of ACS Publications.

This spherical assembly is made up of twelve calixarenes positioned at the vertices of a cuboctahedron
(Figure 1.15). This assembly can appear as either a Platonic icosahedral or an Archimedean cuboctahedron
arrangement. This difference is attributed to the restraint on adjacent calixarenes of neighbouring
assemblies by their shared 18-crown-6 guest molecules. A discrete spherical assembly made up of twelve
p-sulfonatocalix[4]arene molecules would favour positioning of the calixarenes at the vertices of an
icosahedron. However, when the assemblies are positioned to generate a three-dimensional crystal,
either hexagonal or cubic close-packed arrangements of the assemblies should be favoured. Therefore,
the long-range structure packs such that the assemblies are positioned along vectors symbolizing the
vertices of an Archimedean cuboctahedron. The Archimedean solid results in a substantial 30 % increase

in the volume of the cavity (975 A3 to 1 258 A3).
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Figure 1.15: Contrast between the icosahedral (a & b) and cuboctahedral (c & d) arrangements of
p-sulfonatocalix[4]arene molecules.'’> Figure reproduced with the permission of ACS
Publications.

Twelve molecules of B-carbonyl-para-octyl-calix[4]arene have been shown to form aggregates which pack
in a cubic structure and which have two types of cavities occupied by water molecules (Figure 1.16).1%°
The packing and the aggregates both resemble inverse micelles. This was the first occasion that a structure
of an assembly resembling an inverse micelle has been observed at the atomic level. The C-H:--O
intermolecular forces of the B-carbonyl in addition to the rigid calix[4]arene frame appear to be the main

contributors to the overall structure.

Several metal analogues of hexameric assemblies have also been prepared. One of these is a discrete,
neutral, large pseudo-spherical coordination assembly formed from 24 Cu(ll) ions and 6
pyrogallol[4]arene ligands (Figure 1.17),%¢° which is similar to its hydrogen-bonded pyrogallol[4]arene
analogue, and has a void space of approximately 1 200 A3, which is a very similar volume to that enclosed

by its hydrogen-bonded analogue.
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(b)

Figure 1.16: (a) The twelve-molecule assembly of B-carbonyl-para-octyl-calix[4]arene in the ball-and-stick
style, with the disordered components of the hydrocarbon chains displayed in the stick style
in light blue (b) Packing of the aggregates of B-carbonyl-para-octyl-calix[4]arene in the cubic
crystal, shown in the ball-and-stick style, with disordered components of the hydrocarbon
chains shown in the stick style in light blue with one set of unit cell axes also displayed. The
large voids seemingly apparent in the disordered areas are in reality much smaller as they
are partially occupied by disordered chains from the layers below and above.'® Figure
reproduced with the permission of the RSC.

(b)

Figure 1.17: (a) Structural formula of C-propan-3-ol pyrogallol[4]arene ligand (b) Stick bond depiction of
the hexameric coordination capsule displaying the metal-mediated self-assembly of 24 Cu(ll)
ions and 6 pyrogallol[4]arenes. Axial copper-coordinated water molecules, hydrogen atoms
and alkyl tails have been removed for clarity. Copper ions are depicted as yellow spheres.®°
Figures reproduced with the permission of the Proceeding of the National Academy of
Sciences, U.S.A. Copyright (2005) National Academy of Sciences, U.S.A.

In another study, both Cu(ll) and Ni(ll) ions were employed with C-methylpyrogallol[4]arene to produce

dimeric and hexameric structures (Figure 1.18).1%1 The pyrogallol[4]arene macrocycles act as chelates for
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(a) (b)

Figure 1.18: (a) The pyrogallol[4]arene nickel hexamer viewed from two different angles (b) Side (left) and
top (right) views of the pyrogallol[4]arene nickel dimeric capsule. Green spheres represent
nickel ions.*®! Figure reproduced with the permission of John Wiley & Sons.

eight, twelve or twenty-four metal ions. It was concluded that the dimeric structures are formed
preferentially in solution at high temperatures in methanol as opposed to acetonitrile and with nickel as

the metal ion.

The fluorescent probe molecule pyrene butyric acid (PBA) has been used as a guest molecule in
C-hexylpyrogallol[4]arene assemblies held together by O—H::-:O hydrogen bonds in order to examine the
environment within the cavity of the assemblies (Figure 1.19).162 It was established that in both the solid
state and solution, the assemblies trap two PBA guest molecules. Furthermore, it has been shown that a
small structural change in the host molecules can have significant effects on the interactions between
assemblies and the broader crystal packing.'%® These interactions between assemblies are then translated

through the assembly walls to the cavity within.
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Figure 1.19: Diagram of the crystal structure of the C-hexylpyrogallol[4]arene assembly displaying the
orange space-filling representations of the resolved pyrene moieties within the assembly.
The butyric acid side chains of the PBA guest (not displayed), and possibly acetonitrile solvent
molecules, take up the remaining void space.®? Figure reproduced with the permission of
the American Association for the Advancement of Science.

1.1.5. Cyclotriveratrylene

Cyclotriveratrylene (CTV), cyclic trimers of veratrole, are supramolecular, bowl-shaped, molecular hosts
able to bind organometallic and organic guest molecules within a molecular hollow.63-16¢ CTV (Figure
1.20) is a macrocyclic molecule which exhibits a crown-like structure with a shallow molecular cavity and
a pyramidal shape with the aromatic rings forming the three faces of the pyramid and the methylene

groups positioned at the apices of the pyramid.t67-16°
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Figure 1.20: The structural formula of CTV.
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Interest in modified CTVs has developed since their discovery by Collet et al. in the early 1980s.17°

Molecules based on CTV have served a wide range of purposes in both supramolecular chemistry and soft
materials.’®® CTV and related molecules have been used as precursors for cryptophanes and cavitands,
and as components in coordination and self-assembled supramolecular systems.163171172 For example,
CTV and its analogues have been widely examined for their binding with smaller organic and
organometallic guests.'’317> Their ability to host guests such as Ceo and anionic Czo dimers, lanthanides
and xenon has led to the growth of functionalized CTV derivatives for biomedical applications like MRI-
based diagnostic techniques and the distribution of fullerenes as cytotoxic anti-tumour agents.176-178
Molecules based on CTV have also been utilized as components of cage-type, discrete, metallo-

supramolecular assemblies, such as assemblies of triply interlocking cage-catenane species,’980 3 self-

entangled Solomon’s cube®®! and coordination polymers.

One of the triply-interlocking cage-catenane species that has been reported consists of a CTV-related host
molecule, (£)-2,7,12-trimethoxy-3,8,13-tris(4-[4’-methyl-2,2’-bipyridyl]benzyloxy)-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononane (TTDT) in the compounds [M3(TTDT)2(NOs)3]26* where M = Co(ll) or Zn(ll)
(Figure 1.21).17° The self-assembly of these [2]catenanes showed that these motifs could be obtained by
3D symmetrical metallo-supramolecular assemblies in which strong r-it stacking interactions between

ligands are not necessarily required.
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Figure 1.21: Self-assembly of the [2]catenane species.?’® Figure reproduced with the permission of ACS
Publications.

The self-assembly of a [Pds(tris(isonicotinoyl)cyclotriguaiacylene)s]*?* stella octangula complex has also

been shown (Figure 1.22).182

T2+

& 9 » P
— —o o=0 Y4 PdNOy, \\ /
o 0O~ Q o=<o- /
o o) DMSO
"

[Py (L)

Figure 1.22: Self-assembly of the [Pde(tris(isonicotinoyl)cyclotriguaiacylene)s]'?* cage.'®? Figure
reproduced with the permission of John Wiley & Sons.
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CTV and 1,2-dicarbadodecaborane(12) (o-carborane) have been shown to self-assemble into infinite
arrays with helical chain or 2D hexagonal grid topologies through bifurcated C—Hcarborane*:*(0)2 hydrogen
bonding (Figure 1.23).183 The built-in receptor sites display shape-specific recognition for fullerene Co or
o-carborane. A helical hydrogen-bonded carborane::CTV chain is formed in the structure (1,2-
dichlorobenzene)(CTV)(o-carborane)(Cz0) along with CTV-:C;o host-guest interactions, while
(CTV)(o-carborane), displays hydrogen-bonded carborane:-:CTV hexagonal grids along with

CTV---carborane host-guest interactions.

(b)

Figure 1.23: (a) Section of the crystal structure of (CTV)(o-carborane), displaying the 2D hexagonal grid
formed by B/C—H---O hydrogen bonding and the inclusion of an o-carborane guest in the CTV
bowl. The o-carborane is disordered and every icosahedral vertice involved in the hydrogen-
bonding interaction has % carbon and % boron occupancy (b) Section of the crystal structure
of (1,2-dichlorobenzene)(CTV)(o-carborane)(Cyo) displaying a side-on view of an infinite
helical chain formed by hydrogen-bonding interactions between CTV and o-carborane. Ball-
and-socket type host-guest complexes are formed between the CTV hosts and the Czo
guests.'® Figures reproduced with the permission of John Wiley & Sons.
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(b)

Figure 1.24: (a) Stick depiction of the capsule structure of
[Aga(tris(3-pyridylmethylamino)cyclotriguaiacylene),(CHsCN)2]?* (b) Host-guest
interactions within the tetrahedron
[Aga(tris(4-pyridylmethylamino)cyclotriguaiacylene)a(CHsCN)4]** with the
tetrahedron displayed in the ball-and-stick format with guest acetonitrile
molecules inside, while silver centres are represented as spheres.'® Figures
reproduced with the permission of John Wiley & Sons.

The first structural characterizations of metallosupramolecular cages consisting of CTV-derived ligands
were reported in 2005 (Figure 1.24).18% The geometrically-accommodating silver centres along with the
additional flexibility of the prepared host molecules, tris(pyridylmethylamino)cyclotriguaiacylenes,
yielded a [Aga(tris(3-pyridylmethylamino)cyclotriguaiacylene),(CH3CN).]-2PFs-4CH3CN dimeric capsule
which encapsulates two coordinated CH3CN guest molecules. The use of the 4-pyridyl cyclotriguaiacylene
analogue resulted in the formation of an enlarged stellated tetrahedron also consisting of four silver

centres with five CH3CN guest molecules encapsulated within the internal cavity.

The solid-state and gas-phase supramolecular behaviours of CTV and Na[Co(C2BgH11);2] have been studied
(Figure 1.25).18> In the solid state, [Na(CTV)][Co(C2BsH11)2](CF3CH20H)o0.25 forms a crystalline complex
featuring a 2D [Na(CTV)]- coordination polymer with novel topology and layers templated around the
cobalt counterion. This coordination polymer disintegrates in solution and [Na,(CTV)n]™ fragments are

found in the gas phase and can complex either one or two cobalt counterions.
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(b)

Figure 1.25: Crystal packing in [Na(CTV)][Co(C2BoH11)2](CF3CH20H)o.25 (a) Packing of two [Na(CTV)]e
networks displayed in green and blue. Two crystallographically unique types of
[Co(C2BgH11)2]™ anions are in orange and purple. The C/B positions are not differentiated.
The 2,2,2-trifluoroethanol guest molecules are omitted for clarity (b) Crystal packing
displaying a side-on view of the [Na(CTV)]~ networks, highlighting the cavities containing
2,2,2-trifluoroethanol within each network and the diamond-shaped channels generated by
the network packing and inhabited by the [Co(C2BgH11)2]” anions displayed in orange.®
Figures reproduced with the permission of John Wiley & Sons.

The complex {(Na[2.2.2]cryptate)[CTV][Co(C2BsH11)2]}2(CH3CN) features two CTV-encapsulated
(Na[2.2.2]cryptate)* supermolecules, each with a different arrangement of the cryptate cation within the
cavity of the CTV (Figure 1.26).18¢ This complex also features a densely-packed chain of [Co(C2BsH11)2]
counter-anions displaying dihydrogen-bonding. An analogous CTV-cation structure is observed in

{(Na[2.2.2]cryptate)(CTV)(CHCI3)3[CB11H12]} (Figure 1.26).
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(c)

Figure 1.26: (a) Partial crystal packing diagram of {(Na[2.2.2]cryptate)[CTV][Co(C2BsH11)2]}2(CH3CN).
Dashed lines represent dihydrogen bond C—H---B—H contacts < 2.3 A between [Co(C2BsH11)2]"
anions (b) Hydrogen-bonding interactions in the crystal structure of
{(Na[2.2.2]cryptate)(CTV)(CHCIl3)3[CB11H12]} between the CTV, CHCl3 and [CB11H12]" anions
are shown. Only hydrogen atoms on the [CB11H12]" anions and the CHCl3 molecules are
displayed for clarity (c) Space-filling depiction, showing how a Cl atom from one CHCls
molecule is positioned in the fissure of the (Na[2.2.2]cryptate)*. Carbon atoms are displayed
in blue, except in the [2.2.2]cryptate, where they are displayed in green.'®® Figures
reproduced with the permission of the RSC.

To date, very little work has been done on porous structures incorporating CTV or functionalized CTV.
PdsL, metallo-cryptophane assemblies with CTV-type L ligands (Figure 1.27) have been shown to be
stabilized by a bis-N-heterocyclic carbene as an auxiliary cis-protecting ligand.®” However, the usage of
protecting chelating ligands like ethylenediamine led to a PdsL,-to-PdslLs rearrangement in solution. The
stabilized crystalline PdsL, compounds were shown to take up iodine or 1,2-dichlorobenzene in a SC-SC
transformation, in spite of not displaying conventional porosity. Once absorbed, the iodine could not be

effortlessly removed, showing that these structures could possibly be useful as separation and storage
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Figure 1.27: (a) Ligands L1-L4 used to construct metallo-cryptophane cages (b) Self-assembly of the
metallo-cryptophane cage syn-[Pds(bis-NHC-nap)s(L1)2]®* from L1 (bis-NHC-nap = bis-N-
heterocyclic carbene).'®” Figure reproduced with the permission of ACS Publications.
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agents for radioactive Il,. Early results also indicated preferential binding of Xe over Kr, indicating

potential for separating these noble gases.

The porous, rigid materials CTV-CMP-1 and CTV-CMP-2 (Figure 1.28) (where CMP = conjugated
microporous polymer) were produced by Suzuki and Sonogashira-Hagihara coupling reactions
and displayed good chemical and thermal stabilities.'8 These compounds were subjected to gas
sorption studies. CTV-CMP-1 displayed reasonable hydrogen sorption at 77 K of approximately
0.81 wt. % at 1.13 bar and CTV-CMP-2 displayed less hydrogen sorption of approximately 0.51
wt. % at 77 K. These compounds are analogous to activated carbons and could potentially be

useful in organic compound separation and gas separation.
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CTV-CAIP-1

CTV-CAIP-2

Figure 1.28: The structural formulae of CTV-CMP-1 and CTV-CMP-2,188

28| Page



Lastly, two rigid porous macrocyclic CTV-based polymers, Click-POP-1 and Click-POP-2, (where
POP = porous organic polymer) were prepared (Figure 1.29).18° Both exhibit high thermal stability
and reasonable hydrogen storage capabilities with 0.46 wt. % at 77 K. Their nitrogen adsorption

displayed type-I isotherm with BET surface areas of 342 and 317 m2 g*.

Click-POP-1 Q

Click-POP-2 N—N

Figure 1.29: The structural formulae of Click-POP-1 and Click-POP-2.1&
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1.2. Gas Sorption

The phenomenon of adsorption of molecules onto a surface was realized by Michael Faraday as
far back as 1834.%°9 Irving Langmuir derived a mathematical expression for the adsorption of gas
onto a surface 84 years later, in 1918.1°! There are five different, idealized types of isotherms in
adsorption onto a surface (Figure 1.30).192 Type | is the well-known Langmuir adsorption isotherm
appropriate for describing rigid microporous materials,'®3 Type Il is the sigmoid or S-shaped
isotherm, usually observed for a macroporous material, while the three other types do not
currently have names.'%? Types Il and Il are similar to Types IV and V. The only difference
between them is that for Types Il and lll, as the vapour pressure po of the adsorbed gas is
approached, the adsorption increases, while for Types IV and V, maximum adsorption is reached
at a lower pressure than the vapour pressure Py of the gas. In fact, the Type IV isotherm appears
to correspond well with a flexible porous material characterized by a gentle enlargement of the
pores,'?* while the Type V isotherm appears to correspond well with a flexible porous material
which slowly becomes porous after starting as a seemingly nonporous material.1%>1% Langmuir
described the Type | isotherm in 1915, deriving his famous isotherm equation for adsorption

in a unimolecular layer, shown below (Egn. 1).1°!

GA = V/Vm = KquPA/(1+KquPA)

where 0a is the fractional occupancy of the adsorption sites, V is the volume of gas A adsorbed,
Vm is the volume of the monolayer of gas molecules A on the solid surface, Keg” is the equilibrium

constant for the adsorption of gas A and Pa is the partial pressure of the gas.
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Figure 1.30: The five types of van der Waals adsorption isotherms.'%? Figure reproduced with the
permission of ACS Publications.

Thereafter, Brunauer, Emmett and Teller (BET) derived an isotherm equation for the
multimolecular adsorption of gases that explains both the sigmoid isotherm and Langmuir

isotherm as special cases, shown below (Eqn. 2).1%8
1/V[(Po/P) - 1] = [(c — 1)/Vmc](P/Po) + 1/Vmc

where V is the volume of gas adsorbed, P and Pg are the equilibrium and the saturation pressure
of the gas at a given temperature, c is the BET constant relating constants such as heats of
desorption and vapourisation, and Vm is the monolayer adsorbed gas volume. In a later article,
this equation was extended to cover all five types of adsorption isotherms described in the

literature.1?

More recently, newer isotherms have been discovered and these are generally caused by flexible
compounds exposed to gas pressure (Figure 1.31). Type | is the well-known Langmuir adsorption
isotherm appropriate for describing rigid microporous materials,®® Type F-l is the sigmoid or S-
shaped isotherm, usually observed for a microporous flexible compound exhibiting a slow
increase in pore size,’® while the other types do not currently have names.*®? Type F-IlI

represents a microporous flexible compound displaying a slow change from nonporous to
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porous.'9>1% Types F-Il and F-IV are similar to Types F-l and F-llI, respectively. The only difference
between them is that for Types F-Il and F-IV, the change in the structure is sudden, while for

Types F-1 and F-lll, the change is more gradual.

The early days of gas sorption mainly focused on adsorbents such as charcoal, metal surfaces and
zeolites. However, in recent times, attention has shifted to MOFs'*°-?%! and covalent organic
frameworks (COFs). MOFs can be prepared by linking the inorganic structural building
components (nodes) with organic ligands (linkers). The organic linkers can be tuned with various
functional groups via organic synthesis, such as sulfonate (R — SO37),%2%%2%4 phosphonate (R —
P03%),25-297 carboxylate (R — COO)?%8-210 and other organic halo ligands (R — X).?!* MOFs are
documented as encouraging compounds for drug delivery,?2213 catalysis?!#?1> and
separation?®2!7 because of their variety in both chemistry and structure, high flexibility,2821°

organized pore structure??%??! and large surface area.??>223> With the crucial necessity of
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Figure 1.31: Classification of isotherm profiles for microporous, flexible compounds. Type F-V,
not discussed in the text, displays a shape memory effect.®3 Figure reproduced with
the permission of John Wiley & Sons.
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controlling CO2 emissions in recent times,?%*

a major research focus has been on CO; separation
and capture.??>2?7 Established separation techniques require high energy consumption and large-
scale phase change. Hence the great potential for the use of original porous compounds for

energy-efficient CO; separation.?!7228

Recently, gas sorption studies on purely organic, non-polymeric host systems have emerged. The
crystal structures of p-tert-butylcalix[4]arene, p-tert-pentylcalic[4]arene and p-tert-
octylcalix[4]arene contain pores appropriate to adsorb hydrogen molecules.??? It was found that
it is feasible to use purely organic materials for hydrogen sorption, although the hydrogen
sorption abilities of these structures are low compared to many MOFs in the literature (Figure

1.32).

A novel porous organic solid has been reported, 1,2-dimethoxy-p-tert-
butylcalix[4]dihydroquinone.?®® The nanoporous structure is self-assembled from
supramolecular units consisting of six calix[4]dihydroquinone molecules and two water

molecules. Each unit is octahedrally connected to six surrounding ones by inclusion of their
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Figure 1.32: (a) Structural formula of the host molecules p-tert-butylcalix[4]arene (R = tert-butyl),
p-tert-pentylcalix[4]arene (R = tert-pentyl) and p-tert-octylcalix[4]arene (R = tert-
octyl) (b) Isotherms for hydrogen sorption at room temperature by a — p-tert-
butylcalix[4]arene, b - p-tert-pentylcalix[4]arene and Cc -
p-tert-octylcalix[4]arene.??® Figures reproduced with the permission of the RSC.

tert-butyl groups, resulting in the formation of cavities and channels (Figure 1.33). There are two
hydrophobic cavities per unit cell, each bordered by eight supramolecular units with the tert-
butyl groups as the interior walls of the cavity. CO, uptake of the activated sample was measured.
Equilibrium was reached at 640 torr after 30 minutes, with the calculated mass weight of CO;
determined to be 0.5 %. The absorption isotherm of CO at high pressures suggests a Type 1

relationship, with the calculated CO; weight percentage in the lattice voids
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Figure 1.33: (a) The structural formula of 1,2-dimethoxy-p-tert-butylcalix[4]dihydroquinone
(b) Supramolecular network made up of two water molecules and six
calix[4]dihydroquinones. Hydrogen bonding between calix[4]dihydroquinones
and water is displayed as dotted lines (c) Space-filling model of the nanoporous
structure displaying two hydrophobic cavities (upper right and lower left) and
polar open channels. Water molecules have been omitted for clarity (d)
Isothermal sorption of CO; of the nanoporous structure at 298 K (top). CO, weight
percentage in the nanoporous structure as a function of time and pressure
(bottom).23° Figures reproduced with the permission of ACS Publications.
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established as 6.9 %. Sorption cycles could be repeated numerous times, as the nanoporous
structure did not collapse to a close-packed structure after desorption of CO;. Exposure to H; gas
at 20 atm did not yield observable adsorption. This material is therefore highly selective for CO;

over Hy.

1.3. Aims & Objectives

A cyclic trimer of veratrole, 2,3,7,8,12,13-hexamethoxy-10,15-dihydro-5H-
tribenzo[a,d,g][9]annulene, known as cyclotriveratrylene (CTV) (Figure 1.34), acts as a bowl-
shaped molecular host, capable of binding small molecules or ions.'6316> CTV consists of three
4,5-dimethoxybenzene rings linked in a 1-2 fashion by methylene bridges. CTV is related to
calix[n]arenes (where n is usually 4, 6 or 8) but is less common in terms of the diversity of
inclusion complexes prepared and their variety of applications.®3'%” Molecules based on a CTV
scaffold have been used in various applications, including as coordination polymers and as
constituents of cage-like, discrete, metallo-supramolecular assemblies.’®181 CTV and related
structures have also been utilized as precursors for cryptophanes and cavitands,163/171-173,185,231-233
where they bind smaller guest molecules.}’#175234 Their ability to bind guests such as Ceo and
anionic Cyo dimers, lanthanides and xenon has led to functionalized CTV derivatives being used
for biomedical applications such as magnetic resonance imaging (MRI)-based diagnostic
techniques and the distribution of fullerenes as cytotoxic antitumour agents.176-178235-237

However, very little investigation has been done on porous structures containing CTV or its

analogues.

Sizeable supramolecular assemblies of macromolecules are found in nature, such as ribosomes,
cellular membranes and viruses.?33240 These complex structures are bound by non-covalent
interactions which are important in the functioning of these biological mechanisms. However,
large multi-component supramolecular assemblies (n > 3) which encapsulate chemical space are
rarely found in supramolecular chemistry. The first example of such an assembly was formed

using a bowl-shaped host molecule C-methylcalix[4]resorcinarene (CMCR) (Fig. 1.35), which
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spontaneously assembles in a nitrobenzene solution to form a large, chiral assembly made up of
6 CMCR and 8 water molecules, with the latter ‘stitching’ the CMCR molecules into the spherical
assembly by O-H--O hydrogen bonds.**3 Since this discovery, a similar hexameric assembly of
CMCR was reported, with 6 of the 8 water molecules replaced by 2-ethylhexanol molecules.'>
Large hexameric assemblies have also been reported for the structurally similar pyrogallolarenes,
which have three hydroxyl groups per aromatic ring and longer hydrocarbon chains replacing the
methyl groups.103111,241-244 CMCR has also been shown to crystallize in two unique hexameric
arrangements within the same crystal from 1-butanol.?*> These two hexameric assemblies were
bound by a water molecule into a supra-heterodimer. Although CMCR is the original molecule
that formed these hexameric assemblies, and many hexameric assemblies have been formed
with related host molecules, very few assemblies have been formed with this molecule, despite

CMCR being co-crystallized with many solvents and/or guests.?4®

Thus, the aims and objectives of this project were to:

Produce novel solvates of cyclotriveratrylene
Investigate the thermal behaviours of these materials
Investigate whether these materials maintain their crystallinity

Investigate whether these materials are porous

YV V V VY V

Activate these materials and subject them to gas sorption analysis to determine their

uptake of and affinity towards various gases

» Crystallise C-methylcalix[4]resorcinarene from various alcohols in order to examine the
effect of the length of the alkyl chain on the structure

» Examine the thermal behaviour of these materials and assess their suitability for porosity
studies

» Examine these materials for maintenance of crystallinity after solvent removal

» Activate these materials and subject them to gas sorption analysis to determine their

affinity towards various gases
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Chapter 2 — Experimental

2.1. Materials

Formaldehyde solution (>34.5 wt. %) and veratrole (>99 %) were purchased from Sigma Aldrich
(Germany) and used as received. Cyclotriveratrylene (CTV) was synthesized via a literature
method.! 5 mL of veratrole was mixed with 11 mL of 70 % sulfuric acid in a round-bottomed flask.
The formaldehyde solution was added dropwise with stirring. The product was purified by
refluxing in 37.5 mL ethanol and collecting the precipitate by hot filtration, followed by

recrystallization of the precipitate from benzene.

C-methylcalix[4]resorcinarene was purchased from Sigma Aldrich (Germany) and used as

received.

2.2. Methods of Preparation

2.2.1. Crystallization Procedures

Generally, crystals were obtained by slow evaporation. However, crystallization procedures will

be discussed in more detail at the beginning of the respective results chapters.

2.2.2. Liquid-Assisted Grinding (LAG)

Liquid-assisted grinding (LAG) is a method in which one or more solids are ground together with
the addition of a few drops of liquid using a mortar and pestle for a certain period of time,
resulting in a powder which can then be used for powder X-ray diffraction. The PXRD pattern
obtained can then be compared to the calculated pattern obtained from a single crystal X-ray

diffraction experiment, in order to confirm the identity of the powder. Materials which can be
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produced by LAG in addition to crystallization therefore have the advantage that LAG is generally

a much faster preparation method than waiting for crystallization to occur.

2.3. Thermal analysis

Three thermal analysis techniques were employed, namely hot stage microscopy (HSM),

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC).

2.3.1. Hot Stage Microscopy (HSM)

Hot Stage Microscopy (HSM) allows visual observation of thermal events indicated in the TGA
and DSC thermograms, as well as those not detected by TGA or DSC. These changes can include
loss of monocrystallinity, indicated by opacification of the crystals, and colour changes. In order
to observe solvent loss, single crystals were covered by silicone oil and placed on a glass slide.
The solvent loss can then be seen as bubbles evolving from the crystals. The temperatures at
which events were observed in the HSM analyses generally showed a lag, (i.e. at observed higher
temperatures) compared to those observed with DSC or TGA. This is probably due to the
difference in particle size, as well as the fact that the HSM needs to heat up the oil as well as the

sample, hence heating a greater volume of material.

HSM was performed on a Nikon SMZ-10 stereoscopic microscope fitted with a Linkam THMS600
hot stage and a Linkam TP92 control unit. Samples were placed under silicone oil on a cover slip
and heated at 10 °C min. Thermal events were monitored with a Sony Digital Hyper HAD colour

video camera and captured using the Soft Imaging System program, analySIS.?
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2.3.2. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) studies were employed to confirm the number and type of
guest molecules, if discrete, non-overlapping thermal events occurred, and to determine the
temperature of melting/decomposition. Before TG experiments were performed, samples were

removed from the vials with a spatula and thoroughly surface dried on filter paper.

TG analysis was performed using a TA-Q500 Thermogravimetric Analyser from TA Instruments
with the TA Universal Analysis program and a 60 mL min! dry nitrogen purge gas flow rate. The
samples (1-3.5 mg) were weighed directly into an open aluminium oxide crucible. During the
experiments the sample holder was continuously purged with a dry nitrogen flow of 60 mL min™.

Measurements were performed using a heating rate of 10 °C min™*.

2.3.3. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) measures the difference in heat flow between the sample
and a reference pan in order to change their temperatures at the same rate and thus requiring
differential heating rates when thermal events occur. The enthalpies of different thermal events
as well as the melting point temperature of the sample can be determined in this manner.
Crystals were removed from the vials and carefully surface dried before DSC studies. The sample
was then transferred to a closed, vented aluminium pan. For all runs, samples weighed
approximately 1-2 mg. Endothermic and exothermic events are shown in the DSC traces by

troughs and peaks, respectively.

DSC was performed using a TA Instruments Discovery 25 instrument which was calibrated using
standard materials. The sample was weighed directly into an aluminium pan with a lid, on an
analytical balance. Two small holes were created in the lid to allow for venting. During the

experiment, the sample holder was continuously purged with a dry nitrogen flow of 40 mL min~1.
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Measurements in the DSC were done using a heating rate of 10 °C min. Data were analysed

using the TRIOS Software program from TA Instruments.

2.4. X-Ray Diffraction

2.4.1. Single crystal X-ray diffraction (SCXRD) analysis and structure determination

Suitable single crystals were selected and mounted on a cryoloop in paratone N oil.3 In a few
cases, crystallization yielded large, single crystals or clusters of crystals necessitating crystal
cutting to obtain an appropriately sized crystal or to isolate a monocrystalline fragment. Data
collection, in most cases, was carried out on a Bruker KAPPA APEX Il DUO single crystal X-ray
diffractometer using graphite monochromated Mo Ka (A = 0.71073 A) radiation, produced at
50 kV and 30 mA using a Bruker K780 generator.* Cooling was obtained with a constant stream
of nitrogen gas produced by an Oxford Cryostream—700 (Oxford Cryosystems, UK) at a flow rate
of 20 mL mint. A new single crystal X-ray diffractometer was obtained towards the end of this
project and this was used for data collection of compounds 9 and 10. This diffractometer is a
Bruker D8 VENTURE single crystal X-ray diffractometer using Mo Ka (A = 0.71073 A) or Cu Ka (A =
1.54178 A) radiation, produced at 50 kV and 1.4 mA using a Bruker K430 generator.* Cooling was
obtained with a constant stream of nitrogen gas produced by an Oxford Cryostream—800 (Oxford
Cryosystems, UK) at a flow rate of 6 mL min™'. Data reduction and cell refinement were performed
using SAINT-Plus.> The X-ray diffraction data were scaled and corrected for absorption using

SADABS.®

The X-ray data was then analysed and the space group was suggested by the XPREP’ program
which also prepared the input files for structure solution. The structure was solved by direct
methods, implemented in SHELXS-97.8 Refinement proceeded by the full-matrix least-squares
method, based on F? values against all reflections as implemented in SHELXL-2014/7 or SHELXL-
2018/1 or, in the case of the literature structure 5, SHELXL-97, with anisotropic displacement

parameters for all non-H atoms.2 When all non-hydrogen atoms refined satisfactorily with
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isotropic temperature factors, they were refined anisotropically. Reflections at low angles and
with observed intensities significantly lower than the calculated value were omitted due to
potential truncation of these reflections by the beam-stop. The hydrogen atoms were placed in
idealized positions in a riding model. All hydrogen atoms were refined isotropically and assigned
temperature factors that relate to the atom they are attached to. The hydrogen atoms on the
water molecules were not modelled. SHELXS-97, SHELXL-2014/7 and SHELXL-2018/1 were
accessed via either the X-SEED® or OLEX210 interfaces. The data file extensions for each program

and this data can be found in the Appendix.

2.4.2. Powder X-ray diffraction (PXRD)

For each compound, the single crystal X-ray data (unit cell parameters, space group symmetry,
and atomic coordinates) were input in the program MERCURY.!! This program then produces
idealized Powder X-Ray Diffraction (PXRD) patterns using the same wavelength as that used
experimentally (A = 1.5406 A) and the formula I(hkl) = mLp| F(hkl)|2. |(hkl) is the intensity of the
reflections with diffraction indices hkl/, m is the reflection multiplicity, L is the Lorentz factor, p is
the polarization factor and F(hkl) is the structure factor. This predicted pattern is compared to
the experimentally obtained pattern to determine whether or not the single crystal is
representative of the bulk sample. PXRD is also used to determine whether the desired
compound has been obtained in subsequent experiments, either through crystallization or by

liquid-assisted grinding (LAG) with a mortar and pestle.

For both PXRD and variable-temperature powder X-ray diffraction (VT-PXRD), powders were
mounted on a flat (zero-background for regular PXRD) sample holder. X-ray powder data were
collected in a Bruker D8 Advance X-ray diffractometer with copper radiation (Cu Ka, A = 1.5406 A)
generated at 30 kV and 40 mA. Each sample was scanned between 4 and 40° 26 with a scan rate

step size of 0.02° sL.
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VT-PXRD experiments were performed to reveal whether structural changes occurred as a result
of solvent removal (due to a temperature increase) and whether the compound maintained
crystallinity with an increase in temperature. This is desirable since it is preferable for porous
compounds to maintain long-range order after solvent removal. The patterns obtained from VT-

PXRD also reveal any structural changes with temperature.

The regular PXRD stage was rotated during each data collection to correct for preferred
orientation effects, while this was not possible for the VT-PXRD data collections due to the way

the sample stage is set up.

2.5. Gas Sorption Studies

2.5.1. Gas Sorption Analyser

Gas and vapour sorption studies were performed to investigate the ability of the compounds to
adsorb gases, for example carbon dioxide and nitrogen. These experiments were carried out
using a Micromeritics 3Flex Surface Area Analyser. Sample sizes in the range 50-150 mg were
treated in a Micromeritics Flowprep with a constant flow of nitrogen gas over the sample for at
least 12 hours and heating at 60 °C in order to evacuate the compound of as much solvent as
possible before further in situ evacuation occurred on the 3Flex analyser, which involved heating
of the sample between 60-125 °C under vacuum. Great care was taken to ensure that the
preparation methods succeeded by carefully monitoring increase in pressures at vacuum/low
pressures, as well as weighing of samples after treatment to make sure that masses were close
to expected values as suggested by TGA analysis. This ensured the removal of any solvent still
present in the compound as an empty framework was required for the analysis. A Micromeritics
water bath was used for experiments performed at 273 K or 298 K, while liquid nitrogen was used

for experiments performed at 77 K.
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Figure 2.1: Side-on and top views of the sample holder.*?

For in situ PXRD 1-propanol vapour sorption, powders were mounted on a specially-constructed
zero-background sample holder (Fig. 2.1).12 X-ray powder data were collected in a Bruker D8
Advance X-ray diffractometer with copper radiation (Cu Ka, A = 1.5406 A) at 30 kV and 40 mA.
Each sample was scanned between 4 and 40° 20 with a scan rate step size of 0.02° s*. The PXRD

patterns were recorded at ambient temperature at intervals of 46.5 min.

2.6. Additional Computer Packages

The Cambridge Structural Database!® (CSD) was used to assess the novelty of the reported
structures. The CSD was also employed to obtain literature structures for certain compounds.
MERCURY!! was used as a graphical interface for POV-RAY.%* The molecular structures and crystal
packing diagrams were drawn using POV-RAY accessed through MERCURY,*! which was also used
to generate calculated powder patterns. MERCURY was also used to assist in studying the three-
dimensional shapes of cavities or channels. The analysis of molecular parameter and geometrical
data were calculated using PLATON.%1¢ Specifically, hydrogen bonds D—H---A (where D is the
donor atom, H is the hydrogen atom and A is the acceptor atom) were assigned using the default

PLATON definition of the distance D---A (A) < radius of D (A) + radius of A (A) + 0.50 A and the
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distance H--A (A) < radius of H (A) + radius of A (A) —0.12 A and the angle D—H---A > 100.0°. D—

H-1t interactions were assigned using the default PLATON definition of the distance

H---centroid < 3.0 A and the angle between H---centroid vector and the line perpendicular to the

centroid < 30°.
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Chapter 3 — Preparation and Analysis of Cyclotriveratrylene

Solvates

3.1. Introduction

2,3,7,8,12,13-hexamethoxy-10,15-dihydro-5H-tribenzo[a,d,g][9]annulene, known as
cyclotriveratrylene (CTV), is a cyclic trimer of veratrole (Fig. 3.1) and acts as a bowl-shaped
molecular receptor, able to bind small ions or molecules.’* Methylene bridges link three
4,5-dimethoxybenzene rings in a 1-2 fashion to form the CTV molecule. CTV is related to
calix[n]arenes (where n is usually 4, 6 or 8) but is less common in terms of the diversity of
inclusion complexes prepared and their variety of applications.'* Molecules with CTV as a
foundation have been used in various applications, including as coordination polymers and as
constituents of cage-like, discrete, metallo-supramolecular assemblies.>” Their ability to bind
guests such as Ceo and anionic C7o dimers, lanthanides and xenon has led to functionalized CTV
derivatives being used for biomedical applications such as magnetic resonance imaging (MRI)-
based diagnostic techniques and the distribution of fullerenes as cytotoxic anti-tumour
agents.® ¥ CTV and related structures have also been utilized as precursors for cryptophanes and
cavitands,»*>?! where they bind smaller guest molecules.?>?* However, very little investigation

has been done on porous structures containing CTV or its analogues.

|
‘ |
| ‘
\O
O/
(0]

™~

Figure 3.1: The structural formula of cyclotriveratrylene (CTV).
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Presented in this chapter are the syntheses of several novel CTV inclusion compounds containing
various solvents, chosen based on their polarity and their ability to solubilize CTV. These
compounds have been characterized by X-ray diffraction and thermal analysis. One of the
compounds has also shown a SC-SC transformation upon desolvation. After desolvation, all of

the compounds were subjected to gas and/or vapour sorption studies.

3.2. Experimental Procedures

3.2.1. Materials

A formaldehyde solution (> 34.5 wt%) and veratrole (> 99 %) were purchased from Sigma Aldrich
and used as received. CTV was synthesized via a literature method.?> Veratrole (5 mlL,
39.23 mmol) was mixed with 70 % sulfuric acid (11 mL) in a round-bottomed flask. A two-fold
excess of 34.5 % formaldehyde (6.25 mL, 78.27 mmol) was added dropwise with stirring. The
solution was allowed to stir for 24 h. The purple mixture was then vacuum-filtered, washing three
times with water. The purple solid obtained was then dissolved in ethanol (37.5 mL) and refluxed
for 2 h. The precipitate was collected by vacuum filtration and recrystallised from benzene. The

solution was once again vacuum-filtered, yielding the pure CTV as a grey powder.

3.2.2. Preparation of crystal forms

3.2.2.1. CTV-acetonitrile solvate 1 ((C27H3006)2 - CH3CN) (1)

CTV (60 mg) was dissolved in 1:1 v/v acetonitrile:chloroform (5 mL total volume) with stirring.
The vial containing the resulting solution was then covered with perforated parafilm. Slow

evaporation of the solvents led to the appearance of rectangular brown crystals after 7 — 10 days.

3.2.2.2. CTV-acetonitrile solvate 1 post-desolvation ((C27H300¢)2) (1a)

Crystals of 1 were heated under vacuum at 90 °C for 24 h, yielding the desolvated form 1a, a

process which occurred via a SC-SC transformation.
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3.2.2.3. CTV-acetonitrile solvate 2 ({C27H3006)2 - (CH3CN)3) (2)

A saturated solution of CTV in acetonitrile was prepared by dissolving CTV (100 mg) in a minimum
volume (2 mL) of acetonitrile with heating (60 °C) and stirring to form a saturated solution. The
remaining undissolved solid was removed using a needle, a syringe and a 0.45 um syringe filter.
The uncapped vial was allowed to stand at room temperature in order for the solvent to

evaporate, resulting in crystals appearing within a few hours.

3.2.2.4. CTV-chloroform (C>7H300s6 - (CHCl3)>) (3)

CTV (60 mg) was dissolved in chloroform (5 mL) with stirring. The vial was covered with
perforated parafilm and allowed to stand at room temperature in order for the solvent to

evaporate, leading to the appearance of crystals after a few days.

3.2.2.5. CTV-2-butanone ((C27H3006)4 - CaHgO) (4)

CTV (100 mg) was dissolved in 2 mL of 2-butanone with stirring and mild heating (50 °C). The vial
was allowed to stand uncapped and covered with perforated parafilm. Slow evaporation of the

solvent leads to the appearance of crystals after a few days.

3.2.3. Liquid-Assisted Grinding

Compounds 1 and 4 could also be prepared by liquid-assisted grinding in the presence of
acetonitrile and 2-butanone, respectively. The CTV host was placed in a mortar and ground with
a pestle after the addition of several drops of acetonitrile to make a paste. Grinding proceeded

for 10 minutes.
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3.3. Characterization Results & Discussion

3.3.1. CTV-acetonitrile solvate 1 ((C27H300¢)> - CH3CN) (1) and CTV-acetonitrile solvate 1 post-

desolvation ((C>7H3006),) (1a)

3.3.1.1. Single Crystal X-ray Diffraction Analysis

1 crystallised from acetonitrile in the monoclinic space group P21/c, with single crystal X-ray

structure analysis revealing that the asymmetric unit (ASU) of 1 contains two unique CTV

molecules and one acetonitrile molecule (Table 3.1 and Fig. 3.2).

Table 3.1: Crystal data and refinement parameters for 1 and 1a.

1 1a
Empirical formula (C27H3006)2 - CH3CN (C27H3006)2
Formula weight 942.07 901.02
Temperature (K) 173.15 153.15
Crystal system Monoclinic Monoclinic
Space group P21/c P21/c
a(A) 18.7531(8) 18.606(2)
b (A) 25.0061(11) 24.551(3)
c(A) 10.5276(5) 10.4027(13)
a(°) 90 90
6 (°) 91.2590(10) 90.819(3)
v (°) 90 90
Volume (A3) 4935.6(4) 4 751.5(10)
Zz 4 4
Pealc (g.cm™3) 1.268 1.260
u (mm) 0.089 0.088
F(000) 2 008 1920
Crystal size (mm3) 0.30x0.20x0.10 0.60x0.33x0.24
Radiation MoKa (A = 0.71073 A) MoKa (A = 0.71073 A)

29 range for data collection (°)
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [/ 2 20 (/)]

Final R indexes [all data]
Largest diff. peak/hole (e.A3)

2.714-59.034
-25<h<25,-34<k<32,-14</<14
112 892

13 782 [Rint = 0.0792, Rsigma = 0.0468]
13 782/0/635

1.023

R1=0.0476, wR, =0.1117
R1=0.0925, wR> =0.1322
0.36/-0.25

2.746 - 52.944
-23<h<22,-30<k<30,-12</<13
48 505

9 790 [Rint = 0.0362, Rsigma = 0.0310]
9790/0/607

1.027

R1=0.0444, wR, = 0.1005
R1=0.0696, wR> =0.1122
0.68/-0.38
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One of the unique CTV molecules forms dimeric, centrosymmetric capsules which encapsulate
two acetonitrile molecules per capsule (Fig. 3.2a), while the second unique CTV molecule stacks
to form columns of partially self-included CTV molecules (Fig. 3.2b). The stacked columns and
dimers are arranged in alternating 2D layers in the bc plane which stack along the ag-axis (Fig.
3.2c). No classic hydrogen bonds are present, but five unique C—H---O hydrogen bonds and two

unique C—H---mtinteractions are involved in host-host and host-solvent interactions (Table 3.2).

(c) 4

Figure 3.2: (a) Centrosymmetric dimer formed by one of the ASU CTV molecules. Hydrogen bonds
are displayed in red and C—H---m interactions in purple. Green spheres represent
centroids of aromatic rings involved in C—H---1t interactions (shown only for one
molecule of the dimer) (b) stacked columns of the second ASU CTV molecule in capped
stick and space-fill styles (c) crystal packing in 1 along the c-axis. Crystallographically
unique host and solvent molecules are colour-coded.
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The CTV molecules of the centrosymmetric dimer are indirectly linked through six host-solvent

C—H:--:O/C—H--N hydrogen bonds, four of which (the unique C25A-H25A:-N1S and C26A-

H26A:--N1S interactions) involve the acetonitrile nitrogen atom acting as a bifurcated hydrogen

bond acceptor for CTV methyl hydrogen atoms, and the remaining two (the unique C2S5-

H2SC---O5A interaction) which involve the CTV methoxy oxygen atom acting as a hydrogen bond

acceptor for an acetonitrile methyl hydrogen atom. The acetonitrile molecules also form two

unique C—H---rtinteractions with the dimer CTV molecule (indicated on only one side of the dimer

in Figure 3.2(a)).

Table 3.2: Hydrogen bonding parameters for 1 and 1a.

Bonding atoms D-H(A) H--A(A) D-+-A(A) D-H--A(°) Symmetry operators
1

C16B—-H16D---O1A 0.98 2.48 3.209(2) 131 X, Y, -1+z
C25-H2SC-O5A 098 257 3.547(2) 172 X, Y, Z
C25A—-H25A---N1S 0.98 2.53 3.458(2) 158 -X, 1-y, 2-z
C25B—H25E---O5A 0.98 2.54 3.390(2) 145 -X, ¥o+y, 3/2-2
C26A—-H26A---N1S 0.98 2.56 3.312(2) 134 X, Y, 2
COB-H9BB--Cgld" 099  2.88 3.8281(16) 162 X, 3/2-y, itz
C7B-H7BB--Cgl* 098  2.99 3.904(2) 156 1-x, aty, 3/2-2
C7B-H7BC:--Cg12' 0.98 2.87 3.5220(19) 125 X, 3/2-y, -Vs+z
C25-H2SA--Cgl* 098  2.97 3.425(2) 110 x, 1y, 2-2
C25-H2SB--Cg2® 098  2.71 3.5148(19) 140 X, 1-y, 2-2
C27A-H27A--Cg2® 099  2.75 3.6197(16) 148 X, iy, Vatz
1a

C7B-H7BB--O6A  0.98 247 3.104(2) 122 X, Yoy, -Vitz
C8A—-H8AB---O5A 0.98 2.49 3.452(3) 167 -X, -y, 3-z
C8B—H8BA---Cg1® 0.98 2.98 3.900(2) 157 -X, -y, 2-2
CSB—HSBC'"CngI 0.98 2.90 3.587(2) 128 X, V2-y, Y2tz
C25B—-H25A---Cg14" 0.98 291 3.549(2) 124 X, V2-y, Y2tz
C27B-H27A---Cg13™ 0.99 2.87 3.8449(19) 167 X, 2=y, -Va+z
C27A-H27D---Cg2P 0.99 2.73 3.6115(19) 148 X, -2y, -Yatz

3Cgl (C1A/C2A/C3A/CAA/C5A/C6A),
(C1B/C2B/C3B/C4B/C5B/C6B),

mCg13

(C19B/C20B/C21B/C22B/C23B/C24B)
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The unit cell parameters of 1a are similar to 1 with the retention of the space group symmetry
(Table 3.1). The reduction in unit cell volume (~180 A3) is probably not only due to the 20 K
temperature difference of the respective data collections. The ASU of 1a contains two CTV
molecules with similar packing as observed in 1, however, the solvent is absent. This was
confirmed by thermogravimetric analysis on the bulk sample, which indicated negligible mass
loss before decomposition, while the SQUEEZE routine in PLATON?® revealed a residual electron

density of only 6 electrons per unit cell for 1a.

Figure 3.3: (a) Crystal packing in 1 displaying isolated voids viewed along the c-axis (b) Showing
the similar packing and voids in 1a when viewed along the c-axis and (c) Crystal
packing in 1a displaying isolated voids viewed along the g-axis.
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The total void space for 1a (Fig. 3.3) calculated by MERCURY,?’ using a probe radius of 1.2 A, is
158 A3 or 3.3 % per unit cell, mainly because of the dimeric capsule cavity. A much smaller part
of this unit cell void space, 0.8 % per unit cell, is from the space between the columns of stacked
CTV molecules, determined by artificially placing atoms within the dimeric cavities in 1a. This
total void space is smaller than the 289 A3 or 5.9 % per unit cell potential total void space
calculated for 1, if the acetonitrile solvent molecule coordinates are deleted, suggesting that the
relative host arrangement is slightly different after solvent removal. The potential voids in 1 are
discrete, therefore the solvent removal process likely involves cooperative movement of either
whole molecules, or their functional groups, in order to retain monocrystallinity as revealed by
the SC-SC transformation. It seems that the latter is plausible with the evacuation of the solvent
molecules likely occurring along the ~10 A c-axis with at least one unique rotatable methoxy
group acting as a ‘gate’ (Fig. 3.4). This is shown to be a plausible explanation by simply taking one
methoxy group of a CTV dimer molecule in 1, such as O6A-C26A and artificially rotating it by 75°
around the O6A-C20A bond so that C26A points away from the dimer cavity. This leads to the
cavities of two neighbouring dimers being linked where they were formerly disconnected (Fig.
3.4). This is supported by the fact that two corresponding methoxy groups in 1 and 1a are found
in considerably different orientations as indicated by the corresponding C26A-06A-C20A-C19A
and C7A-0O1A-C1A-C2A torsion angles of -170.0(1)° and -80.4(1)° for 1 and 1a, respectively. In 1a,
the corresponding methoxy group O1A-C7A points towards the interior of the dimeric capsule
(Fig. 3.5), which is permitted by the absence of the acetonitrile molecule and supports that a

rotatable methoxy group may act as a ‘gate’ for desolvation.
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Figure 3.4: Two neighbouring dimers in the structure of 1 viewed along the ag-axis. Artificial

rotation by 75° of the 06 methyl group (displayed in ball-and-stick style) around the
O6A-C20A bond away from the dimeric void results in the connection of two
neighbouring voids. A probe radius of 1.5 A was used in the program MSROLL. As
MSROLL requires a closed cavity, only the labelled methyl group was manipulated.

However, rotation of the centrosymmetrically-related methyl will result in a channel
being formed.

(b)

Figure 3.5: (a) Dimer in 1 with the methyl group coloured in yellow corresponding to methyl
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Figure 3.6: CTV molecules shown in space-filling mode and in the same colour are connected via
C—H---0O hydrogen bonds, resulting in 1D zig-zag chains in (a) 1 and isolated tetramers
in (b) 1a. Only selected chains and tetramers are shown for clarity.

In 1, the remaining two unique C—H:-O hydrogen bonds (C16B—H16D--O1A and C25B-
H25E---O5A) connect the two asymmetric CTV molecules so that 1D zigzag strands of linked CTV
molecules, which consist of dimer and column CTV molecules, are formed along the ~25 A axis
(Fig. 3.6a). In 1a, the shift of the dimeric CTV molecules closer to each other results in these
molecules directly linking to one another by a unique C—H---O hydrogen bond (C8A—H8AB-::-:O5A).
A second unique C—H--O hydrogen bond (C7B—H7BB::-O6A) links the dimeric capsule to a column
CTV molecule on each side of the capsule. As opposed to 1, these column CTV molecules are not
linked to a second dimeric capsule, yielding hydrogen-bonded tetramers (Fig. 3.6b). These
tetramers are related to one another by the crystallographic 21 axis along the b-direction (Fig.

3.6b).
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3.3.1.2. Variable-Temperature Powder X-ray Diffraction

Variable-temperature PXRD experiments were performed on 1, as prepared by LAG, over the
temperature range 30-210 °C (Fig. 3.7). The sample was found to be crystalline over the entire
temperature range. Note that all VT-PXRDs traces performed have three artefact peaks at 4.6°,
6.9° and 36.1° 20 — these are caused by the variable-temperature sample holder and will not be
referred to hereafter. The 30 °C PXRD pattern matches closely with the calculated PXRD pattern
from the single crystal structure of 1, showing that the preparation was successful and that the
single crystal structure is representative of the bulk sample. At 100 °C, the three peaks at 8.4°,
8.9° and 9.2° 26 are decreasing and the pattern agrees more closely with the calculated PXRD
pattern of 1a. From 130-200 °C, the appearance of peaks of increasing intensities at 8.2° and 9.1°

20 suggests that 1a transforms to another polymorph, 1b, a second desolvated form of 1.

—200°C

—175°C

5
~
\

—167°C

=
Q

—130°C

Relative Intensity

—100°C
1 Calculated 1a
—30°C
—Calculated 1
20
Figure 3.7: VT-PXRD patterns in the range 30-200 °C compared with the calculated patterns of 1

and 1a. Arrows indicate peaks referred to in the text (red — decreasing relative
intensity, green — increasing relative intensity).
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3.3.1.3. Hot Stage Microscopy, Differential Scanning Calorimetry and Thermogravimetric Analysis

HSM photographs (Fig. 3.8) of crystals of 1, covered with silicone oil, give a visual indication of
their desolvation as bubbles are formed in the silicone oil with heating. The first bubble appears
at 60 °C, with more rapid evolution of bubbles occurring at 110 °C, accompanied by the
concomitant opacification of the crystals, indicating loss of monocrystallinity. This is followed by
melting and decomposition, observed at 240-250 °C. The first thermal event, as indicated by DSC
and TG analyses (Fig. 3.9), seems to be a complex combination of desolvation of 1 with
subsequent rearrangement of the host molecules into 1b, suggested by the broad endotherm
with a shoulder observed in the DSC thermogram at a similar temperature to desolvation in the

TGA thermogram.

(e

Figure 3.8: HSM photographs of compound 1 under silicone oil at different temperatures.
(a) 21 °C, (b) 60 °C, (c) 110 °C, (d) 120 °C, (e) 240 °C and (f) 250 °C (bubbles indicate
the release of solvent as pointed out by the red arrows in (b) and (c)).

70| Page



1 103

101

0 1b
99
-1
97
2 95 _.
i\‘:
2
8 DSC
93 2
3 —TGA
91
-4
89
5
87
6 85
0 50 100 150 200 250 300

Temperature (°C)

Figure 3.9: DSC and TGA thermograms of 1.

Table 3.3: TG analysis table for compound 1.

Thermal Event Temperature Range (°C) Mass Loss (%)
Mass loss 96.1-135.2 4.12 (calc. 4.36)
Melting 234.7-250.0* i

decomposition

*not taken to full decomposition

Table 3.4: DSC analysis table for compound 1.

Onset

Thermal Event Temperature 'I:,emperature Range Poeak Temperature Ent_l:alpy
A (°C) (°C) (Ug?)
(°C)

Desolvation & 103.4 103.4-123.9 109.7 40.20

phase change

Melting & 230.3 230.3-241.2 232.4 93.31

decomposition
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The rearrangement to 1b was separately confirmed by heating crystals on the DSC apparatus to
130 °C and subjecting them to subsequent PXRD analysis. The characteristic peaks of 1b at 8.2°
and 9.1° 26 (as indicated by the green arrows in Fig. 3.7) are also present in the PXRD pattern of
this thermally treated sample, confirming that it has transformed into 1b (Fig. 3.10). The VT-PXRD
experimental conditions were different, as the heating of 1 was slower because patterns were
recorded at 20-25 °C intervals from room temperature, permitting 1a to be observed. The TGA
thermogram of 1 (Fig. 3.9) reveals a single-step mass loss of 4.12 % (calculated 4.39 %) between
100-115 °C, corresponding to 1 acetonitrile molecule per asymmetric unit, which is consistent

with complete desolvation as per the single crystal structure of 1.

-
:E
§ 1b (VT-PXRD pattern of 1 at 167 °C)
[=
©
2
®
<
-4
1 heated 130 °C DSC
——1a (VT-PXRD pattern of 1 at 100 °C)
4 9 14 19 24 29 34 39

20
Figure 3.10: PXRD patterns showing 1 heated on DSC apparatus to 130 °C (in orange) compared

with 1a (in blue) and 1b (in grey). Note that the low signal-to-noise ratio of the PXRD
pattern at 130 °C is due to the small sample mass required for the DSC analysis.
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3.3.1.4 Variable-Temperature Single Crystal X-ray Diffraction (VT-SCXRD)

In situ VT-SCXRD experiments were performed on 1 to attempt to follow the SC-SC
transformation of 1 to 1a and subsequently possibly to 1b. Heating was performed by the flow
of hot, dry air over the crystal using the cryostream nozzle of the diffractometer. Initially, unit
cell parameters were collected at temperatures ranging from 25-110 °C. After 100 °C, the crystal
was no longer single as revealed by the severe loss of intensity of the diffraction spots. However,
these conditions are very different from how 1a was originally produced (90 °C under vacuum vs.
the continuous flow of dry air over the crystal). So, the method was adjusted to performing
consecutive data collections at 50 °C on the same crystal (2 hours were needed for a complete
data set). The structure was then solved and refined and subjected to a SQUEEZE analysis to

determine the residual electron count per unit cell for each data collection.

acetonitrile occupancy C26A occupancy
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Figure 3.11: Occupancies of acetonitrile and C26A position after consecutive in situ 2-hour SCXRD
data collections at 50 °C. Acetonitrile occupancy was calculated from a SQUEEZE
electron count per unit cell analysis and the C26A occupancy was refined in SHELX-
2014.
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Consecutive data collections reveal a continuous decrease in the residual electron count per unit
cell, indicating the acetonitrile loss from the crystal (Fig. 3.11). The electron count after 24 hours
was 18 electrons per unit cell, slightly more than the 6 electrons per unit cell calculated for the
structure of the crystal subjected to 90 °C under vacuum for 24 hours. Moreover, after 6 hours
the position of C26A had to be modelled over two positions (second position labelled C27A),
indicating dynamic rotation of this methyl group (Fig. 3.12). The second disordered position
(C27A) shows the methyl group pointing towards the interior of the dimer cavity as space
becomes available, allowed by the desolvation. Rotation of the methyl group away from the
dimer cavity is not observed, suggesting that this rotation is short-lived in comparison to the
rotation towards the interior of the cavity. However, the observed disorder supports a ‘gating’
hypothesis for solvent movement out of the structure. The in situ SCXRD experiments prove that
the SC-SC transformation from 1 to 1a can occur during a VT-SCXRD experiment under the
appropriate conditions. However, the conversion from 1a to 1b was not observed whilst the

crystal remained monocrystalline.

Figure 3.12: Overlay of twelve CTV dimer molecules from the twelve consecutive in situ 2-hour
SCXRD data collections of 1 at 50 °C. After six hours, the C26A methyl group is
disordered over two positions (second position C27A), suggesting dynamic rotation
of the methyl group.
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3.3.2. CTV-acetonitrile solvate 2 ((C27H3006)2 - (CH3CN)s) (2)

3.3.2.1. Single Crystal X-ray Diffraction Analysis

Crystallization of CTV from minimal solvent (100 mg in 2 mL solvent used, compared with 60 mg
in 5 mL solvent used for 1) resulted in crystals with different unit cell parameters to those of 1,

as well as a different formula, (C27H300s)2 - (CH3CN)3 (2) (Table 3.5).

Table 3.5: Crystal data and refinement parameters for 2.

2

Empirical formula
Formula weight

(C27H3006)2 - (CH3CN)3
1024.18

Temperature (K) 173.11

Crystal system Monoclinic
Space group P21/n

a (A) 8.4028(11)

b (A) 32.484(5)

c (A) 20.633(3)

a(°) 90

6 (°) 91.651(3)

v (°) . 90

Volume (A3) 5629.5(13)

4 4

Pecalc (g.cm'3) 1.208

u (mm) 0.084

F(000) 2184.0
Radiation MoKa (A = 0.71073 A)
29 range for data collection (°) 2.508 - 56.722

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices [/ 2 20 (/)]
Final R indices (all data)
Largest diff. peak/hole (e.A3)

-9<h<11,-43<k<43,-27<1<27

54 275

14 049 [Rint = 0.1209, Rsigma = 0.1328]

14 049/0/691
0.980

R1=0.0655, wR, =0.1386
R1=0.1764, wR, = 0.1853

0.73/-0.46
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Figure 3.14: Packing diagram of 2 viewed along the a-axis. Crystallographically unique molecules
are colour-coded.
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Single crystal X-ray analysis reveals that the ASU of 2 contains two unique CTV molecules and
three acetonitrile molecules (Fig. 3.13). There are two different channels within the structure of
2 —one formed by the internal cavities of the CTV molecules, which contain two of the three ASU
acetonitrile molecules (red and yellow acetonitrile molecules in Fig. 3.14), and one formed by the
packing of the interlocking chains, which contains the other ASU acetonitrile molecule (purple
acetonitrile molecules in Fig. 3.14). The two crystallographically-independent CTV molecules
form a ‘zipper’ motif (interlocking chain), with the intercalated CTV molecules partially included
within the cavities of adjacent host molecules (Fig. 3.15). The acetonitrile molecules occupy the

channels formed by these ‘zippers’ (Fig. 3.14 and 3.16).

Figure 3.15: Diagram showing the ‘zipper’ motif formed by the packing of the unique CTV
molecules in the ASU with molecules displayed in the space-filling mode.
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(b)

Figure 3.16: (a) The solvent occupied voids displayed after artificial removal of the acetonitrile
molecule coordinates viewed along the a-axis and (b) the solvent-occupied voids in
the structure of 2 following deletion of the acetonitrile molecule coordinates
viewed along the c-axis. Note the continuous ‘zig-zag’ channels.

No classic hydrogen bonds are present, but three unique C—H---O hydrogen bonds seem to be
involved in host-host interactions (Fig. 3.17). All the host-host C—H:--O hydrogen bonds are
between symmetrically equivalent CTV molecules, one of which is intrachain (C18A—H18A::-01A)
with the other two being interchain (C7A-H7AB---O3A and C17B—H17F---O5B) (Table 3.6). Of the
two interchain hydrogen bonds, the C7A-H7AB---O3A interaction propagates a continuous
interchain network, while the C17B—H17F---O5B interaction forms a dimeric motif between pairs
of symmetrically-equivalent CTV molecules. There are also nine unique C—H---1t interactions (Fig.
3.17) within the structure. Six of these interactions are between the methyl groups of the two
ASU acetonitrile molecules positioned within the cavities of the CTV molecules (Table 3.6). The
other three are C—H---mt host-host interactions which are interchain (C8A-H8AB---Cg13¢, C8B—
H8BB:--Cg1® and C16A—H16B---Cg3¢) and all of which form a continuous network.
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Figure 3.17: (a) C—H:--O hydrogen bonding network, shown as red dashed lines, in the crystal
structure of 2 (b) C—H---mt bonding network, shown as purple dashed lines, in the
crystal structure of 2. The green spheres represent the centroids of the aromatic
rings. Note that these are not isolated clusters but continuous networks. Only

unique interactions are shown for clarity.
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Table 3.6: Hydrogen bonding parameters for 2.

Bonding atoms D-H(A) H-A(A) D-A(A) D-H-A() >Ymmetry
operators

C7A-H7AB--03A 0.98 249 3.140(5) 123 ik, Yoy, Yotz
C17B-H17F--05B 098 235 3.3233) 170 1%, 1-y, 1-2
C18A-H18A--O1A 099 250 3.291(3) 137 14x, y, 2
C8A-HBAB--Cgl3® 098 272 3.666(3) 162 Vorx, -Vity, 3/2-2
C8B-H8BB-Cg1? 098 291 3.862(4) 164 Yok, Yooy, Yoz
C16A-H16B-Cg3¢ 098 271 3.620(4) 155 irx, Yoy, Yotz
C252-H2SA--Cgla! 098 274 3.509(4) 146 X,Y, 2
C252-H2SC-Cgl3® 098  3.07 4036 167 X,Y, 2
C252-H2SB--Cgl2d 098  2.64 3.423(4) 136 X,Y, 2
C251-H2SD--Cg1? 098 279 3.745(4) 167 X,Y, 2
C251-H2SE--Cg2" 098 276 3.601(4) 144 X,Y, 2
C251-H2SF--Cg3¢ 098 273 3.585(4) 146 X,Y, 2

"Cgl  (CLA/C2A/C3A/CAA/CSA/CBA), °Cg2  (CLOA/C11A/C12A/C13A/C14A/CI5A), Cg3

(C19A/C20A/C21A/C22A/C23A/C24A),  Cgl2  (C1B/C2B/C3B/C4B/CSB/C6B),  °Cgl3

(C10B/C11B/C12B/C13B/C14B/C15B), f{Cg14 (C19B/C20B/C21B/C22B/C23B/C24B)

3.3.2.2. Powder X-ray Diffraction and Variable-Temperature Powder X-ray Diffraction

VT-PXRD over the temperature range 30-215 °C shows that the sample remains crystalline over
the whole temperature range of analysis (Fig. 3.18). The 30 °C PXRD pattern matches closely with
the calculated PXRD pattern from the single crystal structure of 2, indicating that the single crystal
is representative of the bulk sample. At 50 °C, a peak appears at around 8.4° 28, while the peak
at around 10.1° 26 has decreased. There are also some significant changes in the PXRD pattern
between 18-21° 20 at the same temperature, suggesting desolvation to 2b has occurred (as
suggested by TGA in Section 3.3.2.3). However, after 50 °C, there do not seem to be any further

changes observed.
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Figure 3.18: VT-PXRD patterns in the range 30-215 °C of 2. Arrows indicate peaks referred to in
the text (red — decreasing relative intensity, green — increasing relative intensity).

3.3.2.3. Hot Stage Microscopy, Differential Scanning Calorimetry and Thermogravimetric Analysis

HSM photographs (Fig. 3.19) of crystals of 2 show crystals beginning to turn opaque at 50 °C,
revealing the loss of monocrystallinity, with slight bubbling starting at around 90 °C. Upon
reaching 150 °C, all bubbling has ceased, and the crystal is completely opaque. No further
changes are observed until the onset of melting at around 237 °C. DSC analysis (Fig. 3.20) displays
a broad endotherm in the temperature range 54.0-79.7 °C, representing desolvation to form 2b,
followed by a second endotherm in the temperature range 231.4-236.9 °C, representing melting.
These temperatures are slightly higher than those observed in the VT-PXRD experiments,
because the VT-PXRD experimental conditions were different, as the heating of 2 was slower
because patterns were recorded at 25 °C intervals from room temperature, with each VT-PXRD
pattern being recorded over 45 minutes. The TGA thermogram of 2 (Fig. 3.20) shows a single-
step mass loss of 11.64 % (calculated 12.02 %) in the temperature range 55.2-80.0 °C

corresponding to three acetonitrile molecules per asymmetric unit.
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Figure 3.19: Hot stage microscope photographs of compound 2 under silicone oil at different
temperatures: (a) 21 °C, (b) 50 °C, (c) 90 °C, (d) 150 °C, (e) 237 °C and (f) 247 °C
(bubbles show the release of solvent —the red arrow in (c) indicates the first bubble).
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Figure 3.20: DSC and TGA thermograms of 2.
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Table 3.7: TG analysis table for compound 2.

Thermal Event Temperature Range (°C) Mass Loss (%)
Mass loss 55.2-80.0 11.64 (calc. 12.03)

Table 3.8: DSC analysis table for compound 2.

Onset

Thermal Temperature Range Peak Temperature Enthalpy
Temperature o o 1
Event °C) (°C) (°c) (g?)
Mass loss 54.0 54.0-79.7 67.6 107.79
Melting 231.4 231.4-236.9 232.8 88.29

3.3.3. CTV-chloroform (C27H3006 - (CHCl3),) (3)

3.3.3.1. Single Crystal X-ray Diffraction Analysis

3 crystallised from a solution of chloroform in the monoclinic space group P21/n, with single
crystal X-ray analysis showing that the ASU consists of one CTV molecule and two unique

chloroform molecules (Table 3.9).
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Table 3.9: Crystal data and refinement parameters for 3.

3
Empirical formula C27H3006 * (CHCl3)
Formula weight 689.24
Temperature (K) 173.10
Crystal system Monoclinic
Space group P21/n
a(A) 16.5727(9)
b (A) 9.6650(5)
c (A) 20.3442(10)
a(’) 90
6(°) 92.5150(10)
v (°) . 90
Volume (A3) 3 255.5(3)
V4 4
Pealc (g.cm3) 1.406
u (mm) 0.567
F(000) 1424.0
Crystal size (mm?3) 0.407 x 0.185 x 0.106
Radiation MoKa (A =0.71073)

29 range for data collection (°)
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices [/ 2 20 (/)]

Final R indices (all data)
Largest diff. peak/hole (e.A3)

3.104 - 56.830
-22<h<22,-12<k<12,-26<1<27
42 071

8 151 [Rint = 0.0460, Rsigma = 0.0372]
8 151/0/376

1.041

R1=0.0658, wR> =0.1636
R1=0.0983, wR> = 0.1856
1.47/-1.39

The CTV molecules form columns which propagate along the b-axis and stack in an antiparallel

fashion along the c-axis (Fig. 3.21). The chloroform molecules are found in channels between the

layers of CTV columns (Fig. 3.22).
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(a) (b)

Figure 3.21: The anti-parallel columns of CTV molecules in the crystal packing of 3 viewed along
the ag-axis shown in (a) capped stick and (b) space-filling mode. Different columns
are colour-coded. Hydrogen atoms have been omitted for clarity.

Figure 3.22: The layers of CTV columns and chloroform molecules in the crystal packing of 3
viewed along the b-axis displayed in (a) capped stick and (b) space-filling mode.
Crystallographically unique molecules are colour-coded. Hydrogen atoms have been
omitted for clarity.
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As for 1 and 2, which contain acetonitrile, no classic hydrogen bonds are present in the structure
of 3. However, there are one unique C—H---O host—host hydrogen bond and four unique C—H-:-O
host—solvent hydrogen bonds present in the structure (Fig. 3.23). The C—H---O host-host hydrogen
bond is intercolumnar (C17-H17A.--03), linking two adjacent columns together through two
centrosymmetrically-related hydrogen bonds (Fig. 3.23 and Table 3.10). The S1- (C1S1-H1S1---01
and C1S1-H1S1:---:02) and S2-labelled (C1S2—-H1S2--:O5 and C1S2-H1S2:--06) chloroform
molecules act as bifurcated hydrogen bond donors (Fig. 3.23). There are also three unique
intracolumnar C—H---1t interactions, two between the methoxy groups of one CTV molecule and
the aromatic rings of the CTV molecule which it partially includes, and one between the
methylene bridge of one CTV molecule and an aromatic ring of the CTV into which it is partially

included (Fig. 3.24).

Table 3.10: Hydrogen bonding parameters for 3.

Bondingatoms D-H(A) H--A(A) D--A(A) D-H--A(°) Symmetry operators

C1S1-H1S81---01 1.00 2.40 3.247(4) 141 Va4X, 3/2-y, -Vatz
C1S1-H1S81---02 1.00 2.29 3.188(4) 149 Va4X, 3/2-y, -Vatz
C152-H1S2---05 1.00 2.34 3.219(4) 147 -1+x, vy, z
C1S52-H1S2---06  1.00 2.48 3.312(4) 140 -1+x, vy, z
C17-H17A---03  0.98 2.54 3.505(4) 169 1-x, 1-y, -z
C1S2-Cl1s---01 1.75 3.22 4.892 159 -Yox, 3/2-y, Yotz
C8—HB8A---Cg3° 0.98 2.95 3.741(4) 139 3/2-x, -Yat+y, Y-z
C25-H25B--Cg1® 0.98 2.97 3.760(3) 138 3/2-x, -Yat+y, Y-z
C27-H27A--Cg2® 0.99 2.51 3.478(3) 166 3/2-x, Yat+y, Yoz

aCgl (C1/c2/c3/ca/cs5/ce), bCg2 (C1o/c11/C12/C13/C14/C15), ‘Cg3

(C19/C20/C21/C22/C23/C24)
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Figure 3.23: The C-H::-:O hydrogen bonding network of 3 viewed along the b-axis. The antiparallel
nature of the dimer formed by the C17-H17A---03 hydrogen bonds is shown.

Figure 3.24: The C—H---mt interactions of 3 viewed along the c-axis. Green spheres represent the
centroids of the aromatic rings involved in C-H---mt interactions.

Halogen bonding is also observed within the structure of 3. There is one unique halogen bond —

C1S2-CI1S---01. Along with the hydrogen bonds involving the solvent, these appear to play a
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Figure 3.25: The halogen and hydrogen bonding network linking two layers of CTV columns
viewed along the b-axis. The hydrogen bonds are displayed as red dashed lines and
the halogen bonds as green dashed lines.

significant role in linking the different columns of host molecules, with the S2-labelled chloroform

molecules acting as bridges (Fig. 3.25).

3.3.3.2. Variable-Temperature Powder X-ray Diffraction

VT-PXRD over the temperature range 25-210 °C reveals that the sample remains crystalline over
the entire temperature range of analysis (Fig. 3.26). A room-temperature preliminary run was
performed to confirm the identity of the sample before beginning the VT-PXRD experiment. This
PXRD pattern agrees closely with the calculated PXRD pattern from the single crystal structure of
3, except that the latter is shifted to higher 20 values due to smaller d-spacings resulting from a

SCXRD analysis at -100 °C. The only profile difference is the appearance of a double peak at 8.2°
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and 8.5° 28 instead of a single peak — this is attributed to rapid loss of solvent, even at ambient
temperature, supported by TG analysis (see section 3.3.3.3. — Thermal Analysis). The pattern
begins to display changes almost immediately, indicating that exposure to the atmosphere at
room temperature for about 45 minutes (the duration of each PXRD experiment) can result in
the start of desolvation. The first VT-PXRD run at 25 °C shows more changes when compared with
the room-temperature preliminary run as more time has elapsed. The peak at 10.5° 26 has
decreased dramatically, while the peaks between 13.9° and 15.4° 20 are less resolved. The peak
at 16.5° 20 has also decreased substantially, while there is a general broadening of peaks at
higher 20. Further changes start appearing in the pattern at 130 °C. The two peaks at 8.0° and
8.4° 20 have reduced, with a new peak appearing at 8.6° 268. There is a marked increase in the
peak at 12.5° 26, while the peaks at 14.6° and 15.1° 26 have decreased and increased intensities,
respectively. There is also a new peak at 15.9° 20. In the pattern at 160 °C, the three peaks at

8.2°,8.5° and 8.9° 26 have decreased, while a new peak appears at 9.2° 26.
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Figure 3.26: VT-PXRD patterns of ground crystals of 3 in the range 25-210 °C, compared with the
calculated pattern obtained from the crystal structure of 3. Arrows indicate peaks
referred to in the text (red — decreasing relative intensity, green —increasing relative
intensity, black — double peak below 10° 26, blue — change in peak resolution).
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Figure 3.27: Comparison between calculated PXRD pattern obtained from single crystal structure
of 3 (in blue) and the VT-PXRD powder pattern of 3b at 210 °C (in orange).

A comparison between the calculated PXRD pattern from the single crystal structure of 3 and the
VT-PXRD powder pattern of 3b at 210 °C (Fig. 3.27) reveals that these two patterns are not the
same but are very similar. Therefore, it is plausible that the structure of 3b is very similar to the
structure of 3, just without the presence of the chloroform molecules, and that the layers of host

molecules (shown in Fig. 3.22) are simply closer together.

3.3.3.3. Hot Stage Microscopy, Differential Scanning Calorimetry and Thermogravimetric Analysis

HSM photographs (Fig. 3.28) of crystals of 3 show visual indication of their desolvation as bubbles
are formed in the silicone oil upon heating. The first bubble appears at 60 °C, with more vigorous
bubbling occurring at 90 °C along with the crystals going opaque which is a sign of the loss of

monocrystallinity.
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Figure 3.28: Hot stage microscope photographs of compound 3 under silicone oil at various
temperatures: (a) 22 °C, (b) 60 °C, (c) 90 °C and (d) 240 °C (bubbles indicate the
release of solvent —the red arrows indicate the bubbles).

DSC analysis (Fig. 3.29) shows a broad endotherm in the temperature range 20—-100 °C (onset at
62.8 °C), indicating desolvation which starts at room temperature, as indicated by immediate
mass loss in the TGA thermogram upon the start of the analysis at 20 °C. This corresponds with
the change in structure from 3 to 3a observed in the VT-PXRD experiments. There is subsequently
a second endotherm observed in the DSC thermogram in the range 108 — 154 °C, corresponding
to the transition from 3a to 3b. As previously observed, the VT-PXRD powder patterns display
changes which seem to take place at lower temperatures than those observed in the DSC
experiments (see section 3.3.3.2. — Powder X-ray Diffraction and Variable-Temperature Powder
X-ray Diffraction). The TGA thermogram of 3 (Fig. 3.29) shows a single-step mass loss of 32.12 %

(calculated 34.64 %) in the temperature range 18.9—150 °C corresponding to two chloroform

91| Page



molecules per asymmetric unit. This mass loss is slightly lower than expected, probably due to
solvent loss from the crystals immediately upon removal from the mother liquor at room

temperature. Despite fast sample preparation, this mass loss could not be recorded in time.
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Figure 3.29: DSC and TGA thermograms of 3.
Table 3.11: TG analysis table for compound 3.
Thermal Event Temperature Range (°C) Mass Loss (%)
Mass loss 18.9-95.3 32.12 (calc. 34.64)
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Table 3.12: DSC analysis table for compound 3.

Onset

Thermal Event T 'I;emperature Range F:eak Temperature Ent_l:alpy
5 (°C) (°c) (g?)
(°)

Mass loss and

desolvation to form 62.8 62.8-99.9 84.4 128.92

3a

Transition from 3a 545 108.5-154.5 123.5 2.48

to3b

Melting 226.4 226.4-234.3 230.6 58.94

3.3.4. CTV-2-butanone ((Cy7H3006)4 - C4HsO) (4)

3.3.4.1. Single Crystal X-ray Diffraction Analysis

4 crystallised from a solution of 2-butanone in the monoclinic space group P21/c (Table 3.13).
Single-crystal X-ray analysis shows that the ASU of 4 contains two unique CTV molecules and a 2-

butanone molecule modelled with 50 % occupancy.

93| Page



Table 3.13: Crystal data and refinement parameters for 4.

4
Empirical formula (C27H3006)4 - C4aHsO
Formula weight 1874.14
Temperature (K) 105.34
Crystal system Monoclinic
Space group P2./c
a (A) 18.684(4)
b (A) 24.580(5)
c (A) 10.466(2)
a(’) 90
6(°) 91.316(5)
v (%) . 90
Volume (A3) 4 805.3(17)
V4 2
Pecalc (g.cm'3) 1.295
u (mm) 0.091
F(000) 2 000.0
Crystal size (mm?3) 0.420 x 0.150 x 0.070
Radiation MoKa (A =0.71073)

29 range for data collection (°)
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices [/ 2 20 (/)]

Final R indices (all data)
Largest diff. peak/hole (e.A3)

2.738 - 56.654
-22<h<24,-32<k<32,-13</<10
62 892

11 929 [Rint = 0.0557, Rsigma = 0.0454]
11 929/0/629

1.022

R1=0.0458, wR> = 0.1008
R1=0.0731, wR, =0.1137
0.46/-0.30

The crystal packing is very similar to that seen in 1, with one of the CTV molecules in the ASU
forming centrosymmetric, dimeric capsules which encapsulate one disordered 2-butanone
molecule (located about an inversion centre, disordered over two positions, each with 50 %
occupancy) per dimer (Fig. 3.30a), while the second CTV molecule in the ASU ‘stacks’ to form

columns of CTV molecules (Fig. 3.30b). The dimers and stacked columns are arranged in 2D layers

in the bc plane which stack along the g-axis (Fig. 3.30c).
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(c)

Figure 3.30: (a) Centrosymmetric dimer formed by ASU CTV molecule 1 in 4 (hydrogen bonds
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shown in red and C—H---1t interactions shown in purple). Only one of the disordered
2-butanone molecules is displayed for clarity. The green spheres represent the
centroids of the aromatic rings (b) stacking of ASU CTV molecule 2 in 4 (c) crystal
packing in 4 viewed along the c-axis.



Table 3.14: Hydrogen bonding parameters for 4.

Bonding atoms D-H(A) H--A(A) D--A(A) D-H--A(°) Symmetry operators

C8B—H8BC--06A  0.98 2.56 3.358(2) 138 XV, Z

C17A-H17A--06  0.98 2.57 3.484(3) 156 X, 1-y, 1-z
C17B-H17D--O4A 0.98 2.43 3.125(2) 128 X, %oty 3/2-2
C24A-H24A--01A 0.95 2.59 3.2734(19) 129 X, y, 1+z

C25A-H25A--06  0.98 2.46 3.340(3) 149 X, 1-y, 1-z
C26A-H26A--06  0.98 2.41 3.359(3) 162 X,V,

C2-H2A--Cg2® 0.98 2.82 3.572(7) 134 X, Y, 2

C2-H2B---Cg1? 0.98 2.74 3.472(7) 132 X, Y, 2

C5—H5A--Cg2® 0.98 2.67 3.459(6) 137 X, 1-y, 1-z

C5-H5C--Cg1® 0.98 2.66 3.609(7) 163 X, 1-y, 1-z
C16B-H16F--Cg5¢ 0.98 2.99 3.6755(19) 128 X, 3/2-y, Vs+z
C18A-H18B--Cgl® 0.99 2.70 3.5690(18) 147 X, 3/2-y, Va+z
C18B-H18D--Cg4® 0.99 2.85 3.8113(18) 165 X, 3/2-y, -Ys+z
C26B-H26E--Cg6’ 0.98 2.85 3.4828(19) 123 X, 3/2-y, Vs+z
C26B-H26F--Cg2® 0.98 2.98 3.904(2) 158 “1+x, Y, Z

aCgl (C1A/C2A/C3A/C4A/CSA/C6A), °Cg2 (C10A/C11A/C12A/C13A/C14A/C15A), “Cg4
(C1B/C2B/C3B/C4B/C5B/C6B), eCg5 (C10B/C11B/C12B/C13B/C14B/C15B), fCg6

(C19B/C20B/C21B/C22B/C23B/C24B)

No classical hydrogen bonds are present in the structure of 4. However, six unique C—H---O
hydrogen bonds are involved in host—host and host—solvent interactions (Fig. 3.31). Three of
these are unique host—solvent C—H::-:O hydrogen bonds (C17A-H17A---:06, C25A—H25A---:06 and
C26A—-H26A---06), with the 06 atom of the 2-butanone molecule acting as a trifurcated hydrogen
bond acceptor (Fig. 3.30a). Two of these interactions are from the same dimer CTV molecule
(C17A-H17A:--06 and C25A—H25A:--06) and the remaining one is from the adjacent symmetry-
related CTV molecule making up the dimeric capsule. Therefore, the 2-butanone is acting as a
bridge between the dimeric capsule CTV molecules, with the oxygen atom playing a crucial role.
The other three unique C—H-:-O interactions are all host-host interactions (Fig. 3.31), with two
between a dimer CTV molecule and two adjacent CTV column molecules (one on each side when
viewed along the c-axis) and one between a CTV dimer molecule to a CTV molecule in an adjacent
dimer down the c-axis. There are also nine unique C—H---1t interactions within the structure of 4.
Four of these are between the 2-butanone solvent molecule and the dimer CTV molecule,

stabilizing the 2-butanone molecule within the dimeric cavity (Fig. 3.30a and Table 3.14). The
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other five are unique host-host C—H---1t interactions, three of which are between adjacent CTV
molecules in the same column, while one is between CTV molecules of neighbouring dimers along
the b-axis (C18A—H18B--:Cg1?) and the remaining one is between a dimer CTV molecule and a
column CTV molecule (C26B—H26F--Cg2®) (Fig. 3.32). It should also be noted that both the C—
H---:O hydrogen bonding interactions and the C—H---1t interactions are continuous networks of

interactions and not discrete moieties.

Figure 3.31: All unique hydrogen bonds within the structure of 4, displayed as dashed red lines.

Note that this is a continuous network — only unique interactions are displayed for
clarity.
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Figure 3.32: The five unique host-host C—H---1t interactions within the structure of 4, displayed as
dashed purple lines. The centroids are displayed in green. Note that this is a
continuous network — only unique interactions are displayed for clarity.

The structure packs in a very similar manner to 1 (Fig. 3.33), with one of the major differences
being that the dimeric capsules formed in 1 each contain two acetonitrile molecules, while the
dimeric capsules formed in 4 each contain one 2-butanone molecule. When the 2-butanone
molecules are artificially removed, the void space for 4 calculated by MERCURY?? (using a probe
radius of 1.2 A) is 5.6 % per unit cell, which is very similar to the 5.9 % void volume per unit cell
for 1 upon artificial solvent removal. Like 1, this void volume is a combination of dimer cavities

and spaces between the stacked columns of CTV molecules.
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Figure 3.33: Overlay of crystal packing in 1 (red) and 4 (blue). Hydrogen atoms have been omitted

for clarity.

3.3.4.2. Powder X-ray Diffraction and Variable-Temperature Powder X-ray Diffraction

As was the case for 1, 4 could also be prepared by liquid-assisted grinding of CTV in the presence

of 2-butanone for approximately 10 minutes (Fig. 3.34). Due to the similarities in the packing

between 1 and 4, a comparison of their respective calculated PXRD patterns from their single

crystal structures show close agreement (Fig. 3.35).
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Figure 3.34: Comparison between calculated PXRD pattern of 4 (in blue) and the experimentally
obtained pattern via liquid-assisted grinding of CTV with 2-butanone (in orange).

——Calculated 4
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Figure 3.35: Comparison between calculated powder patterns of 1 (in blue) and 4 (in orange).
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VT-PXRD experiments performed on 4 over the temperature range 30-210 °C revealed that the
sample remains crystalline over the entire temperature range of analysis (Fig. 3.36). The 30 °C
PXRD pattern matches closely with the calculated PXRD pattern from the single crystal structure
of 4. At 125 °C, however, the PXRD pattern has changed and closely matches that of 1b, the final
desolvated form of 1 (Fig. 3.37). This is also expected due to the similarity in the structures of 1
and 4. The difference in the behaviour between 1 and 4 upon heating is that 1 went through a
clearly—visible transition phase, 1a, at around 100 °C before going to the final desolvated form,
1b. This transition phase is not observed for 4, which seems to go straight from the solvated form
4 to the desolvated form 4b at 125 °C with no phase transition in between (the PXRD pattern of
4 at 100 °C still closely matches the pattern at 30 °C).

Cooled to 30 °C
Cooled to 50 °C
Cooled to 100 °C

b A ——~Cooled to 150 °C

—210°C

Relative Intensity

—150°C

—125°C

Y
.

—30°C

——~Calculated

20

Figure 3.36: VT-PXRD patterns of 4 in the range 30—210 °C compared with the calculated pattern
of 4.
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Figure 3.37: VT-PXRD patterns of the final desolvated form 1b (in blue) and the desolvated 4b (in
orange).

3.3.4.3. Hot Stage Microscopy, Differential Scanning Calorimetry and Thermogravimetric Analysis

HSM photographs (Fig. 3.38) of crystals of 4 give visual indication of their desolvation as bubbles
are formed in the silicone oil upon heating. The initial bubbling begins at 110 °C, with more
vigorous bubbling occurring at 130 °C accompanied by the crystals becoming opaque, suggesting
the loss of monocrystallinity. The bubbling continues until melting at ~250 °C, suggesting

continuous solvent loss until melting.
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(d)

Figure 3.38: Hot stage microscope photographs of compound 4 under silicone oil at various
temperatures: (a) 25 °C, (b) 110 °C, (c) 130 °C and (d) 250 °C (bubbles indicate the
release of solvent —the red arrows indicate bubbling).

This is supported by the TGA thermogram of 4, which never plateaus after solvent loss begins
(Fig. 3.39). DSC and TG analyses (Fig. 3.39) indicate the first thermal event in the temperature
range 111-152 °C, representing desolvation and simultaneous rearrangement of the host
molecules to form 4b. This is suggested by the broad endotherm with a shoulder observed in the
DSC thermogram at a similar temperature to desolvation in the TGA thermogram. This is a similar
profile to the first DSC endotherm of 1, except that shoulder is on the opposite side of the peak.
The TGA thermogram of 4 displays a continuous mass loss, initially steep and then becoming
more gradual, of 3.49 % (calculated 3.85 %) in the temperature range 123-250 °C, with most of

the mass lost between 111-152 °C.
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Figure 3.39: DSC and TGA thermograms of 4.

Table 3.15: TG analysis table for compound 4.

Thermal Event Temperature Range (°C) Mass Loss (%)
Mass loss 111.3-152.0 3.49 (calc. 3.85)
Decomposition 224.1-* -

*not taken to full decomposition

Table 3.16: DSC analysis table for compound 4.

Onset
T RO SR 'I;emperature Range Pceak Temperature Ent_t;alpy
0 (c) (c) (e
Mass loss 117.8 117.8-141.8 123.9 31.27
Decomposition 231.4 231.4-236.34 232.6 98.58
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3.3.5. Structural Analysis

The desolvated compounds 1b, 2b, 3b and 4b all display the same PXRD pattern and are therefore
concluded to be the same desolvated phase (Fig. 3.40). This is confirmed by the onset
temperatures of melting of 1b, 2b and 4b, which are all in the range 230.3-231.4 °C (Table 3.17).
The melting onset temperature of 3b is slightly lower at 226.4 °C, but this could be due to trace
impurities within the sample. The melting endotherm of 3b is also broader than those of 1b, 2b

and 4b.
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Figure 3.40: The PXRD patterns of all desolvated compounds 1-4. Green arrows indicate
similarities and red arrows indicate differences.

Table 3.17: Onset temperatures of melting of CTV host compounds.

Compound Onset Temperature of Melting (°C)
1b 230.3
2b 2314
3b 226.4
4b 231.4
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Unfortunately, the structure of this final phase before melting could not be determined, but the
questions remain as to what the structure is and how two dimer-and-column structures (1 and
4), a semi-stacked structure (2) and a layers-of columns structure (3) all reduce to the same
structure upon heating and desolvation. The first clue to the answer to the first of these questions
is found when comparing the PXRD patterns of this final phase to a PXRD pattern obtained from
a structure already in the CSD (refcode: CUVHACO01).2°> There are definite similarities, although
the PXRD patterns are not identical. Specifically, the peak indicated by the red arrow at 8.7° 20
in the CUVHACO1 PXRD pattern does not appear in the 4b, 3b or 2b PXRD patterns, while the
peaks appearing at 14.4° and 20.4° 20 in the 2b, 3b and 4b PXRD patterns do not appear in the
CUVHACO01 PXRD pattern. This CUVHACO1 structure consists of layers of stacked, antiparallel
columns of CTV. Another clue for the answer to the first of these questions can be found in the
VT-PXRD of 3, when one compares the VT-PXRD patterns of 3 and 3b (Fig. 3.41). These are found
to be very similar, suggesting that the only change that has potentially occurred within the
structure is the removal of the chloroform solvent molecules from between the layers of CTV

columns and the subsequent decrease of the spaces between these layers of CTV columns.

Relative Intensity

210 °C

- AT F—

4 9 14 19 24 29 34 39
20

Figure 3.41: Comparison between calculated PXRD pattern obtained from single crystal structure
of 3 (in blue) and the VT-PXRD powder pattern of 3b at 210 °C (in orange).

106 |Page



€
6

Figure 3.42: The proposed mechanism for the formation of stacked columns of CTV after solvent
removal in (a) 1 and (b) 2.

If this hypothesis is correct and the structure of 3b consists of tightly-packed layers of antiparallel
columns of CTV, then how do 1 and 4, which also have dimeric capsules of CTV molecules within
their respective structures, and 2, which consists of semi-stacked antiparallel ‘zippers’ of CTV
molecules, end up having the same desolvated structure? One hypothesis is that translational
shifts and rotations of dimer CTV molecules result in the formation of columns which are

antiparallel (Fig. 3.42). This may explain how these three different types of structures arrive at
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the same endpoint. Indeed, 1 and 4 already have alternating antiparallel columns for half of the

structure.

3.4. Gas & Vapour Sorption

Table 3.18 displays the vapour pressure at 25 °C of the solvents used for vapour sorption. The
desolvated compounds of 1, 2, 3 and 4 display the same PXRD pattern, and therefore are taken
to be the same phase and therefore 1b will be discussed as a representative example of the
desolvated phases b. 2 could not be prepared in sufficient bulk and purity for gas sorption and

hence gas sorption could not be performed on the 2b phase of this compound.

Table 3.18: The vapour pressure at 25 °C of the solvents used for vapour sorption.

Solvent Vapour Pressure at 25 °C (mm Hg)
Acetonitrile 91.4 %8

Chloroform 196.8 2°

2-butanone 90.6 30

Water 23.831

Table 3.19: Gas sorption maxima of all desolvated compounds of 1 for nitrogen (77 K), carbon
dioxide (273 K), hydrogen (77 K) and water vapour (298 K).

L Nitrogen Carbon Dioxide  Hydrogen Water
(cm3(STP)g?')  (cm?*(STP)g?)  (cm3(STP)g?)  (cm?(STP)g?)

1a 5.53 9.47 16.48 32.47

1b 9.54 2.81 9.80 29.60

Form 1a, the ‘hollow’ dimer structure which is not observed for 2, 3 and 4, and 1b, the structure
of which is unknown but is suggested to be a column structure closely related to 3, were
examined for their gas sorption capabilities for N», H2 and CO,. Nitrogen sorption at 77 K was
negligible for both forms. Carbon dioxide sorption of 1a was significant for the pressure (up to
783 mm Hg) and temperature (273 K) of analysis. The sorption of 9.47 cm3 (STP) gt at 783 mm Hg

for 1a corresponds to ~0.38 CO; molecules per asymmetric unit. This sorption happens despite
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an obstructed route for CO; sorption (see Fig. 3.3b and 3.3c), which probably causes rotation of
the methyl groups for sorption to be observed. This ability of CO; to frequently cause selective
structural alterations in many structures without open channels has been accredited to its
quadrupole moment.3? The maximum sorption for 1b is significantly lower at 2.81 cm? (STP) g™*
and 665 mm Hg. Another interesting occurrence was that for both 1a and 1b hysteresis was
observed, showing that these materials are capable of holding on to CO; with decreasing
pressure. Hydrogen sorption is also appreciable for the pressure and temperature (77 K) of
analysis for both 1a and 1b. The hydrogen sorption of 1b reached a maximum of 9.80 cm3 (STP) g**
at 816 mm Hg, corresponding to ~0.4 hydrogen molecules per asymmetric unit (or 0.088 wt. %).
The hydrogen sorption of la was greater, reaching a maximum of 16.48 cm?® (STP) g at
805 mm Hg, corresponding to ~0.6 hydrogen molecules per asymmetric unit (or 0.14 wt. %).
Hysteresis was observed for the hydrogen desorption of both 1a and 1b. Water vapour sorption
was similar for both 1a and 1b and was appreciable for the pressure and temperature (298 K) of
analysis. Water vapour sorption for 1b reached a maximum of 29.60 cm? (STP) g at 18 mm Hg,
corresponding to ~1.2 molecules of H,0 per asymmetric unit. Water vapour sorption for 1a was
found to be slightly higher, reaching a maximum of 32.47 c¢cm3 (STP) g! at 17 mm Hg,

corresponding to ~1.3 molecules of H,0 per asymmetric unit.
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Figure 3.43: Carbon dioxide and hydrogen sorption isotherms of 1a and 1b.
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Figure 3.44: Water vapour sorption isotherms of 1a and 1b.
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However, CO,, H2 and N3z sorption were not as significant as hoped and therefore vapour sorption
was attempted, where vapour generated from the original solvent of crystallization was used.
Both 1a and 1b were subjected to acetonitrile vapour sorption on the gas sorption analyser. The
acetonitrile vapour sorption for both phases was considerable for the pressure and temperature
(298 K) of analysis (Fig. 3.45). The adsorption for 1b shows a gradual increase with increasing
pressure until an inflection point occurs at a pressure of 54 mm Hg and adsorption of
17.02 cm3 (STP) g%, corresponding to ~0.7 molecules of acetonitrile per asymmetric unit. This
indicates a structural change occurring, leading to a rapid increase in sorption. The adsorption is
just beginning to plateau, which probably means the CTV host arrangement is now similar to that
of 1/1a, when the maximum sorption of 57.93 cm? (STP) g'! at 71 mm Hg for 1b, corresponding
to ~2.3 acetonitrile molecules per asymmetric unit, is reached. Large hysteresis is observed upon
decreasing pressure, showing the ability of this structure to trap the acetonitrile molecules
within. This is consistent with TGA results showing that nearly 100 °C is required to desolvate 1,
which is in the absence of an external acetonitrile vapour pressure. The minimum sorption
recorded upon desorption is 43.58 cm3 (STP) gt at 9 mm Hg, corresponding to ~1.8 molecules of
acetonitrile per asymmetric unit. The adsorption of acetonitrile vapour for 1a is greater than 1b
across the pressure range, slowly increasing with increasing pressure, but no inflection point is
observed, as opposed to the adsorption isotherm for 1b. Instead, the slope of the adsorption
isotherm initially gently increases with increasing pressure — however, there is a sharp increase
in adsorption at higher pressures. This is expected, since the host arrangement within 1a is
relatively similar to that of 1. The maximum sorption of 74.41 cm?3 (STP) g ! at 67 mm Hg for 1a
corresponds to ~3.0 acetonitrile molecules per asymmetric unit. This is in comparison with the
one per asymmetric unit observed in the single crystal X-ray structure of 1, showing that the
acetonitrile capacity of 1 is greater than originally observed. Once again, large hysteresis is
observed upon decreasing pressure, with desorption occurring gradually but steadily until
reaching a minimum of 58.27 cm3 (STP) g'* at 9 mm Hg. This corresponds with ~2.3 molecules of

acetonitrile per asymmetric unit.
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Figure 3.45: Acetonitrile vapour sorption isotherms of 1a and 1b.

PXRD experiments were done on both 1a and 1b after exposure to the acetonitrile vapour
sorption experiment (Fig. 3.46). The structures of the two samples appear to have reverted to
the structure of the initial solvated structure 1. Both 1a and 1b show that they can accommodate
a higher number of acetonitrile molecules per ASU than the original crystal structure. These are
possibly accommodated between the dimer and column layers when 1a and 1b revert to 1 under

acetonitrile pressure.
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Figure 3.46: PXRD patterns of 1a and 1b after acetonitrile vapour sorption on the gas sorption
analyser and comparison with the calculated PXRD pattern obtained from the
structure of 1 and the PXRD patterns of 1a and 1b.

The chloroform sorption for 3b is initially low, reaching only 3.08 cm? (STP) g* at a pressure of
33 mm Hg, corresponding to ~0.06 molecules of chloroform per asymmetric unit. At this point,
an inflection point occurs, suggesting a critical pressure needs to be reached before a structural
change occurs which facilitates sorption, as indicated by a substantial increase in chloroform
vapour sorption observed from 3.08 cm?® (STP) g (33 mm Hg) to 105.36 cm3(STP) g'! at
83 mm Hg. This corresponds to ~2.1 molecules of chloroform per asymmetric unit, similar to
what is observed in the crystal structure. Subsequently, the sorption isotherm begins to plateau
and increase more slowly, before reaching a maximum of 135.12 cm® (STP) g at only
~162 mm Hg, corresponding to ~2.7 chloroform molecules per asymmetric unit, more than what
is observed in the ASU of 3, possibly suggesting a larger separation of the layers of ‘stacked’ CTV
molecules, accommodating more chloroform molecules. Large hysteresis is observed upon
decreasing pressure, indicating the structure is capable of trapping the chloroform molecules
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within. The minimum reached by the desorption isotherm is 104.09 cm? (STP) g at 17 mm Hg,
corresponding to ~2.1 molecules of chloroform per asymmetric unit, similar to what is observed
within the crystal structure. A PXRD experiment was carried out on the sample after chloroform
vapour sorption and comparison between the pattern obtained, the calculated pattern obtained
from the crystal structure of 3 and the pattern of 3a (Fig. 3.48) show that even though the sample
has lost some crystallinity, probably due to solvent loss (TGA indicated solvent loss at low
temperatures), the pattern is very similar to that of the desolvated state 3a. Given the number
of chloroform molecules per asymmetric unit calculated at the minimum of the desorption
isotherm and the rapid solvent loss observed, it is reasonable to suspect that the material started
as 3 upon removal from the gas sorption analyser and had already converted to 3a by the time
the PXRD was performed, despite attempting to do it as soon as possible after removal from the

chloroform atmosphere.
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Figure 3.47: Chloroform vapour sorption isotherm of 3b.
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Figure 3.48: PXRD pattern of the 3b sample after chloroform vapour sorption on the gas sorption
analyser compared with the calculated pattern of 3 obtained from the crystal
structure, along with the PXRD patterns of 3a and 3b.

The butanone sorption of 4b is significant for the temperature (298 K) and pressure of analysis
(up to 75 mm Hg). No inflection points are observed in the adsorption isotherm, suggesting any
induced structural changes are gradual rather than sudden, supported by the gradual increase in
butanone vapour sorption with increasing pressure. The maximum sorption of
35.27 cm? (STP) g at only 75 mm Hg corresponds to ~1.4 butanone molecules per asymmetric
unit, higher than what is observed in the ASU of 4, 0.5 butanone molecules per ASU. Large
hysteresis is observed upon decreasing the pressure, suggesting the structure is capable of
trapping the 2-butanone molecules within. The minimum sorption reached on the desorption
isotherm is 19.81 cm? (STP) g at 10 mm Hg, corresponding to ~0.8 molecules of 2-butanone per

asymmetric unit.
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Figure 3.49: 2-butanone vapour sorption isotherm of 4b.

The PXRD of 4b after butanone vapour sorption on the gas sorption analyser is displayed (Fig.
3.50). While the sample displayed uptake of 2-butanone vapour, the PXRD pattern does not
seem to have changed and is very similar to that of 4b. Therefore, it can be suggested that the 2-
butanone molecules have simply forced the layers of CTV columns apart within the proposed
desolvated structure based on 3b for sorption to occur, rather than the structure reverting to the

structure of 4.
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Figure 3.50: PXRD pattern of the 4b sample after butanone vapour sorption on the gas sorption
analyser (in orange) compared with the predicted pattern of 4 obtained from the
crystal structure (in blue) and the PXRD pattern of 4b before vapour sorption (in

grey).

3.5. Summary

Several new CTV inclusion compounds have been isolated. These compounds are shown to
crystallise from and include three different solvents — acetonitrile, chloroform and 2-butanone.
In 1 and 4, which are almost isostructural, the CTV molecules exist as dimeric capsules, which
include acetonitrile (1) or 2-butanone (4), and as self-included CTV molecules which stack into
columns. 2, which also crystallises from and contains acetonitrile, is obtained from a saturated
solution of CTV in acetonitrile and is most likely the kinetic product of the crystallization. It is
therefore not very stable and loses solvent quickly upon heating. 3, which crystallises from
chloroform, has the CTV molecules packing in antiparallel columns. These columns form layers,
and between these layers of CTV columns are layers of chloroform molecules. 1 could be
desolvated into polymorphs 1a and 1b, with the transition to 1a monitored by a single-crystal-

to-single-crystal transformation. Even though 4 is isostructural with 1, this phase is not observed
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(asindicated by VT-PXRD) —the only desolvated form of 4 that is observed, 4b, has a PXRD pattern
that matches the second desolvated form of 1, 1b, very closely. 2, 3 and 4 lose their
monocrystallinity immediately upon desolvation, therefore the structures of their desolvated
forms, 2b, 3b and 4b, are unknown. However, the PXRD pattern of 3b is similar to that of the
solvated form, 3, so it is proposed that the packing of the host changes very little upon solvent
removal, except that the layers of ‘stacked’ CTV molecules move closer together due to the

absence of chloroform.

It has been shown that these four compounds all contain solvent which can be removed to obtain
the same crystalline, potentially porous material which is suitable for gas sorption studies. The
nitrogen gas sorption for all of these desolvated compounds is negligible. 1b was taken as a
representative example for 2b, 3b and 4b. 1a was also subjected to gas sorption as a hollow dimer
form. Both 1a and 1b displayed CO2, H, and H,0 vapour sorption. In each case, the sorption was
higher for 1a than for 1b, although neither were very high. Thus, vapour sorption of the original
solvents of crystallization was attempted. All compounds displayed significant vapour sorption
upon exposure to the initial solvents which they were prepared from. In fact, 1a and 1b reverted
to their original solvated form 1 upon exposure to acetonitrile vapour, while 3b seemed to revert
to 3 upon exposure to chloroform vapour with subsequent desolvation to 3a, whilst 4b seemed

to display no transformation at all upon exposure to 2-butanone vapour.

These are significant rearrangements in the solid state by simply exposing these compounds to a
vapour phase. The fact that essentially the same phase can trap these different solvents indicates

its versatility as a trapping agent.
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Chapter 4 — Preparation and Analysis of C-

Methylcalix[4]resorcinarene Solvates

4.1. Introduction

Macromolecules found in nature can form sizeable supramolecular assemblies such as
ribosomes, cellular membranes and viruses.’® These complex structures are maintained by non-
covalent interactions which are crucial to the functioning of these biological systems. Yet, large
multi-component synthetic supramolecular assemblies (n > 3) consisting of small molecules,
which encapsulate chemical space, are uncommon in supramolecular chemistry. The initial
example of this was when six bowl-shaped host molecules of C-methylcalix[4]resorcinarene
(CMCR) (Fig. 4.1) spontaneously assembled in a nitrobenzene solution to form a large, chiral
assembly, with eight water molecules ‘stitching’ the CMCR molecules into this spherical assembly
by O-H---O hydrogen bonds.* Since this discovery, a similar hexameric assembly of CMCR was
reported, with six of the eight water molecules replaced by 2-ethylhexanol molecules.> Large
hexameric assemblies have also been reported for the structurally similar pyrogallolarenes,
which have three hydroxyl groups per aromatic ring and longer hydrocarbon chains replacing the
methyl groups.®!! CMCR has also been shown to crystallise in two unique hexameric
arrangements within the same crystal from 1-butanol.??> These two hexameric assemblies were

bound by a water molecule into a supra-heterodimer.
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Figure 4.1: The structural formula of C-methylcalix[4]resorcinarene (CMCR).

Herein we present the synthesis of several CMCR-alcohol compounds, crystallised from
methanol, ethanol, isopropanol, 1-propanol, 1-butanol and 1-pentanol, in order to examine the
effect of the solvent chain length on the structure. These compounds have been characterized
by X-ray diffraction and thermal analysis. After desolvation, all of the compounds were subjected

to gas and/or vapour sorption studies.

4.2. Experimental

4.2.1. Materials

C-methylcalix[4]resorcinarene was purchased from Sigma Aldrich and used as received. All non-

anhydrous solvents were purchased from KIMIX Chemical & Lab Supplies and used as received.
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4.2.2. Preparation of crystal forms

4.2.2.1. CMCR-methanol ((C3;H320s) - (CH40)s - (H,0)s) (5)

CMCR (100 mg) was dissolved in methanol (3 mL) with heating and stirring. The remaining
undissolved solid was removed by syringe filtration using a filter of 0.45 um and the vial allowed
to stand with the cap perforated. Slow evaporation resulted in the formation of clear, colourless
needle-like crystals overnight, which, unfortunately, were not suitable for SCXRD analysis.

However, other analyses such as PXRD and thermal analysis could be performed.

4.2.2.2. CMCR-ethanol ((Cs2H320s) - (CoHgO)s - (H20)s) (6)

CMCR (100 mg) was dissolved in ethanol (3 mL) with heating and stirring. The remaining
undissolved solid was removed by syringe filtration and the vial allowed to stand with the cap
perforated. Slow evaporation resulted in the formation of small, clear, white prismatic crystals
after 1-2 days, which, unfortunately, were not suitable for SCXRD analysis. However, other

analyses such as PXRD and thermal analysis could be performed.

4.2.2.3. CMCR-isopropanol ((Cs2H3,0s) - (C3HgO)s - (H20)s) (7)

CMCR (100 mg) was dissolved in isopropanol (3 mL) with stirring. The vial was then covered with
perforated parafilm and allowed to stand. Slow evaporation resulted in the formation of clear,
yellowish needle-like crystals after 5-10 days, which, unfortunately, were not suitable for SCXRD

analysis. However, other analyses such as PXRD and thermal analysis could be performed.

4.2.2.4. CMCR-1-propanol ((C32H3,0s) - (C3HsO)s - (H20)1.67) (8)

CMCR (100 mg) was dissolved in 1-propanol (3 mL) with stirring. The vial was then covered with
perforated parafilm and allowed to stand. Slow evaporation resulted in the formation of clear,

brown, prismatic crystals after 7-10 days.
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4.2.2.5. CMCR-1-butanol ({C32H320s)4 - (C4H100)s - (H20)s5.67) (9)

CMCR (100 mg) was dissolved in 1-butanol (3 mL) with stirring. The vial was then left uncapped
and allowed to stand. Slow evaporation resulted in the formation of clear, brown prismatic

crystals after 10-14 days.

4.2.2.6. CMCR-1-pentanol ((C32H320s8)4 - (CsH120)s.33 - (H20)7) (10)

CMCR (100 mg) was dissolved in 1-pentanol (3 mL) with stirring. The vial was then left uncapped
and allowed to stand. Slow evaporation resulted in the formation of clear, brown prismatic

crystals after 14-21 days.

4.2.3. Liguid-Assisted Grinding

Compounds 5, 6, 7 and 8 could also be prepared by liquid-assisted grinding in the presence of the
appropriate solvent. The CMCR host was placed in a mortar and ground with a pestle after the

addition of several drops of solvent to make a paste. Grinding proceeded for 10 — 60 minutes.

4.3. Characterization Results & Discussion

In this chapter, single crystal structures of 5 and 9 have been previously published by other
authors.?%12 |n the case of 5, the author of this thesis could unfortunately not produce suitable
crystals for SCXRD analysis — however, characterization using PXRD and thermal analysis with gas
and vapour sorption properties were also explored. The previous study of 5 only included a single
crystal structure analysis as it was not the main thrust of the article. In the case of 9, this author’s
SCXRD study reveals additional detail not evident in the published structure. In addition, 9 was

subjected to VT-PXRD and vapour sorption studies.
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4.3.1. Compound 5 ((Cs2H3,0s) - (CH40)3 - (H20)s) (5), Compound 6 ((C32H320s) - (C2HeO)3 - (H20)s)

and Compound 7 ((C3,H3,0s) - (C3Hs0)s - (H,0)s)

4.3.1.1. Single Crystal X-Ray Diffraction Analysis

This is a structure (5) published in the literature in 2006 (CSD refcode UCISUV).?° The ASU of 5 is
made up of half of a CMCR molecule, two methanol molecules and three water molecules. The
CMCR molecules are not in a bowl conformation as is usually observed for these host molecules,
but in a flattened ‘boat’ conformation (Fig. 4.2). The CMCR molecules pack in hydrogen-bonded
chains along the c-axis, with channels containing both methanol and water found between these

CMCR chains (Fig. 4.3).

Figure 4.2: The conformation of CMCR in the crystal structure of 5.
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Figure 4.3: Packing diagram of 5 viewed along the c-axis.

Table 4.1: Unique hydrogen bonding parameters for 5.*

. . q ; o Symmetry
Bonding atoms D-H(A) H:--A(A) D:-A(A) D-H:A(°) e
04-H4---025 0.84 1.96 2.774(3) 164 -X, 1-y, 1-z
06-H6---013 0.84 1.95 2.776(3) 169 -X, 1-y, 1-z
013-H13---052 0.84 1.87 2.688(4) 164 X, Y, Z
025-H25---050 0.84 1.87 2.700(4) 167 X, Y, Z
050-H50---052 0.84 1.92 2.745(4) 168 X, Y, Z
051-H51G---050 0.84 1.80 2.61(2) 163 X, Y, Z
052---054 2.738 X, Y, Z
052--:053 2.751 Yo+, 3/2-y, Y-z
054---:06 2.952 Y-X, -Vaty, 1-z
C5-H5--:013 0.95 2.59 3.300(4) 131 -x, 1-y, 1-z
C29-H29C---04 0.98 2.57 3.144(5) 117 X, Y, 2
C32-H32B---06 0.98 2.58 3.153(4) 118 X, Y, 2

*This analysis is that of the author of this thesis.
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Figure 4.4: O-H---:O hydrogen-bonding network between two CMCR molecules forming a chain
along the c-axis, viewed along the b-axis.

There are nine unique conventional O—H---O hydrogen bonds present in the structure — one
methanol---methanol, one CMCR:--methanol, one methanol---water, two CMCR::-water, two
water:--water and two CMCR::-:CMCR O-H:-:-O hydrogen bonds. These hydrogen bonds seem to
have an important role in linking the CMCR molecules together to form the chains which

propagate along the c-axis (Fig. 4.4).2°

Despite best efforts, suitable single crystals of 6 (CMCR-ethanol) and 7 (CMCR-isopropanol) for
single crystal X-ray diffraction could not be obtained, however PXRD and thermal analysis could

be performed on these samples.

4.3.1.2. Powder X-Ray Diffraction and Variable-Temperature Powder X-Ray Diffraction

5 has also been obtained by liquid-assisted grinding for 15 minutes in the presence of methanol,
which likely contains water, as shown by close agreement of the PXRD patterns of 5 obtained by

crystallization and LAG (Fig. 4.5). There are structures of CMCR in the literature which contain
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water and methanol (CSD refcode UCISUV),?® methanol only (CSD refcode IFINAM)?! or water
only (CSD refcode MIGTUR).22 However, comparison of the experimentally-obtained PXRD
patterns of 5 with the three calculated patterns from these three crystal structures confirms that
UCISUV is the most likely structure of 5. The only difference between these patterns appears at
around 13° 26, where one large peak is present in the calculated pattern of UCISUV (5), whereas

no peak is evident in the experimentally-obtained LAG PXRD pattern.

It was found that the PXRD patterns obtained from ground crystals of 6 and 7 are almost identical

to the experimental PXRD pattern of 5 (Fig. 4.6), indicating that 5, 6 and 7 are isostructural or

——Calculated MIGTUR
at 90 K

>

3 Calculated IFINAM

.g at 120K

F |

2

5 |

g ——>5 prepared by
A crystallization

T~ preferred 5 prepared by LAG

orientation

——Calculated UCISUV
at 173 K

20

Figure 4.5: The experimentally-obtained PXRD pattern of 5 following 15 minutes of LAG in the
presence of methanol (in orange) compared with the calculated PXRD pattern of 5
(UCISUV — CMCR, methanol and water) (in blue), the calculated PXRD pattern of
IFINAM (CMCR and methanol) (in grey) and the calculated PXRD pattern of MIGTUR
(CMCR and water) (in red). The unlabelled black arrow indicates the only small
difference between the calculated 5 and experimentally-obtained 5. The red arrows
indicate different peak heights due to preferred orientation effects.
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Figure 4.6: Experimental PXRD patterns of 6 (in orange) and 7 (in grey) compared with the
experimental PXRD pattern obtained from 5 (in blue).

very close in the packing arrangement of their host molecules, despite differences in solvent

content.

Variable-temperature PXRD experiments (VT-PXRD) performed on 5 over the temperature range
25-300 °Cshow that the sample is crystalline until 250 °C (Fig. 4.7). The 25 °C PXRD pattern agrees
closely with the calculated PXRD pattern from the single crystal structure of 5. The slight shifts in
20 values are attributed to the different temperatures of analyses. At 50 °C, several changes are
observed in the PXRD pattern (5a) (labelled with arrows in Fig. 4.7). A new peak has appeared at
12.2° 26, while the peaks at 18.0°, 21.4°, 23.0° and 27.3° 20 have either decreased substantially
or disappeared completely. The large peak at 9.8° 26 has also decreased, and more so by 75 °C

(PXRD pattern labelled as 5b), while the peak that appeared at 12.2° 26 has now disappeared and
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Figure 4.7: VT-PXRD patterns of 5 in the range 25-300 °C compared with the calculated PXRD
pattern based on the crystal structure of 5. Arrows indicate peaks referred to in the
text (red — decreasing relative intensity, green — increasing relative intensity, black —
increasing peak resolution).

the peaks at 13.2° and 15.9° 20 have increased markedly at this temperature. The broad peak at
around 18.8° 20 seems to have disappeared, while the peaks at 19.5° and 20.2° 26 are more
resolved than in the 50 °C VT-PXRD pattern. This PXRD pattern (5b) remains virtually the same
until 250 °C, when the sample begins to become amorphous at 275 °C but shows a peak appearing
at 14.3° 26. This seems to be a new phase, 5¢. By 300 °C, it is almost completely amorphous and
does not regain crystallinity upon cooling to 25 °C. It has likely decomposed (TGA indicates
decomposition above 321.4 °C — this occurs at a lower temperature in the VT-PXRD experiment
due to prolonged heating). Hence the temperature for desolvation of this compound, in

preparation for gas or vapour sorption, should not exceed 250 °C.
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Variable temperature-PXRD (VT-PXRD) experiments performed on 6 over the temperature range
25-300 °C (Fig. 4.8) reveal that the sample is crystalline throughout this temperature range,
unlike 5, which begins to lose crystallinity from 275 °C (Fig. 4.7). The 25 °C PXRD pattern agrees
closely with the calculated PXRD pattern from the single crystal structure of 5. The first transition
is observed from 6 to 6a from 25 — 50 °C, with a new peak appearing at 12.2° 20 and the peaks
at 17.9°,21.2°,22.9° and 27.2° 26 have decreased. Another transition, from 6a to 6b, is observed
upon heating to 75 °C, with the peaks at 8.4°, 9.8°, 10.6°, 12.2°, 17.9°, 20.1° and 21.2° 26 either
decreasing or disappearing, whilst the peaks at 13.2°, 15.9°, 19.5° and 20.3° 20 are either
appearing or increasing. The VT-PXRD patterns of 5b between 75-250 °C seem to match the VT-
PXRD patterns of 6b between 75-100 °C, indicating that the structures in these temperature
ranges are very similar. However, 5b transitions briefly to 5c¢ at 275 °C and begins to lose
crystallinity shortly thereafter, while 6b maintains crystallinity and starts transitioning to a

different form, 6¢c, above 100 °C. This transition is complete at 175 °C. Examining this transition,

——Cool to 25 °C
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ﬁw o
AN N e
6a \ \ l,
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Figure 4.8: VT-PXRD patterns of 6 in the range 25-300 °C compared with the calculated PXRD
pattern of 5. Arrows indicate peaks referred to in the text (red — decreasing relative
intensity, green — increasing relative intensity, black — increasing peak resolution).
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peaks appear at 10.9°, 14.5°, 17.5°, 19.1° and 22.0° 20 at 125 °C, increasing at 175 °C. 6c¢ is then
observed to remain stable as the temperature increases to 300 °C and as the temperature returns

to 25 °C thereafter.

VT-PXRD experiments were performed on 7 over the temperature range 25-275 °C (Fig. 4.9). 7
was not heated to 300 °C as TGA indicated that 7 begins to decompose at 315 °C and since events
on the VT-PXRD occur at lower temperatures, it was decided not to heat the sample to 300 °C.
The 25 °C pattern agrees closely with the calculated pattern from the single crystal structure of
5. 7 seems to transition through two almost-amorphous phases, 7a and 7b, from 50 °C until
125 °C, when a second crystalline form, 7¢c, appears. 7c has a very similar PXRD pattern to 6¢, one
of the desolvated forms of 6 (Fig. 4.10). This is not unexpected, as the PXRD patterns of 6 and 7
agree closely, suggesting isostructurality and therefore probably similar structural changes upon
heating. The PXRD pattern of 5c is also similar — however, the degree of crystallinity of 5¢ has

already started to decrease, indicating that decomposition may be underway at that point.
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Figure 4.9: VT-PXRD patterns of 7 in the range 25-275 °C compared with the calculated pattern
from the crystal structure of 5.
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Figure 4.10: Comparison between VT-PXRD patterns of 5¢, 6¢c and 7c. The degree of crystallinity
of 7c is lower than that of 6¢, while the degree of crystallinity of 5c is the lowest
overall.
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Comparison between the PXRD pattern of 5a, 6a and the calculated PXRD pattern of the CMCR
and methanol-only structure from the literature (CSD refcode IFINAM)?! reveals that there are
similarities after the shift due to temperature difference is accounted for (Fig. 4.11). The
conformation of the resorcinarene within the IFINAM?! structure is described as a ‘diamond’
stereoisomer (Fig. 4.12), seemingly caught between the bowl conformation and the boat
conformation of the macrocycle. Therefore, it seems possible that the CMCR host molecules
adopt a similar conformation with the structure of 5a en route to a bowl conformation that is

probably present in 5¢, 6¢c and 7c.

Relative Intensity

6aat323K

S5aat323K

P 1N
MM ——Calculated IFINAM at 120 K

4 9 14 19 24 29 34 39
20

Figure 4.11: Comparison between the calculated PXRD pattern of IFINAM at 120 K (in blue), the
PXRD pattern of 5a at 50 °C (in orange) and the PXRD pattern of 6a at 50 °C (in grey).
The colour-coded arrows indicate corresponding peaks after the shift due to
temperature difference is accounted for. 7a is not included in comparison due to its
amorphous character.
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Figure 4.12: The ‘diamond’ conformation of the CMCR host molecule within the structure of

IFINAM. 2!

4.3.1.3. Hot Stage Microscopy, Differential Scanning Calorimetry and Thermogravimetric Analysis

HSM photographs (Fig. 4.13) of crystals of 5 do not reveal any bubbling, even though mass loss
was proved by TG analysis. The crystals begin to opacify at 70 °C, which is an indication of loss of
monocrystallinity, which is probably due to desolvation. The crystals are completely opaque by
160 °C, subsequently decomposing at 331 °C, a process which is complete by 380 °C. TGA analysis
displayed one mass loss event in the temperature range 21.2-132.1 °C before decomposition at
321.4 °C (Fig. 4.14). The mass loss event is 25.86 % (calculated 25.48 %), corresponding to 3
methanol molecules and 5 water molecules per CMCR molecule. DSC analysis reveals two
thermal events, the first one occurring over the range 22.7-130.1 °C (with onset temp. 79.7 °C),
corresponding to the loss of solvent on the TGA thermogram. The second thermal event is
exothermic, probably a phase change from 5b to the desolvated form 5¢ (indicated by the VT-

PXRD experiments), and occurs over the range 182.6—200.0 °C.
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(f)

Figure 4.13: Hot stage microscope photographs of compound 5 under silicone oil at different
temperatures: (a) 40 °C, (b) 70 °C, (c) 80 °C, (d) 160 °C, (e) 331 °C and (f) 380 °C.
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Figure 4.14: DSC and TGA thermograms of 5.
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Table 4.2: TGA analysis for compound 5.

Thermal Event Temperature Range (°C) Mass Loss (%)
Mass loss 21.2-132.1 25.86 (calc. 25.48)
Decomposition 321.4-* -

*not taken to full decomposition

Table 4.3: DSC analysis for compound 5.

Onset Temperature Peak
-1
Thermal Event '(I;(zr)nperature Range (°C) Temperature (°C) Enthalpy (J g*)
Mass loss 79.7 79.7-130.1 100.3 616.04
Phase change 182.6 182.6 - 200.0 189.8 -11.37

HSM photographs of crystals of 6 (Fig. 4.15) display bubbles, indicating solvent loss, at 100 °C,
while at 120 °C, more intense bubbling is occurs. Crystals which were clear turned opaque at the
same temperature as bubbling commenced, indicating loss of monocrystallinity associated with
solvent loss. Crystals begin to turn brown at 290 °C, with mild bubbling, indicating the onset of
decomposition which is well underway by 340 °C and is complete by 390 °C. TGA displays two
mass loss events in the temperature range 19.2—-185.7 °C before decomposition starts at 321.6 °C
(Fig. 4.16). The combined mass loss for these events is 27.79 %. Assuming isostructurality with 5
based on the closely-matching PXRD patterns with ethanol replacing methanol, this would give a
calculated solvent mass loss of 29.54 %, slightly higher than what is observed. However, this could
be due to immediate solvent loss upon removal from the mother liquor, as suggested by
immediate solvent loss observed in the TGA thermogram. This suggests the presence of three
ethanol molecules and five water molecules per CMCR host molecule in the structure. DSC
analysis (Fig. 4.16) shows three thermal events before decomposition; the first two are

endotherms which correspond to the two mass loss events observed in the TGA thermogram,
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Figure 4.15: Hot stage microscope photographs of compound 6 under silicone oil at different
temperatures: (a) 26 °C, (b) 100 °C, (c) 120 °C, (d) 290 °C, (e) 340 °C and (f) 390 °C
(bubbling indicates solvent loss or decomposition).
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Figure 4.16: DSC and TGA thermograms of 6, where 6a, 6b and 6¢ correspond to structural
changes observed during VT-PXRD analyses.

138 | Page



Table 4.4: TGA analysis for compound 6.

Thermal Event Temperature Range (°C) Mass Loss (%)
Mass loss 1 19.2-101.4 23.39

Mass loss 2 157.2-185.7 4.40
Decomposition 321.6—* -

*not taken to full decomposition

Table 4.5: DSC analysis for compound 6.

Onset Temperature Range Peak Enthal
Thermal Event Temperature o P g Temperature - Py
° (°C) ° g
(°C) (°C)
Mass loss 1 77.9 77.9-115.2 93.0 523.42
Mass loss 2 152.0 152.0-171.9 161.2 42.25
;hermal event 1551 155.1-204.0 190.2 41.87
Decomposition  338.7 338.7-* - -

*not taken to full decomposition

suggesting two desolvations representing the transitions 6-6a (the 5-5a transition was not
observed in the TGA and DSC analysis of 5) and 6a-6b, respectively. These occur at higher
temperatures than those observed in the VT-PXRD experiment, due to the prolonged heating at
constant temperature required for each PXRD pattern in the VT-PXRD experiment. The third
thermal event appears in the DSC thermogram as a small exotherm without a corresponding

mass loss in the TGA thermogram, similar to that which is observed in the TGA thermogram of 5.

This third thermal event is assigned to the phase transition 6b-6c.
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Figure 4.17: Hot stage microscope photographs of compound 7 under silicone oil at different
temperatures: (a) 22 °C, (b) 70 °C, (c) 100 °C, (d) 150 °C, (e) 250 °C and (f) 320 °C
(bubbling indicates solvent loss or decomposition — the light blue arrows in (b)
indicate the first bubbles).

HSM photographs of 7 (Fig. 4.17) show the first bubble due to solvent loss appearing at 70 °C,
while more rapid bubbling is observed at 100 °C. This rapid bubbling ceases, then resumes before
150 °C, after which decomposition begins at around 320 °C. DSC analysis (Fig. 4.18) displays two
thermal events, the first with a shoulder indicated by a red arrow (Fig. 4.18), whilst the second
event occurs at 134.0 °C. These thermal events correspond to mass loss observed in the TGA
thermogram and have a combined total of 27.90 %. This is slightly less than the calculated value
of 33.18 %, which assumes the isopropanol molecules have just replaced the methanol molecules
in the structure of 5. This could be explained by immediate solvent loss from the sample as soon
as it is removed from the mother liquor, which is supported by the immediate mass loss observed
in the TGA thermogram, or there are fewer solvent molecules present per CMCR molecule than
in the case of 5. The first thermal event is therefore the transition 7-7a, with the second thermal

event being the 7a-7b transition. The thermal event representing the 7b-7c transition
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(presumably an exotherm as for 5b-5¢ and 6b-6c¢) is not observed, possibly due to the relatively

low enthalpy — however, this transition is evident in the VT-PXRD experiments (Fig. 4.9).

0 100
-0.5 7b 95
7 7a
1 20

15 \ 85

]
2 80 g
© DSC
=
—TGA
-2.5 75
3 70
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0 50 100 150 200 250 300 350

Temperature (°C)

Figure 4.18: DSC and TGA thermograms of 7, where 7a and 7b correspond to structural changes
observed during VT-PXRD analyses. The red arrow indicates the shoulder
endotherm corresponding to the 7-7a transition.

Table 4.6: TG analysis for compound 7.

Thermal Event Temperature Range (°C) Mass Loss (%)
Mass loss 1 18.3-100.6 17.99

Mass loss 2 131.6-149.9 9.91
Decomposition 315.5-* -

*not taken to full decomposition
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Table 4.7: DSC analysis for compound 7.

Onset Temperature Range Peal Enthal
Thermal Event Temperature . P g Temperature 1 Py
° (°C) o g
(°C) (°c)
Mass loss 1 69.2 69.2-108.4 75.8 175.70
Mass loss 2 134.0 134.0-155.3 137.2 108.19
Decomposition  318.1 318.1-* - -

*not taken to full decomposition

4.3.2. Compound 8 ((C32H3,0s) - (C3HgO)s - (H20)1.67)

4.3.2.1. Single Crystal X-Ray Diffraction Analysis

Structure solution and refinement showed that the ASU consists of one CMCR molecule, three
propanol molecules, one of which is disordered over two positions with site occupancies of 0.44
(suffix B1) and 0.56 (suffix B2), two water molecules situated on a 3 axis with 1/3 site occupancy

for each water molecule, plus an additional water molecule modelled in the cavity of the CMCR

molecule (Fig. 4.19).

Figure 4.19: The asymmetric unit of 8. Hydrogen atoms are omitted for clarity and the oxygen

atoms of water molecules are shown as spheres.
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Hydrogen atoms on water molecules were not modelled. Hydrogen atoms on hydroxyl groups
were modelled using the SHELXL instruction AFIX 147 (pointing towards maximum electron
density) or AFIX 83 (pointing towards nearest hydrogen-bond acceptor). Whether AFIX 147 or 83
were chosen depended on obtaining close-to-zero maximum shift/error values for these
hydrogen atoms. Hydrogen bonding interactions involving hydroxyl groups or water molecules
were based on donor-acceptor interactions identified by MERCURY?3 only (PLATON?* was used
to obtain the D---A distances) as X-ray diffraction cannot accurately determine hydrogen atom

positions, especially for larger structures where data-to-parameter ratios are likely to be smaller.

Table 4.8: Crystal data and refinement parameters for 8.

8

Empirical formula

Formula weight
Temperature (K)

Crystal system

Space group

a (A)

b (A)

c(A)

a(°)

6(°)

v(°)

Volume (A3)

Zz

Pealc (g.cm?3)

p (mm)

F(000)

Crystal size (mm?3)

Radiation

29 range for data collection (°)
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F

Final R indices [/ 2 20 (/)]
Final R indices (all data)
Largest diff. peak/hole (e.A3)

(C32H320g) - (C3HgO)3 - (H20)1.67
751.52

100(2)

Trigonal

R3

33.6175(18)

33.6175(18)

20.9185(13)

90.00

90.00

120.00

20 473(3)

18

1.097

0.081

7 260.0

0.58 x0.53 x0.50

MoKa (A = 0.71073 A)

2.398 — 61.248
-44<h<20,-31<k<47,-29</<29
34 346

13 326 [Rint = 0.0553, Rsigma = 0.0870]
13 326/205/533

1.187

R:1=0.1211, wR, =0.3313
R1=0.2228, wR,> = 0.4053
1.52/-0.68

143 |Page



The assembly consists of six CMCR molecules (Fig. 4.20), with opposing molecules in an eclipsed
orientation leading to S point group symmetry, resembling the Holman et al assembly. The
Atwood et al and Oliver et al assemblies have opposing resorcinarenes rotated by ~45°. The
geometry of the assembly can be compared to that of a cube where the resorcinarenes reside on
the six faces of the cube and the solvent sites are the eight vertices of such a cube. In addition to
the two water molecules on the surface of the assembly, the interior has eight water molecules,
two of which are hydrogen-bonded to the water molecules on opposite sides of the assembly,
and one in the cavity of each of the six resorcinarene host molecules. Interestingly, none of the
cavity water molecules appear to be hydrogen-bonded to any other molecule, and are unlikely
to be involved in O—H---1t interactions due to large O---Cq distances,?® which range from 3.991-
4.297 A. On the surface of the assembly six out of the eight ‘surface’ solvent sites have three 1-
propanol molecules hydrogen bonded at these vertices of the assembly. The hydroxyl groups of
these 1-propanol molecules are involved in hydrogen bonding, creating a seven-hydrogen bond
motif with two CMCR molecules (Fig. 4.21). Two of these 1-propanol molecules have their
aliphatic chains pointing towards the exterior of the assembly, whilst the third has its aliphatic
chain pointing towards the interior (Fig. 4.21). The remaining two ‘surface’ solvent sites on the
assembly are occupied by a single water molecule at opposite ends of the assembly, involved in

O-H---:0 hydrogen bonding to three CMCR molecules and one interior water molecule.
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(a) (b)

Figure 4.20: Hexameric assembly 8 of CMCR host molecules, water (displayed as purple and
yellow spheres) and 1-propanol (exterior-pointing — blue and red and interior-
pointing — aqua) (a) showing eclipsed conformations of CMCR molecules on
opposite sides of the assembly, with hydrogen bonds of the assembly indicated in
red (b) viewed down the c-axis with interior 1-propanol guests depicted in space-
filling style. Hydrogen atoms have been omitted for clarity.

(a) = (b)

Figure 4.21: Structure of 8 with CMCR host molecules, water (displayed as spheres) and 1-
propanol (a) showing the insertion of three 1-propanol molecules at one assembly
‘surface’ solvent site and their hydrogen-bonding motif. Hydrogen atoms have been
omitted for clarity (b) showing the hydrogen-bonding of one CMCR host molecule.
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Each resorcinarene molecule has 6 unique hydrogen bonds within the assembly (Fig. 4.21) - 1
O-H:--O hydrogen bond to a water molecule (06:--O1W), 4 O-H-:-O hydrogen bonds to 1-propanol
molecules (O1:--:0O1A, O7---01A, 02::-:01C, and 04:-:01B1) and 1 O-H::-:O hydrogen bond to a
neighbouring CMCR host molecule (03::-0O5). In addition, each CMCR host molecule contains 4
intramolecular O-H---O hydrogen bonds (01::-04, 02:-:07, 03:::06 and 0O5:--08). Each assembly
also contains 6 1-propanol---1-propanol O-H--O hydrogen bonds (O1B1::-:01C) and 2
water---water O-H::-:O hydrogen bonds (O1W-:-:02W). These all add up to 68 hydrogen bonds —
24 CMCR intramolecular hydrogen bonds, 6 CMCR:--water hydrogen bonds, 24 CMCR--1-
propanol hydrogen bonds, 6 CMCR:--CMCR hydrogen bonds, 6 1-propanol---1-propanol hydrogen
bonds and 2 water---water hydrogen bonds. This is a comparable number of hydrogen bonds in
comparison with the hexameric assemblies produced by Atwood et al (60), Holman et al (58),

and Oliver et al (62 and 64 for assemblies denoted ‘A’ and ‘B’ in that structure).

Table 4.9: Unique hydrogen bonding parameters for 8.

Bonding atoms D---A (A) Symmetry operators
01--04 2.751(6) X, Y, 2

02--07 2.671(6) X, YV, 2

03---06 2.682(4) XY, Z

05---08 2.666(5) XY, Z

01---01A 2.782(6) Y%a+x-y, VatX, V-2
02--01C 2.684(9) X, YV, 2

03--05 2.640(5) 1-y, 14x-y, z
04--01B1 2.78(2) 1-y, 14x-y, z
06--01W 2.726(3) X, Y,z

07--01A 2.599(6) X, Y,z
0O1B1--01C 2.577(18) Y%s+x-y, Va+X, Va-2
O1W--02W 2.606(12) X, YV, Z
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Table 4.10: Unique C-H bonding parameters for 8.

. A a s o Symmetry
Bonding atoms D-H(A) H---A(A) D---A(A) D-H--A(°) S
C2-H2A--01C 0.95 2.53 3.251(8) 132 X,V, Z
C2-H2A---O1A 0.95 2.49 3.144(7) 126 %+x-y, Va+X, V5-2
C3C-H3CB--01 0.98 2.55 3.285(19) 132 -Ya+y, Va-x+y, Ys-z
C1B1-H1BB--Cgl? 0.99 2.79 3.75(3) 164 YatX-y, -Ya+X, %2
C24-H24B---Cg4® 0.98 2.77 3.618(4) 146 1-x, 1-y, 1-z

aCgl (C1/C2/C3/C4/C5/C6), PCg4 (C25/C26/C27/C28/C29/C30)

Each CMCR host molecule also has 3 unique intermolecular, intra-assembly CMCR:--1-propanol
C-H--0 hydrogen bonds (C2—H2A:--01C, C2—H2A---:O1A and C3C—-H3CB---01) for an additional 18
hydrogen bonds per assembly (Fig. 4.22 and Table 4.10). Additionally, each CMCR host molecule
is involved in 2 unique CMCR::CMCR C-H-:-m interactions (C24-H24B--:Cg4 and C1B1-
H1BB-:-:Cgl), for a total of 12 C-H---m interactions per assembly. Both these unique C-H--mt

interactions are inter-assembly interactions.

Figure 4.22: (a) The unique intermolecular intra-assembly CMCR:--1-propanol C-H:--O
interactions, displayed in red, to and from one CMCR molecule in the structure
of 8 (b) The unique CMCR:--CMCR C-H---rtinteractions displayed in purple, to one
CMCR molecule in the structure of 8. The centroids of the rings involved in these
interactions are displayed in green.
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Upon artificial removal of the interior 1-propanol and water molecules in order to be consistent
with the interior void space calculations of earlier assemblies in the literature, where interior
solvent molecules were not considered, the program MERCURY?3 calculated (using a probe radius
of 1.2 A) an interior volume of 1769 A3 (Fig. 4.23). To the best of this author’s knowledge, this is
the largest recorded interior volume of a calixarene-based purely-organic, supramolecular
hexameric spherical assembly. The O-:-O distances of the water molecules on opposite sides of
the assembly of 8 were assessed and compared with the Atwood et al. and Holman et al.
hexameric assemblies from the literature (Fig. 4.24). This distance was found to be 17.5 A in 8,

greater than in the Atwood (15.6 A) and Holman (15.1 A) assemblies.

Figure 4.23: Packing diagram of the structure of 8 viewed along the c-axis. The only voids
observed are those located inside the hexameric assemblies.
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(a) (b)

Figure 4.24: Wire-frame (including void spaces calculated by MSROLL) and space-filling depictions
of hexameric spherical assemblies (a) Atwood et al (b) Holman et al and (c) 8. The
O--0 distances between water molecules at opposite sides of the hexameric
assemblies are displayed in the top depictions, whilst the interior volumes (a chosen
probe radius of 1.55 A was used based on the limitations of MSROLL requiring
isolated voids) are shown in the bottom depictions. Symmetry-equivalent alcohol
molecules are colour-coded.

4.3.2.2. Powder X-Ray Diffraction and Variable-Temperature Powder X-Ray Diffraction

Usually liquid-assisted grinding is only appropriate for preparing relatively simple structures,
however, unusually for a complex spherical assembly, 8 can be prepared by liquid-assisted
grinding in the presence of excess 1-propanol for 45-60 minutes (Fig. 4.25). Previously, dimeric
capsules based on resorcin[4]arene which encapsulate Ceo were prepared by ball-milling.?® For a
hexameric assembly, this has only been done for the first time in 2017 with a pyrogallol[4]arene,
but, to the best of the author’s knowledge, never before with a resorcinarene.?’ Additionally, the
pyrogallol[4]arene hexamer was prepared using a ball mill and identified using NMR spectroscopy
following dissolution in CDCls, not by PXRD and comparison with a calculated PXRD pattern from

a single-crystal structure.
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Figure 4.25: Comparison between the calculated PXRD pattern generated from the crystal
structure of 8 (in blue) and the experimental powder pattern obtained after LAG in
the presence of 1-propanol (in orange).

VT-PXRD experiments of 8 would represent the first such experiments, according to this author’s
knowledge, on a resorcinarene-based spherical assembly structure (Fig. 4.26) in order to examine
the behaviour upon heating, determine the crystallinity upon desolvation and investigate how 8
should be prepared for gas or vapour sorption studies. The VT-PXRD pattern at 25 °C is very
similar to the calculated PXRD pattern of 8, confirming the purity of the bulk phase. At 75 °C, the
severe decrease in peak intensities suggests the sample has become amorphous (8a), also
observed at 100 °C. However, from 125-150 °C crystallinity is regained, however, with different
peaks (relative to the 25 °C VT-PXRD pattern) thus showing that a different crystalline structure
is in the process of being formed, referred to as 8b. This pattern remains the same up to 225 °C.

After cooling the sample to 30 °C, the VT-PXRD pattern at this temperature confirms that this
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Figure 4.26: VT-PXRD patterns in the range 25-150 °C of 8.

structure is basically the same as the 225 °C structure with slight shifting of peaks towards higher
20, presumably due to a smaller unit cell volume and thus smaller d-spacings at the lower
temperature. A comparison between the PXRD trace of 8b and the PXRD trace of a known
structure (CSD code: MIGTUR??) (Fig. 4.27) showed that the patterns agree closely, suggesting
that the structure of 8b is a close match to the structure of MIGTUR,?? which is a hydrate where
CMCR molecules are arranged in a bilayer (Fig. 4.28). In fact, the only difference observed in the
PXRD pattern of 8b is the peak appearing at 7.3° 28, which does not appear in the calculated
PXRD pattern of MIGTUR.??
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Figure 4.27: Comparison between calculated PXRD pattern of MIGTUR in blue and VT-PXRD 30 °C
pattern of 8b after heating in orange. Arrow indicates a peak in the PXRD pattern of
8b that does not appear in the calculated PXRD pattern of MIGTUR.

Figure 4.28: Packing diagram of MIGTUR viewed along the c-axis. Hydrogen atoms are omitted
for clarity and water molecules are displayed as red spheres.
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Surprisingly, 8 can be prepared by exposing 8b to propanol vapour. An in situ PXRD for 1-propanol
vapour sorption?® was performed where 8b was subjected to the maximum vapour pressure of
1-propanol at 25 °C (40 mm Hg) in an experiment where adjacent wells on a modified PXRD
sample stage contained 1-propanol liquid (see Fig. 2.1 — Section 2.5.1). Each diffractogram was
recorded over 45 minutes, with another 1.5 minutes taken for the start of the next run (Fig. 4.29).
In the 46.5 min. PXRD trace, the peak at 6.7° 20 has decreased drastically, while new peaks start
appearing at 5.4°, 11.7° and 13.0° 26. Additionally, an increase in intensity is observed for the
peaks at 19.0°, 21.6°, 23.0°, 24.3°, 24.8° and 25.4° 20. After 93 min., the peak at 6.7° 20 has
disappeared completely, while a new peak is appearing at 7.6° 20. The peak at 8.0° 26 has
continued decreasing, while the peaks at 9.2°, 11.8° and 12.9° 26 have increased in intensity. The
peaks at 15.0° and 17.9° 20 have decreased in intensity, while the peaks at 19.0°, 21.5°, 23.0°,
24.3°,24.8° and 25.4° 26 have continued increasing in intensity. After 139 min., the peak at 8.0°

| ' —Calculated 8
| | " ‘ — 279 min.
| | I |

l ‘ | l ‘ A ——232.5 min.

w

Relative Intensity

——139.5 min.
8 |
A ——93 min.
Ny

\ ~ 46.5 min.

8b | L d | u {L.' 1\’ : | —38b
Y L—JN \JV W= AR 'LV‘V'V.-.-(--‘]»'.--“‘,-.

4 9 14 19 24 29 34 39 —MIGIUR

20

Figure 4.29: In situ propanol vapour sorption PXRD experiment, starting with 8b (in orange) and
transforming to 8 (in brown) over a period of ~4 hours. Arrows indicate peaks
referred to in the text (red — decreasing relative intensity, green —increasing relative
intensity).

153 |Page



20 has disappeared completely and the original spherical hexameric structure of 8 was re-
established (Fig. 4.29). This happens in the solid state, without any additional energy input,
suggesting formation of the hexameric assembly 8 is highly favoured in the presence of 1-
propanol, even if the 1-propanol is in the vapour phase. It should also be noted that water is a
crucial part of the assembly and it is likely that the 1-propanol is wet, which may provide the
water for the assembly, or the water is obtained from the atmosphere. The 8b-8a resolvation
does not go through an amorphous phase as in the case of desolvating 8 under heating where
the route is 8-8a-8b. Perhaps, this is not surprising as the conditions for the VT-PXRD experiment
are not exactly reversed — for example, the temperature remained constant during the in situ

PXRD vapour sorption experiment.

4.3.2.3. Hot Stage Microscopy, Differential Scanning Calorimetry and Thermogravimetric Analysis

HSM photographs (Fig. 4.30) of a crystal of 8 show bubbles due to solvent loss appearing at 70 °C,
while at 100 °C, more vigorous bubbling is occurring, and the crystal is beginning to turn opaque,
probably indicating loss of crystallinity as indicated by VT-PXRD experiments (Fig. 4.26). The
crystal has turned completely opaque upon reaching 120 °C, but a second occurrence of bubbling
begins at 200 °C and continues until approximately 280 °C. The crystal begins to turn brown at

320 °C, indicating the onset of decomposition which is probably near completion at 400 °C.
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Figure 4.30: Hot stage microscope photographs of compound 8 under silicone oil at different
temperatures: (a) 29 °C, (b) 70 °C, (c) 100 °C, (d) 120 °C, (e) 200 °C (f) 280 °C (g)
320 °C and (h) 400 °C (bubbles show the release of solvent or decomposition — the
red arrows in (b) indicate the first bubbles).
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TGA exhibited four mass loss events in the temperature range 30-220 °C before decomposition
(Fig. 4.31). These four mass loss events have a combined total of 32.50 % (calc. 32.68 %) of the
total mass, indicating that the crystallographic model does not account for all the solvent present
in the structure. The initial mass loss of 25.87 % (calculated 26.00 %) from 26.9-123.3 °C (Table
4.11) accounts for all the solvent molecules present in the modelled structure (3 1-propanol

molecules and 1.67 water molecules per CMCR molecule).

100 - r 100
50 - 8b 90
8a
8
0 - 80
-50 - 70
-100 - I 60
-150 I 50
TGA
DSC
-200 - 40
-250 F 30
-300 - - 20
-350 - 10
-400 T T T T T T T T 0
0 50 100 150 200 250 300 350 400 450

Temperature (°C)

Figure 4.31: DSC and TGA thermograms of 8.

Table 4.11: TG analysis for compound 8.

Thermal Event Temperature Range (°C) Mass Loss (%)
Mass loss 1 26.9-123.3 25.87 (calc. 26.00)
Mass loss 2-4 124.6-195.1 6.64 (calc. 6.68)
Decomposition 322.7-379.18 -
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Table 4.12: DSC analysis for compound 8.

Onset Peak
Temperature Range Enthalpy

Thermal Event Temperature o Temperature B

5 (°C) 5 (g?)

(°C) (°C)
Mass loss 1 65.0 65.0-116.3 91.8 Not done
Mass loss 2-4 180.3 180.3-207.8 193.8 Not done
Decomposition  347.0 347.0-* - -

*not taken to full decomposition

The subsequent three nearly-identical mass losses totalling 6.64 % (calculated 6.68 %) are
assigned to the loss of 3 unmodelled water molecules per CMCR molecule. These water
molecules are probably located within the assemblies as no void spaces were calculated by
MERCURY?® between assemblies (Fig. 4.23). The SQUEEZE routine in PLATON?* calculated 28
residual electrons per ASU (no modelled solvent molecules were removed) which corresponds to
~2.8 water molecules (10 electrons in 1 water molecule) per CMCR molecule. Thus, the
compound could also be formulated as (C32H320s) - (C3HgO)3 - (H20)a.47. Furthermore, the DSC
analysis (Fig. 4.31) seems to indicate two thermal events, one in the temperature range 65.0—
116.3 °C which corresponds to the bubbling in the HSM analysis, the solvent loss on the TGA
thermogram and the VT-PXRD traces to form the amorphous 8a, which is partially desolvated,
with the second event from 180.3-207.8 °Cindicating the transition to the fully desolvated phase,
8b. While this happens at a much higher temperature than that observed in the VT-PXRD traces
(8b is indicated by the 125 °C VT-PXRD trace), this can be explained by the different temperature
programs used for the TGA/DSC and the VT-PXRD. The experiment was stopped at the onset of

the third endotherm as TGA indicated that this was the onset of decomposition.
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4.3.3. Compound 9 ((C32H3,08)4 - (C4H100)s6 - (H20)s.67) and Compound 10 ((C32H3208)4 - (CsH120)s.33
- (H20)7)

4.3.3.1. Single Crystal X-Ray Diffraction Analysis

The structure of 9 has already been published in the literature in 2016.12 However, structure
solution and refinement presented in this thesis revealed additional structural information to the
already-published structure. The structure of 9 consists of two unique hexameric assemblies
(referred to as 9’ and 9”, respectively, in this thesis), with the asymmetric unit made up of four
CMCR molecules, nine water molecules (four with site occupancy equal to 1 and five positioned
on a three-fold rotation axis, resulting in a total occupancy of [4 + (0.33 x 5) = 5.67] and six 1-
butanol molecules. The F-labelled 1-butanol molecule was modelled as disordered over two
positions with site occupancy factors of 0.58 and 0.42 for disordered components A and B,
respectively. The published structure has the same number of water molecules but only four 1-
butanol molecules. Hydrogen atoms on water molecules were not modelled. Hydrogen atoms on
hydroxyl groups (for both 9 and 10) were modelled using the SHELXL instruction AFIX 147
(pointing towards maximum density) or AFIX 83 (pointing towards nearest hydrogen-bond
acceptor). Whether AFIX 147 or 83 were chosen depended on obtaining close-to-zero maximum
shift/error values for these hydrogen atoms. Hydrogen bonding interactions involving hydroxyl
groups or water molecules were based on donor-acceptor interactions identified by MERCURY?3
only (PLATON?* was used to obtain the D---A distances — Tables 4.14 and 4.16 for 9 and 10,
respectively) as X-ray diffraction cannot accurately determine hydrogen atom positions,

especially for larger structures where data-to-parameter ratios are likely to be smaller.

Similar to both the Atwood* and Holman® hexameric assemblies, both hexameric assemblies 9’
and 9” comprise six CMCR molecules residing on the faces of a cube with water molecules
residing on the vertices of such a cube, with a water molecule bonding three neighbouring CMCR
molecules in a trigonal arrangement by water--:CMCR O-H---O hydrogen bonding. In both 9’ and

9” contain opposing resorcinarenes are rotated by ~45° similar to the Atwood hexameric
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assembly. The point group symmetries of 9’ and 9” are C3, and these assemblies are therefore

chiral, as opposed to the Holman assembly that has S¢ point group symmetry and hence is achiral.

Table 4.13: Crystal data and refinement parameters for 9.

9
Empirical formula (C32H3208)4 - (C4H100)6 - (H20)s5.67
Formula weight 2713.68
Temperature (K) 100(2)
Crystal system Trigonal
Space group R3c
a (A) 29.9039(7)
b (A) 29.9039(7)
c (A) 96.216(3)
a(’) 90
6(°) 90
v (°) 120
Volume (A3) 74 514(4)
V4 18
Pcalc (g.cm'3) 1.089
u (mm) 0.654
F(000) 26 088.0
Crystal size (mm?3) 0.37x0.19x0.18
Radiation Cu Ka (A = 1.54178 A)

29 range for data collection (°)
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices [/ 2 20 (/)]

Final R indices (all data)
Largest diff. peak/hole (e.A3)

3.874 -150.618

-37<h<37,-36 <k<37,-120</<120
384 821

34 120 [Rint = 0.0635, Rsigma = 0.0347]
34 120/484/1 833

1.426

R1=0.1076, wR2> = 0.2816

R1=0.1139, wR, =0.3011

1.84/-0.51

9’ has eight water molecules at all eight vertices of the cube with 9” having seven water

molecules, the eighth one missing because of the closer arrangement of three CMCR molecules

at this position (intersection of red molecules in Fig. 4.32b), and thus the three water:-:CMCR O-

H---O hydrogen bonds are also absent at this point. Furthermore, three of these seven water

molecules (indicated by red spheres in Fig. 4.32b) are hydrogen bonding with only two
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neighbouring CMCR molecules (and a 1-butanol molecule located at the same vertex) as opposed
to hydrogen bonding to three neighbouring CMCR molecules as observed in 9’ (Fig. 4.32), which
is also different from the structure published in the literature,'> where water at these points is

still hydrogen-bonded to three CMCR molecules.

(b)

Figure 4.32: Hexameric assemblies of CMCR, 1-butanol and water displaying the (a) regular
hexameric assembly 9’ and the (b) distorted assembly 9” with its interacting 1-
butanol molecules and missing water molecule at the intersection of the red CMCR

molecules (closest to the reader). Hydrogen atoms have been omitted for clarity.
Water molecules are shown as spheres.

Figure 4.33: The dimer of hexameric assemblies formed by the two assemblies 9’ (right) and 9”
(left). Atoms are coloured according to symmetry equivalence. Hydrogen atoms

have been omitted for clarity. Oxygen atoms involved in the ‘double propeller’ motif
are labelled.
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9’ and 9” each contain two crystallographically unique CMCR molecules — A and Bin 9’ and C and
D in 9”. Unique, strong hydrogen bonds involving CMCR within 9’ are indicated in Fig. 4.34. 9’ has
24 CMCR intramolecular hydrogen bonds (O2A:-:028A, 04A:--:010A, 012A---:018A, 0O20A:--026A,
02B--:028B, 04B---:010B, 012B--:018B and 020B:-:026B) as each CMCR molecule has four
intramolecular hydrogen bonds where one hydroxyl group forms a hydrogen bond with a
hydroxyl group of the neighbouring resorcinol unit, 24 water-::=CMCR O-H---:O hydrogen bonds
(O4A---03W, 012A--04W, 020A---01W, 028A---04W, O2B---04W, 010B---0O3W, 018B-:-:02W and
026B-:-:03W) where each water molecule on the ‘surface’ of the assembly hydrogen bonds with
three neighbouring CMCR molecules at eight such sites, and lastly 12 CMCR:--CMCR
intermolecular hydrogen bonds (O2A:---04B, O10A---028B, O18A:--:026A and 012B:--020B).
Assembly 9’ contains 1 additional water---water O-H---O hydrogen bond, linking a ‘corner’ water
molecule to a water molecule at one end of 9’ which forms part of a ‘double-propeller’ motif (not
observed in the published structure) made up of 1-butanol molecules (O1W---O8W) (Fig. 4.33).
There are also 3 hydrogen bonds between three 1-butanol molecules of the first ‘propeller’ and
the central water molecule (01J:--O8W) and the 3 1-butanol---1-butanol hydrogen bonds
between the first and second ‘propeller’ (O1l---:01J), which has no central water molecule. The 1-
butanol molecules of the second ‘propeller’ are directly hydrogen-bonded to each other through
3 O-H-:O hydrogen bonds (O1l---:O1l). There are also the 3 1-butanol molecules inside the
assembly which are hydrogen-bonded to ‘corner’ water molecules (01G---:O3W) (Fig. 4.42a). This

forms a total of 73 hydrogen bonds for 9’.
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(a) b (b)

Figure 4.34: (a) The unique O-H---O hydrogen bonds of the CMCR molecule A in 9’ (b) the unique
O-H-:O hydrogen bonds of the CMCR molecule B in 9’. Water molecules are
displayed as spheres and hydrogen atoms are omitted for clarity. Hydrogen bonds
are displayed as dashed red lines.

Table 4.14: Unique hydrogen bonding parameters for 9.

Bonding atoms D---A (A) Symmetry operators
02A--028A 2.669(7) X, Y,z
04A--010A 2.698(6) X, Y,z
O12A--018A 2.710(7) X, V,
020A--026A 2.629(7) X, Y, Z
02A--04B 2.700(6) x+y, 1-x,
O4A---03W 2.798(7) XY,z
010A---028B 2.622(5) X, Y, Z
O12A--04W 2.795(9) 1-y, 1+x-y, z
018A---026A 2.630(8) 1-y, 1+x-y, z
020A--01W 2.677(4) 1-y, 1+x-y, z
028A---04W 2.765(10) X, Y, Z
02B---028B 2.650(5) X, Y,z
04B---010B 2.679(6) X, Y,z
012B---0188B 2.648(6) X, Y, Z
020B---0268B 2.706(7) X, Y, Z
02B---04W 2.618(8) 1-y, 1+x-y, z
010B---03W 2.696(9) 1-y, 1+x-y, z
012B---020B 2.669(8) 1-y, 1+x-y, z
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018B--:02W
026B---:0O3W
01G--03W
O1l---01l
O1l---01
01J---08W
O1W:--0O8W
O2W:--:09W
O1H:--0O9W
02C---028C
04C---010C
012C---018C
020C---026C
02C---O5W
04C---012C
010C---O7W
010C---O1H
018C:--O5W
020C---026D
026C:--0O6W
028C---018D
02D---028D
04D---010D
012D---018D
020D---026D
02D---O1E
04D---010D
012D--O1FA
020D---O5W
028D---06W
O1E---O1FA
O1FA---O6W

2.672(5) X, Y,z

2.688(7) X, Y,z
2.55(3) X, Y,z
2.77(5) 1-y, 1+x-y, z
2.84(5) X, Y,z
2.92(6) X, Y,z
2.587(17) X, Y,z
3.02(4) X, Y,z
2.93(5) XY,z
2.687(6) XY, 2
2.707(6) XY,z
2.696(7) XY, 2
2.641(7) X, Y,z
2.701(9) X, Y,z
2.666(9) -X+y, 1-x, z
2.772(6) XY,z
2.58(4) -x+y, 1-x, z
2.727(9) 1-y, 1+x-y, z
2.698(7) 1-y, 1+x-y, z
2.676(9) X, Y, 2
2.653(6) XY,z
2.679(6) XY,z
2.690(8) X, Y,z
2.755(7) X, Y,z
2.769(7) XY,z
2.622(7) X, Y,z
2.684(7) -x+y, 1-x, z
2.671(15) X, YV, Z
2.790(8) XY, 2
2.811(9) -x+y, 1-x, z
2.771(13) x+y, 1-x, z
2.987(13) X, V,

9” exhibits a more complicated hydrogen-bonding network (Fig. 4.33 and 4.35). Unique, strong

hydrogen bonds involving CMCR are shown in Fig. 4.35. 9” comprises 24 CMCR intramolecular

hydrogen bonds (02C---028C, 04C---010C, 012C---018C, 020C:--026C, 02D---028D, 04D---010D,

012D---018D and 020D---026D), 18 water:::CMCR O-H:-O hydrogen bonds (O2C:--O5W,

010C---07W, 018C---0O5W, 026C--06W, 020D---O5W and 028D---06W) and 12 CMCR:--CMCR

intermolecular hydrogen bonds (04C::-:012C, 020C:--026D, 028C--:018D and 04D---010D), with

the decrease in the number of water:---CMCR hydrogen bonds caused by the distortion induced
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(b)

Figure 4.35: (a) The unique O-H---O hydrogen bonds of the CMCR molecule C in 9” and (b) the
unique O-H---O hydrogen bonds of the CMCR molecule D in 9”. Water molecules are
displayed as spheres and hydrogen atoms are omitted for clarity. Hydrogen bonds
are displayed as dashed red lines.

by the 1-butanol molecules and the omission of the eighth water molecule. 9” also has 6
CMCR:--1-butanol hydrogen bonds (02D---O1E and 012D--01FA), 3 1-butanol--1-butanol
(O1E---O1FA) and 3 1-butanol---water (O1FA--:O6W) hydrogen bonds (displayed in Fig. 4.43),
adding up to 66 hydrogen bonds. A heterodimer of hexameric assemblies is formed (Fig. 4.33)
when taking account of the 3 hydrogen bonds that form between the three H-labelled 1-butanol
molecules and the C-labelled CMCR molecules (010C:--:O1H), the 3 hydrogen bonds that connect
the H-labelled 1-butanol molecules to O9W to form the ‘propeller’ motif (O1H---O9W) — also
shown in Fig. 4.40a — and the hydrogen bond between the O9W water molecule and the O2W
water molecule of 9’ that connects it to the central ‘propeller’ (O2W---O9W). This adds up to a
total of 146 hydrogen bonds making up the supra-heterodimer (Fig. 4.33) within the structure of
9.

It should be noted that the three hydrogen bonds between the 1-butanol molecules of the central
propeller and the CMCR molecules C of 9” (010C:--O1H) were not observed in the published

structure, and neither was the ‘double propeller’ motif made up of water and 1-butanol
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molecules adjacent to 9’. Furthermore, the 1-butanol molecules modelled within 9’ were not

shown to be involved in hydrogen bonding.

Structure solution and refinement of 10 revealed that the crystal structure is very similar to that
of 9. The ASU of 10 is made up of four unique CMCR molecules, six 1-pentanol molecules (one is
disordered over three positions, resulting in a total occupancy of 5.33) and eleven water
molecules (six are positioned on a three-fold rotation axis, resulting in a total occupancy of 7).
Similar to 9, 10 also consists of two unique spherical assemblies (Figs. 4.36 and 4.37), 10" which
encapsulates four water molecules (010W and O11W) and three 1-pentanol molecules (pentanol
molecule G — shown in green in Fig. 4.36), and the other, 10”, which is apparently empty. The
unit cells are also very similar, with the three axis lengths of 9 measuring approximately 29.9,
29.9 and 96.2 A, while the three axis lengths of 10 measure approximately 30.1, 30.1 and 97.2 A.
Similar to 9’ and 9”, both hexameric assemblies 10’ and 10” comprise six CMCR molecules
residing on the faces of a cube with water molecules residing on the vertices of such a cube, with
a water molecule bonding three neighbouring CMCR molecules in a trigonal arrangement by

water:-:CMCR O-H::-O hydrogen bonding.
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Table 4.15: Crystal data and refinement parameters for 10.

10

Empirical formula

Formula weight
Temperature (K)

Crystal system

Space group

a(A)

b (A)

c(A)

a(’)

6(°)

v (°) .

Volume (A3)

V4

Pealc (g.cm3)

p (mm)

F(000)

Crystal size (mm?3)
Radiation

29 range for data collection (°)
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices [/ 2 20 (/)]
Final R indices (all data)
Largest diff. peak/hole (e.A3)

(C32H3208)4 - (C5H120)s5.33 - (H20)7
2760.40

100(2)

Trigonal

R3c

30.121(2)

30.121(2)

97.168(7)

90

90

120

76 348(12)

18

1.081

0.649

26 544

0.52x0.40x0.27

CuKa (A = 1.54178 A)

3.844 - 150.534
-37<h<37,-36<k<37,-121</<119
227775

34 426 [Rint = 0.0386, Rsigma = 0.0245]
34 426/482/1 847

1.606

R1=0.1150, wR> =0.3198
R1=0.1181, wR; = 0.3315
1.44/-0.61

10’ has eight water molecules at all eight vertices of the cube with 10” having seven water
molecules, the eighth one missing because of the closer arrangement of three CMCR molecules
at this position (intersection of red molecules in Fig. 4.36), and thus the three water--:=CMCR O-
H---O hydrogen bonds are also absent at this point. Furthermore, three of these seven water
molecules (indicated by red spheres in Fig. 4.36b) are hydrogen bonding with two neighbouring
CMCR molecules (and a 1-pentanol molecule located at the same vertex) as opposed to hydrogen

bonding to three neighbouring CMCR molecules as observed in 10’. The opposing CMCR
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molecules of 10’ and 10” are also rotated by ~45°. The point group symmetries of 10’ and 10”

are C3, and these assemblies are therefore also chiral, the same as 9’ and 9”.

(b)

Figure 4.36: Hexameric assemblies of CMCR, 1-pentanol and water displaying the (a) regular
hexameric assembly 10’ and the (b) distorted assembly 10”, showing the missing
water molecule at the intersection of the red CMCR molecules. Both are displayed
with their interacting 1-pentanol molecules. Hydrogen atoms have been omitted for

clarity. Water molecules are shown as spheres.

Figure 4.37: The neighbouring hexameric assemblies 10’ (right) and 10” (left) in the crystal
structure of 10, which do not form a supra-heterodimer. Atoms are coloured
according to symmetry equivalence. Hydrogen atoms have been omitted for clarity.
Oxygen atoms involved in the ‘double propeller’ motif are labelled.
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10’ and 10” each contain two crystallographically unigue CMCR molecules — A and B in 10’ and C
and D in 10”. Unique, strong hydrogen bonds involving CMCR within 10’ are shown in Fig. 4.38.
10’ has 24 CMCR intramolecular hydrogen bonds (O2A:-:028A, O4A:---O10A, O12A.---018A,
020A---026A, 02B-:-:028B, 04B-:-:010B, 012B::-:018B and 020B--:026B) as each CMCR molecule
has four intramolecular hydrogen bonds where one hydroxyl group forms a hydrogen bond with
a hydroxyl group of the neighbouring resorcinol unit, 12 CMCR::-:CMCR intermolecular hydrogen
bonds (O2A---04B, 010A:--028B, 018A:--026A and 012B--020B) and 24 water::*CMCR O-H---O
hydrogen bonds (04A:--03W, 012A:--:04W, 020A---01W, 028A:--04W, 02B-:-:04W, 010B---O3W,
018B---:02W and 026B---O3W), the same as in the case of 9’, each water molecule hydrogen
bonding with three CMCR molecules at eight such sites. However, 10’ also has 3 additional
interior water---water O-H---O hydrogen bonds (O3W--:O10W — shown in Fig. 4.42), 3 additional
interior 1-pentanol---water hydrogen bonds (01G--:O10W — shown in Fig. 4.42) and an additional
exterior water---water hydrogen bond (O1W---O8W) from a ‘surface’ water molecule to an
exterior water molecule hydrogen bonded to three surrounding 1-pentanol molecules through 3
water:--1-pentanol O-H---:O hydrogen bonds (O1J:--:O8W). The three 1-pentanol molecules are
further hydrogen bonded to a second group of three 1-pentanol molecules through 3 1-
pentanol---1-pentanol O-H:--O hydrogen bonds (011--:01J) to form a ‘double propeller’ motif.
Lastly, the second group of 1-pentanol molecules are hydrogen bonded to a central water
molecule through 3 1-pentanol---water hydrogen bonds (O1l---OW12). This makes a total of 76

hydrogen bonds making up the structure of 10’.
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(a) (b)

Figure 4.38: (a) The unique O-H:--O hydrogen bonds of the CMCR molecule Ain 10’ (b) the unique
O-H:--O hydrogen bonds of the CMCR molecule B in 10°. Water molecules are
displayed as spheres and hydrogen atoms are omitted for clarity. Hydrogen bonds
are displayed as dashed red lines.

Table 4.16: Unique hydrogen bonding parameters for 10.

Bonding atoms D---A (A) Symmetry operators
02A---028A 2.674(7) X, Y,z
O4A---010A 2.695(5) XY,z
012A---O18A 2.726(7) X, Y, Z
020A---0O26A 2.650(7) X, Y, Z
02A---04B 2.697(6) -x+y, 1-x,
O4A---03W 2.821(7) XY,z
010A---028B 2.632(5) X, Y, Z
O12A--04W 2.719(9) 1-y, 14x-y, z
018A---026A 2.657(8) 1-y, 1+x-y, z
020A--01W 2.676(4) XY,z
028A---04W 2.808(9) XY,z
02B---028B 2.633(6) X, Y,z
04B---010B 2.684(7) X, Y,z
012B---0188B 2.624(7) X, Y, Z
020B--026B 2.720(8) X, Y, Z
02B---04W 2.627(7) 1-y, 1+x-y, z
010B---03W 2.703(9) 1-y, 1+x-y, z
012B---020B 2.647(8) 1-y, 1+x-y, z
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018B--:02W
026B---:0O3W
01G--010W
O1l---0W12
O1l---01
01J---08W
O1W:--0O8W
O3W---:010W
02C---028C
04C---010C
012C---018C
020C---026C
02C---O5W
04C---012C
010C---O7W
018C:--O5W
020C---026D
026C:--0O6W
028C---018D
02D---028D
04D---010D
012D---018D
020D---026D
02D---O1E
04D---010D
012D---O1F
020D---O5W
028D---06W
O1E---O1F

2.730(6)
2.688(7)
2.87(3)
2.61(5)
2.85(4)
2.66(3)
2.626(15)
2.57(3)
2.683(8)
2.659(6)
2.703(8)
2.622(7)
2.643(13)
2.667(9)
2.706(5)
2.712(13)
2.680(7)
2.635(11)
2.670(7)
2.695(10)
2.773(17)
2.758(12)
2.743(8)
2.52(3)
2.843(15)
2.99(3)
2.785(9)
2.822(12)
2.73(3)

X, Y, Z
XY,z
XY,z

X, Y,z
XY,z
XY,z
XY,z

X, Y,z
XY,z
XY,z
XY,z
XY,z
XY,z
-x+y, 1-x, z
XY,z

1-y, 1+x-y, z
1-y, 1+x-y, z
XY,z
XY,z
XY,z
XY,z
XY,z
XY,z
XY,z
-x+y, 1-x, z
XY,z
XY,z
-x+y, 1-x, z
-x+y, 1-x, z

Meanwhile, unique, strong hydrogen bonds involving CMCR within 10” are shown in Fig. 4.39.

10” has 24 CMCR intramolecular hydrogen bonds (02C--028C, 04C:---010C, 012C:--018C,

020C---026C, 02D---028D, 04D---010D, 012D--018D and 020D--026D), 18 water::-:CMCR

hydrogen bonds (02C---O5W, 010C---07W, 018C---O5W, 026C--06W, 020D---O5W and

028D--:06W) and 12 CMCR--:CMCR intermolecular O-H:--O hydrogen bonds (04C--012C,

020C---026D, 028C::-018D and 04D---010D), the same as in the case of 9”. In addition, there are

6 CMCR:--1-pentanol hydrogen bonds (O2D---:O1E and 012D---O1F) and 3 1-pentanol-:-1-pentanol

hydrogen bonds (O1E:--:O1F — shown in Fig. 4.43). These add up to a total of 63 hydrogen bonds

for 10”.
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The ‘faux propeller’ in between 10’ and 10” is just one 1-pentanol molecule (labelled H)
disordered over three positions with no central water molecule observed, and not three separate
molecules hydrogen bonded to a central water molecule as observed within the structure of 9
(Fig. 4.40). The oxygen atoms of the three disordered positions for these H-labelled 1-pentanol
molecule are 1.363 A apart, forcing a disordered model to be adopted. The hydrogen atoms have
not been placed on the water molecules within these structures, but the 02W water molecule is
only 2.860 A away from the O1H hydroxyl oxygen of this H-labelled 1-pentanol molecule. This is
a reasonable D---A distance for a hydrogen bond but is not indicated as such by either PLATON?*
or MERCURY?3 and therefore has not been assigned as one. The O7W water molecule is not close
enough to the hydroxyl oxygen of this 1-pentanol molecule (3.085 A) to suggest the presence of
a hydrogen bond linking this 1-pentanol molecule to 10’. Thus, the absence of these hydrogen
bonds means that a similar supra-heterodimer as in 9 is not observed in 10 (Fig. 4.37). The
structures are still largely similar, however, this difference in the central ‘propellers’ is the first

difference between the structures of 9 and 10.

(a) (b)

Figure 4.39: (a) The unique O-H---O hydrogen bonds of the CMCR molecule Cin 10” (b) the unique
O-H---O hydrogen bonds of the CMCR molecule D in 10”. Water molecules are
displayed as spheres and hydrogen atoms are omitted for clarity. Hydrogen bonds
are displayed as dashed red lines.
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Figure 4.40: (a) The central ‘propeller’ within the structure of 9 and (b) the central ‘faux propeller’
within the structure of 10 (one 1-pentanol molecule is disordered over the three
symmetry-related positions). Hydrogen atoms have been omitted for clarity and
water molecules are displayed as spheres. Hydrogen bonds are represented as
dashed red lines. Distances are represented as dashed blue lines and are labelled in
angstroms.

The second observed difference is the two central water molecules apparent in the ‘double
propeller’ motif of 10°, in comparison with only one water molecule in the ‘double propeller’
motif of 9’ (Fig. 4.41). In 9’, the second group of three 1-pentanol molecules are directly hydrogen

bonded to one another (O1l1---:01l).

The third apparent difference in the structures of 9 and 10 is the hydrogen bonding of the interior
solvent molecules within the assemblies 9’ and 10’, respectively (Fig. 4.42). The 1-butanol
molecules within 9’ are hydrogen bonding directly to the surface water molecules O3W, while
the 1-pentanol molecules within 10’ are hydrogen-bonded to bridging interior water molecules

010W, which in turn are hydrogen-bonded to the surface water molecules O3W.
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Figure 4.41:

Figure 4.42:

(a)

Frontal view of (a) ‘double propeller’ motif within 9 and (b) ‘double propeller’ motif
within 10. Hydrogen bonds are displayed as dashed red lines and water molecules
as spheres. Molecules are colour-coded according to symmetry equivalence.
Hydrogen atoms have been omitted for clarity.
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(a) (b) @

The hydrogen bonding of the interior solvent molecules within (a) 9’ and (b) 10’.
Hydrogen bonds are displayed as red dashed lines. Water molecules are shown as
spheres. Hydrogen atoms have been omitted for clarity. Surface water molecules
are coloured blue.

The fourth difference within the structures of 9 and 10 is the missing water---1-pentanol

hydrogen bond at the site of 1-pentanol interaction with 10” when compared with the hydrogen

bonding network at the site of 1-butanol interaction with 9” (Fig. 4.43). The FA 1-butanol

molecule is engaged in a hydrogen bonding interaction with the O6W water molecule, forming a

five-membered ring hydrogen bonding motif when interacting with 9” (Fig. 4.43a), but the
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(a) (b)

Figure 4.43: (a) The hydrogen bonding network at the site of 1-butanol interaction with the
assembly 9” and (b) the hydrogen bonding network at the site of 1-pentanol
interaction with the assembly 10”. Hydrogen bonds are depicted as dashed red
lines and water molecules as red spheres. Hydrogen atoms are omitted for clarity.

corresponding 1-pentanol molecule F is too far from the water molecule O6W when interaction

with 10” for a hydrogen bond to be possible (Fig. 4.43b).

Weaker hydrogen bonds are also present in the structures of 9 and 10. In 9’, CMCR molecule A
(Fig. 4.44a) has one unique intermolecular inter-assembly CMCR:--=CMCR C-H---:O hydrogen bond
(C8A-H8AC:--04C), two unique intra-assembly CMCR::-1-butanol C-H:--1t interactions with the
included 1-butanol molecule (C4G-H4GA---Cg2® and C4G-H4GB---Cg4Y), one other unique intra-
assembly CMCR:--1-butanol C-H---1t interaction (C3J-H3JB-:-:Cg3¢) and one unique intermolecular
inter-assembly CMCR:--CMCR C-H--m interaction (C32D-H32E:-Cg2®). In 10’, the observed
interactions are very similar, with CMCR molecule A (Fig. 4.44b) having two unique intra-
assembly CMCR---1-pentanol C—H---mt interactions with the included 1-pentanol molecule, but
with adjacent aromatic rings as opposed to opposite aromatic rings in 9’ (C1G-H1GB---Cg1? and
C1G-H1GA--Cg49), one other unique intra-assembly CMCR---1-pentanol C-H:--1t interaction (C3J-
H3JB:--Cg3¢) and two unique intermolecular inter-assembly CMCR:::CMCR C-H---1t interactions
involving one other CMCR molecule (C16A-H16C:+-Cg16P and C32D-H32E---Cg2®).
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Table 4.17: Unique C-H bonding parameters for 9.

. A a s o Symmetry
Bonding atoms D-H(A) H---A(A) D---A(A) D-H--A(°) S
C8A-H8AC---04C 0.98 2.57 3.428(7) 146 Ya+X, Ya+X-y, Ytz
C1lH-H1HA---018B 0.99 2.57 3.53(2) 164 X, Y, 2
O1E-H1E--Cgl4" 0.84 2.65 3.439(7) 156 -x+y, 1-x,
C16A-H16C---Cgl6P 0.98 2.57 3.428(6) 147 %X, Yaty, Yotz
C4E-H4EB---Cg5° 0.98 2.83 3.496(10) 126 -2%a+X, -Vaty, -Vat+z
C23D-H23D---Cg6f 1.00 2.92 3.860(5) 156 Va-X+y, -%+y, -Vetz
C4FA-H4FC---Cg12! 0.98 2.86 3.65(2) 139 X, Y, 2
C32D-H32E--Cg2® 0.98 2.68 3.528(7) 145 -%5+X, -Vaty, -Vatz
CAG-H4GA--Cg2® 0.98 2.86 3.765(14) 154 X,V,z
C4G-H4GB---Cg4? 0.98 2.87 3.764(13) 152 X, Y, Z
C3J-H3JB---Cg3°© 0.99 2.89 3.77(2) 148 X, Y, Z
CA4FB-H4FE---Cg12' 0.98 2.74 3.67(4) 160 X, Y, Z

bCg2 (C9A/C10A/C11A/C12A/C13A/C14A), °Cg3 (C17A/C18A/C19A/C20A/C21A/C22A), °Cg4

(C25A/C26A/C27A/C28A/C29A/C30A),

(CoB/C10B/C11B/C12B/C13B/C14B),

Icg12

(C1B/C2B/C3B/C4B/C5B/C6B), fCgb

(C25C/C26C/C27C/C28C/C29C/C30C),

nCgl4d

(Cob/c10D/C11D/C12D/C13D/C14D), PCgl6 (C25D/C26D/C27D/C28D/C29D/C30D)

(a)

(b)

Figure 4.44: (a) The unique C-H---:O hydrogen bonds (red) and C—H---mtinteractions (purple) of the
CMCR molecule A in 9’ and (b) the unique C-H:--O hydrogen bonds (red) and C-H--'1t
interactions (purple) of the CMCR molecule A in 10’. Centroids of aromatic rings

involved in C-H---rt interactions are displayed as green spheres.
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The only other differences observed are that the C-H:--O hydrogen bond (C8A-H8AC:--0O4C)

appearing in 9’ does not appear in 10’ and the C16A-H16C::-Cg16P bond appearing in 10’ does

not appear in 9’.

Table 4.18: Unique C-H bonding parameters for 10.

. A A 2 o Symmetry
Bonding atoms D-H(A) H::A(A) D-:A(A) D-H--A(°) e
C27D-H27D---020C 0.95 2.59 3.286(7) 131 -x+y, 1-X, z
C16A-H16C---Cgl6P 0.98 2.63 3.507(7) 149 Z%+X, Vaty, Vatz
CAE-HAEA---Cg5° 0.99 2.92 3.60(2) 126 -%+X, -Vaty, -Vt
C23D-H23D---Cg6f 1.00 2.92 3.855(6) 156 Va-x+y, -ty Yotz
CAF-H4FA---Cg12' 0.99 2.79 3.70(2) 153 X, YV, Z
C32D-H32E--Cg2® 0.98 2.77 3.535(10) 136 -%a+X, -Vaty, -Vatz
C1G-H1GA--Cg4d 0.99 2.72 3.682(17) 163 X, YV, Z
C1G-H1GB---Cgl? 0.99 2.90 3.643(18) 133 X, Y, 2
C3J-H3JB---Cg3° 0.99 2.96 3.75(3) 138 X, Y, 2
C4l-H4IB---Cgl13m 0.99 2.73 3.60(2) 147 x+y, Y, Yotz
C4H-H4HA.--Cg10’ 0.99 2.72 3.70(3) 168 X, YV, Z

aCgl  (C1A/C2A/C3A/CAA/CSA/C6A), °Cg2  (C9A/C10A/C11A/C12A/C13A/C14A),
(C17A/C18A/C19A/C20A/C21A/C22A), 9Cgd  (C25A/C26A/C27A/C28A/C29A/C30A),
(C1B/C2B/C3B/C4B/C5B/C6B), fCg6 (C9B/C10B/C11B/C12B/C13B/C14B),
(C9C/C10C/C11C/C12C/C13C/C14C), 'Cgl2  (C25C/C26C/C27C/C28C/C29C/C30C),
(C1D/C2D/C3D/C4D/C5D/C6D), PCg16 (C25D/C26D/C27D/C28D/C29D/C30D)

°Cg3
€Cg5
icg10
mCgl3

CMCR molecule B in 9’ (Fig. 4.45a), meanwhile, has one unique CMCR:-1-butanol C-H--O

hydrogen bond from the central 1-butanol molecule of the supra-heterodimer (C1H-

H1HA:--018B), one unique intermolecular inter-assembly CMCR:-:CMCR C-H--m interaction

(C23D-H23D-+-Cg6%) and one unique inter-assembly CMCR:--1-butanol C-H---rt interaction (C4E-

H4EB---Cg5¢). CMCR molecule B in 10’ (Fig. 4.45b) has one unique intermolecular inter-assembly

CMCR--CMCR C—H---1t interaction (C23D-H23D---Cg6f) and one unique inter-assembly CMCR---1-

pentanol C-H:--1tinteraction (C4E-H4EA---Cg5¢).
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(a) : (b)

Figure 4.45: (a) The unique C-H---O hydrogen bonds (red) and C—H---itinteractions (purple) of the
CMCR molecule B in 9’ and (b) the unique C-H---rt interactions (purple) of the CMCR
molecule B in 10’. Centroids of aromatic rings involved in C-H---1t interactions are
displayed as green spheres.

The only observed difference is the CIH-H1HA:--:018B C-H---:O hydrogen bond from the central 1-

butanol molecule of the supra-heterodimer, which is observed for 9’ but not for 10’.

CMCR molecule Cin 9” (Fig. 4.46a) has one unique intermolecular inter-assembly CMCR:--CMCR
C-H--0O interaction (C8A-H8AC::-:04C) and one unique intra-assembly CMCR::-1-butanol C-H---1t
interaction (C4FA-H4FC---Cg12' or C4FB-HA4FE---Cg12', depending on which of the disordered 1-
butanol molecules is present). CMCR molecule Cin 10” (Fig. 4.46b) has one unique intermolecular
intra-assembly CMCR:-:=CMCR C-H:--:O interaction (C27D-H27D---:020C), one unique 1-
pentanol-+-CMCR intra-assembly C-H--1t interaction (C4F-H4FA---Cg12') and one unique CMCR:+-1-
pentanol C-H---1t interaction involving the central 1-pentanol molecule located between 10’ and

10” (C4H-H4HA---Cg10)).
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The main observed differences are the C8A-H8AC:--04C inter-assembly interaction observed for
9” but not for 10”, the C27D-H27D-:-:020C interaction observed for 10” but not for 9” and the
differences in the way the CMCR molecule C interacts with the central ‘propeller’ solvent

molecule(s): hydrogen bonding in 9 and a C-H---mt interaction in 10.

Figure 4.46: (a) The unique C-H---:O hydrogen bonds (red) and C—H---rtinteractions (purple) of the
CMCR molecule Cin 9” and (b) the unique C-H---O hydrogen bonds (red) and C-H---1t
interactions (purple) of the CMCR molecule C in 10”. Centroids of aromatic rings
involved in C-H---rt interactions are displayed as green spheres.
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CMCR molecule D in 9” (Fig. 4.47a) has one unique intermolecular inter-assembly CMCR:--CMCR
C-H--minteraction (C16A-H16C---Cg16P) and one unique intra-assembly 1-butanol--*CMCR O-H:--1t
interaction (O1E-H1E---Cg14"), the only O-H---mt bond in either 9 or 10. CMCR molecule D in 10”
(Fig. 4.47b) has one unique intermolecular intra-assembly CMCR:-:=CMCR C-H---O interaction
(C27D-H27D--:020C), three unique intermolecular inter-assembly CMCR:--CMCR C-H-mt
interactions (C23D-H23D---Cg6f, C32D-H32E:--Cg2° and C16A-H16C:--Cg16P) and one unique inter-
assembly 1-pentanol---CMCR C-H---mt interaction involving the I-labelled ‘double-propeller’ 1-

pentanol molecule (C4l-H4IB---Cg13™).

The main differences observed are for the C-H--1t interactions, where the CMCR molecule D in
10” is involved in three inter-assembly interactions while the CMCR molecule D in 9” is only
involved in one inter-assembly interaction. The CMCR molecule D in 9” is also involved in only an
intra-assembly C-H---1t interaction with 1-butanol, while the CMCR molecule D in 10” is involved
in a C-H---mt interaction with the ‘double-propeller’ 1-pentanol molecule associated with another

‘pseudosupra-heterodimer’.
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(a) (b)

Figure 4.47: (a) The unique C—H---it interactions (purple) of the CMCR molecule D in 9” and (b)
the unique C-H---O hydrogen bonds (red) and C-H---mt interactions (purple) of the
CMCR molecule D in 10” (molecules displayed in different colours for easier
viewing). Centroids of aromatic rings involved in C-H:--1t interactions are displayed
as green spheres.

However, a void space analysis after artificial removal of interior solvent molecules of both 9 (Fig.
4.48) and 10 (Fig. 4.49) in MSROLL, using a probe radius of 1.55 A as MSROLL requires isolated
voids, revealed that 9’ contains a total void space of 1 303 A3, with a cavity diameter of 16.6 A.
The same analysis on 10’ revealed a void volume per assembly of 1 330 A3, with the same cavity
diameter as 9’, 16.6 A. Cavity diameter was determined by measuring the distance between
water molecules on the 3-fold axis and opposite sides of the assembly in X-SEED. 9” was found
to encapsulate a void space of 1 181 A3, with a cavity diameter of 13.2 A, while 10” was shown
to encapsulate a void space of 1 200 A3, with a cavity diameter of 13.6 A. Therefore the distortion
caused by the insertion of the alcohol molecules has resulted in a decrease in both the cavity
diameters and interior volumes of the assemblies 9” and 10” relative to their respective

counterparts 9’ and 10’.
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1303 A3

(a) (b)

Figure 4.48: Wire-frame (including void spaces calculated by MSROLL) depictions of hexameric

spherical assemblies (a) 9’ and (b) 10’. The O-:-O distances between water molecules
on the 3-fold axis and on opposite sides of the hexameric assemblies (shown as red
spheres) are displayed in angstroms, whilst the interior volumes (a chosen probe
radius of 1.55 A was used based on the limitations of MSROLL requiring isolated
voids) are shown in cubic angstroms.

13.2A 13.6 A
1181 A3 1200 A3

(a) (b)

Figure 4.49: Wire-frame (including void spaces calculated by MSROLL) depictions of hexameric
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spherical assemblies (a) 9” and (b) 10”. The distances between water molecules on
the 3-fold axis at one side of the hexameric assemblies (shown as red spheres) and
the centroid of the hydroxyl oxygen atoms of the CMCR molecules at the vertex on
the opposite side of the hexameric assemblies (shown as green spheres) were used
in these cases, as the corresponding water molecule on the opposite side is missing.
These distances are displayed in angstroms, whilst the interior volumes (a chosen
probe radius of 1.55 A was used based on the limitations of MSROLL requiring
isolated voids) are shown in cubic angstroms.



Both 9 and 10 (with solvent molecules still present) were subjected to the SQUEEZE routine in
PLATON,2* which calculated 174 electrons per ASU for 9, which correlates with ~4 unmodelled 1-
butanol molecules, and 163 electrons per ASU for 10, which correlates with ~3 unmodelled 1-
pentanol molecules, if it is assumed that all unmodelled solvent is 1-butanol (in 9) or 1-pentanol
(in 10). However, all of the void volume in both these structures appears to be contained within
the hexameric assemblies (Figs. 4.50 and 4.51). This shows there may be disordered solvent
molecules within the cavities of these hexameric assemblies. This is confirmed by the residual
density found in the electron density maps — however, these densities could not be successfully

modelled.

Figure 4.50: Packing diagram displaying hexamer interior cavities viewed along the b-axis.
Hydrogen atoms have been omitted for clarity.
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Figure 4.51: Packing diagram displaying hexamer interior spaces in the crystal structure of 10.
Hydrogen atoms have been omitted for clarity.
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4.3.3.2. Powder X-Ray Diffraction and Variable-Temperature Powder X-Ray Diffraction

As is usually the case with these large spherical hexameric assemblies, 9 could not be obtained
by liquid-assisted grinding but had to be obtained as crystals by slow evaporation. However, PXRD
was still employed on ground crystals to establish the phase purity of the bulk sample (Fig. 4.52).
VT-PXRD experiments in the temperature range 30-275 °C (Fig. 4.53) reveal that the sample
initially agrees closely with the calculated PXRD pattern obtained from the crystal structure of 9
(the large peak at around 20° 26 is a preferred orientation effect — a smaller peak is present in
the calculated pattern). An amorphous phase, 9a, is evident at 100 °C. However, at 125 °C, the
sample appears to be en route to a second crystalline form. This phase is maintained until 275 °C,
when a decrease in the peak at 10.2° 28 is observed, as is a new peak appearing at 8.7° 20. After
the sample has cooled to 30 °C, several changes are observed in the VT-PXRD pattern —the peaks
at 7.2°, 11.0°, 14.4°, 15.5°, 19.0°, 19.5° and 22.0° 26 have all either decreased or disappeared
completely, while the peaks at 7.9°, 8.9°, 10.2°, 14.5°, 15.8° and 20.6° 20 have all either appeared
or increased. This new phase, 9b, appears to match the MIGTUR?? PXRD pattern, which also
matches the desolvated forms 5c¢, 6¢, 7c and 8b. This is remarkable, as even though the samples
all contain the CMCR host, the solvated structure 9 is completely different from the surmised
solvated structures 5, 6, and 7 (similar PXRD patterns to calculated PXRD pattern from the
structure of 5), although closer to 8. This indicates that desolvation of these structures leads to

the same, desolvated, dimeric phase.
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Figure 4.52: The PXRD pattern of ground crystals of 9 (in orange) and comparison with the
calculated pattern from the single crystal structure of 9 (in blue).
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Figure 4.53: VT-PXRD patterns in the range 30-275 °C of 9. Arrows indicate peaks referred to in
the text (red — decreasing relative intensity, green — increasing relative intensity).
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The predicted PXRD pattern of 10 is very similar to that of 9 (Fig. 4.54). This is unsurprising, as
the structures are very similar, with only subtle differences. As is usually the case with hexameric
spherical assemblies, 10 could not be prepared by liquid-assisted grinding, but only via
crystallization by slow evaporation. However, purity of the bulk sample was ascertained by
grinding crystals into powder form and comparing the obtained PXRD pattern against the

calculated pattern obtained from the single crystal structure (Fig. 4.55).

——~CCalculated 10

Relative Intensity

Calculated 9

20

Figure 4.54: Comparison between the calculated PXRD pattern of 9 (in orange) and the calculated
PXRD pattern of 10 (in blue).
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Figure 4.55: PXRD pattern obtained from gently ground crystals of 10 (in orange) and comparison
with calculated PXRD pattern obtained from the single crystal structure of 10 (in
blue).

20

VT-PXRD experiments in the temperature range 30-275 °C were performed (Fig. 4.56). The initial
PXRD pattern at 30 °C compares favourably with the predicted pattern obtained from the
structure of 10. The sample appears to go through a less crystalline transition phase, 10a, at
100 °C. At 125 °C, the sample again appears to be enroute to a new crystalline phase. This phase
remains stable all the way up to 275 °C and cooling to 100 °C, but upon cooling to 30 °C, similar
changes are observed to those observed for the transition to 9b — the peaks at 7.4°, 11.2°, 14.7°,
15.7°, 19.4°, 19.9° and 22.3° 26 have decreased or disappeared completely, while the peaks at
8.0°, 9.0°, 10.4°, 14.9°, 16.0° and 20.8° 20 have increased or appeared. This phase, 10b, also
appears to match the MIGTUR?2 PXRD pattern, which also matches 9b, 8b, 7c, 6¢, and 5c¢, showing

that desolvation leads to the same dimeric phase.
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Figure 4.56: VT-PXRD patterns in the range 30-275 °C of 10.

4.3.3.3. Hot Stage Microscopy, Differential Scanning Calorimetry and Thermogravimetric Analysis

HSM photographs (Fig. 4.57) of a crystal of 9 shows the crystal beginning to turn opaque at 40 °C,
corresponding with the marginal loss of crystallinity observed in the 50 °C VT-PXRD trace, with
the first bubbles appearing at 100 °C, by which point the VT-PXRD trace is already indicating an
amorphous state for the sample. Vigorous bubbling increases at 120 °C and continues until

approximately 250 °C. Decomposition then begins at 370 °C.
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Figure 4.57: Hot stage microscope photographs of compound 9 under silicone oil at different
temperatures: (a) 23 °C, (b) 40 °C, (c) 100 °C, (d) 200 °C, (e) 250 °C and (f) 370 °C
(bubbles show the release of solvent or decomposition — the red arrows in (c)
indicate the first bubbles).

TGA analysis reveals three mass loss events totalling a combined mass loss of 27.79 % (Fig. 4.58),
which is compares favourably with the calculated 27.91 % for the solvent in the ASU plus the
additional unmodelled 4 1-butanol molecules per ASU indicated by the electron count of 174
obtained using the SQUEEZE routine in PLATON.2* The first mass loss of 7.02 % could correspond
to the loss of three ASU 1-butanol molecules (7.36 %), the second mass loss of 16.74 % to the
loss of the other seven ASU 1-butanol molecules (17.17 %) and the third mass loss of 4.03 % to
the loss of 5.67 ASU water molecules (3.38 %). DSC analysis (Fig. 4.58) reveals six thermal events
—one beginning at 58.6 °C and finishing at 74.1 °C which corresponds to the first solvent loss on
the TGA trace, the second starting at 84.2 °C and ending at 109.4 °C which corresponds to the
second mass loss on the TGA thermogram, the third starting at 124.8 °C and finishing at 137.0 °C
which also corresponds to the second solvent loss on the TGA trace, the fourth beginning at
138.3 °C and ending at 165.3 °C which corresponds to the third solvent loss on the TGA trace and
the loss of crystallinity during the transition from 9 to 9a, and the sixth starting at 318.9 °C which
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is decomposition. The fifth is indicated by the red arrow (Fig. 4.58) at approximately 198 °C,
corresponding to a small, broad endotherm (enthalpy not measured). This is assigned to the 9a-
9b phase change. The differences in temperature in comparison with the VT-PXRD experiment
could be due to the different temperature programmes used for the TGA/DSC and VT-PXRD

experiments.
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Figure 4.58: DSC and TGA thermograms of 9.
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Table 4.19: TG analysis for compound 9.

Thermal Event Temperature Range (°C) Mass Loss (%)
Mass loss 1 21.0-75.2 7.02 (calc. 7.36)
Mass loss 2 76.1-141.1 16.74 (calc. 17.17)
Mass loss 3 142.3-191.4 4.03 (calc. 3.38)

Decomposition - -

Table 4.20: DSC analysis for compound 9.

Peak

Thermal Event enset Temperature 'I;emperature Range e Ent_f:alpy
(°C) (°C) 5 e’
(°C)
Mass loss 1 58.6 58.6-74.1 65.5 32.737
Mass loss 2 84.2 84.2-109.4 102.4 48.745
Mass loss 3 124.8 124.8-137.0 131.2 8.266
Mass loss 4 138.3 138.3-165.3 145.6 77.180

Decomposition 318.9 318.9-* - -

*not taken to full decomposition

HSM photographs of 10 under silicone oil (Fig. 4.59) show the crystals beginning to opacify at
40 °C. At 80 °C, the crystals have gone from their initial reddish orange colour to golden yellow.
The first bubble appears at 90 °C, indicating the start of solvent loss, and the crystals opacify,
indicating the loss of crystallinity observed during the VT-PXRD experiment after the phase
change from 10 to 10a. The bubbling and associated loss of monocrystallinity seems to continue

until approximately 240 °C. Thereafter, decomposition begins at around 360 °C.
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Figure 4.59: Hot stage microscope photographs of compound 10 under silicone oil at different
temperatures: (a) 30 °C, (b) 40 °C, (c) 80 °C, (d) 90 °C, (e) 240 °C and (f) 360 °C
(bubbles show the release of solvent or decomposition — the red arrow in (d)
indicates the first bubble).

TGA analysis displays one mass loss event in the temperature range 127-146 °C before
decomposition (Fig. 4.60). This mass loss event is measured to be 24.92 % of the total mass, which
is less than the calculated mass loss from the ASU (including 3.3 unmodelled 1-pentanol
molecules indicated by a SQUEEZE electron count of 163) of 29.01 %, and more than the 21.48 %
calculated when only considering the solvent which has been modelled in the crystal structure.
This suggests that there is indeed unmodelled solvent present in the structure, but SQUEEZE is
perhaps overestimating the number of unmodelled solvent molecules present. It is also possible
that there are both unmodelled 1-pentanol and water molecules — for example, one unmodelled
1-pentanol molecule and three unmodelled water molecules would give a mass loss of 24.56 %,
which is reasonably close to the experimental value of 24.92 %. The DSC analysis seems to
indicate three thermal events — one occurring in the range 88.5-109.3 °C which is probably the
10-10a transition, with the second event corresponding to the solvent loss on the TGA

thermogram (Fig. 4.60). The third event occurs in the range 166.7-189.0 °C, which is assigned to
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Figure 4.60: DSC and TGA thermograms of 10.

the 10a—10b phase change. As with the 9a-9b transition, this occurs at a higher temperature than
it does in the VT-PXRD experiment — this can again be explained by the different temperature

programmes used for the TGA/DSC and VT-PXRD experiments.

Table 4.21: TG analysis for compound 10.

Thermal Event Temperature Range (°C) Mass Loss (%)
Mass loss 1 122.8-153.5 24.90 (calc. 29.01)
Decomposition 311.8-* -

*not taken to full decomposition
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Table 4.22: DSC analysis for compound 10.

SO Temperature Range Pl Enthal
Thermal Event Temperature . P g Temperature 1 Py
o (°C) o (e?)
(°C) (°C)
Iherma' event ggs 88.5-109.3 97.2 22.82
Mass loss 1 115.3 115.3-153.4 132.5 147.17
;herma' event 1667 166.7-189.0 176.4 4.55
Decomposition 317.9 317.9-* - -

*not taken to full decomposition

4.4. Gas & Vapour Sorption

The table below (Table 4.23) displays the vapour pressure at 25 °C of the solvents used for vapour

sorption.

Table 4.23: The vapour pressure at 25 °C of the solvents used for vapour sorption.

Solvent Vapour Pressure at 25 °C (mm Hg)
Methanol 127.0%°

Ethanol 60.8 3°

Isopropanol 33.13

1-Propanol 21.0 32

1-Butanol 7.03

1-Pentanol 2.234

Water 23.8%
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Figure 4.61: The PXRD patterns of all desolvated compounds 5-10.

All desolvated compounds discussed in this chapter display the same PXRD pattern (Fig. 4.61). 6¢
will be discussed as a representative example (Table 4.24). All numbers of molecules per ASU are

based on the ASU of their original structures.

Table 4.24: Gas sorption maxima of desolvated compound 6c¢ for nitrogen (77 K), carbon dioxide
(273 K), hydrogen (77 K) and water vapour (298 K).

Compound Nitrogen Carbon Dioxide  Hydrogen Water
P (cm3(STP) g}) (cm3 (STP) g2) (cm3(STP) g) (cm3(STP) g)
6¢ 12.66 3.99 20.29 80.37

6¢ was studied for gas sorption from vacuum to 700-800 mm Hg absolute pressure (Fig. 4.62 and
4.63). Nitrogen gas sorption at 77 K and CO; sorption at 273 K were found to be very low, with

maxima of 12.66 cm3 (STP) g'* at 647 mm Hg corresponding to ~0.15 N2 molecules per ASU and
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Figure 4.62: Nitrogen (77 K), carbon dioxide (273 K) and hydrogen (77 K) sorption isotherms of
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Figure 4.63: Water vapour sorption isotherm of 6¢ at 298 K.
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3.99 cm? (STP) gt at 784 mm Hg corresponding to ~0.05 CO, molecules per ASU, respectively. Ha
sorption at 77 K reached a maximum of 20.29 cm? (STP) g at 806 mm Hg. This corresponds to
~0.25 Hz molecules per asymmetric unit (or 0.18 wt. %). Hysteresis is observed for the hydrogen
desorption. Water vapour sorption at 298 K begins gradually until an inflection point is reached
at 4.86 cm3 (STP) g and a pressure of 1.4 mm Hg, corresponding to ~0.06 water molecules per
asymmetric unit. Thereafter, a steep increase in adsorption is observed until around
49.07 cm? (STP) g* at 6 mm Hg, corresponding to ~0.6 water molecules per asymmetric unit.
Subsequently, the water vapour sorption increased gradually until reaching a maximum of
80.37 cm?3 (STP) gt at 17 mm Hg. This corresponds to ~1.0 water molecule per ASU (i.e. 1 water
molecule per half a CMCR molecule), which is double the amount for MIGTUR?? (1 water
molecule per CMCR molecule). Hysteresis is observed for the desorption isotherm, with sorption
decreasing steadily with decreasing pressure, reaching a minimum of 54.15 cm?3 (STP) g* at

2.4 mm Hg, corresponding to ~0.7 water molecules per asymmetric unit.

However, CO;, H2 and N2 sorption were not as significant as hoped and therefore vapour sorption
was attempted on the desolvated phases of 5, 6, 7, 8, 9 and 10, where vapour generated from
the original solvent of crystallization was used. Methanol vapour sorption on 5¢ (Fig. 4.64) initially
showed gradual adsorption until the first inflection point occurred at 24.35 cm3 (STP) g* at
32.5 mm Hg, corresponding to ~0.3 molecules of methanol per asymmetric unit. The adsorption
isotherm then displays a slightly steeper increase until a second inflection point is reached at
67.00 cm?3 (STP) g* at a pressure of 49 mm Hg. This corresponds to ~0.8 molecules of methanol
per asymmetric unit. After the second inflection point, a steep increase in adsorption is observed
until approximately 219.58 cm?3 (STP) g at 56 mm Hg, corresponding to ~2.7 molecules of
methanol per asymmetric unit. Subsequent to this point, the adsorption isotherm started to level
off but never plateaued, instead continuing to gradually increase until it reached a maximum of
263.94 cm3 (STP) g* at ~97 mm Hg. This corresponds to ~3.2 molecules of methanol per

asymmetric unit. Hysteresis is observed upon decreasing pressure, with almost no decline in the
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Figure 4.64: Methanol vapour sorption isotherm at 298 K of 5c.

volume adsorbed. The desorption isotherm reached a minimum of 243.68 cm? (STP) g? at
13 mm Hg, corresponding to ~3.0 molecules of methanol per asymmetric unit. The amount
adsorbed is double the 1.5 methanol molecules observed in the asymmetric unit in the crystal
structure of 5, suggesting that the capacity of 5 for methanol is greater than initially observed. It
is also possible that the additional methanol molecules are accommodated in the locations of the
water molecules in the original structure without changing the packing of the host molecules. A
PXRD experiment was performed on 5c after exposure to the methanol vapour sorption

experiment (Fig. 4.65). The structure of the sample appears to have reverted to the structure of

the initial solvated structure 5.
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Figure 4.65: PXRD pattern of the 5¢ sample obtained after methanol vapour sorption (in orange)
compared with calculated pattern of 5 obtained from the literature single crystal X-
ray structure UCISUV (in blue) and the PXRD pattern obtained from crystals of 5 (in
grey). The differences in peak heights are attributed to preferred orientation effects.

Ethanol vapour sorption on 6c¢ (Fig. 4.66) increased gradually until an inflection point was reached
at around 14.04 cm3 (STP) g at 12 mm Hg, corresponding to ~0.2 ethanol molecules per
asymmetric unit. A steep increase in sorption was observed until around 43.91 cm3 (STP) g at
15 mm Hg, corresponding to ~0.5 ethanol molecules per asymmetric unit. Thereafter, the
sorption increases gradually until a second inflection point is reached at around
60.17 cm? (STP) g at 30 mm Hg, corresponding to ~0.7 ethanol molecules per asymmetric unit.
After the second inflection point, a steep increase in sorption was observed, gradually becoming
less steep as the maximum is reached —a maximum of 113.93 cm? (STP) g'* at 46.6 mm Hg. This
corresponds to ~1.4 molecules of ethanol per asymmetric unit. Hysteresis is observed upon

decreasing pressure. A low degree of desorption is observed. The desorption isotherm reaches a
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Figure 4.66: Ethanol vapour (298 K) sorption isotherm of 6c.

minimum of 102.76 cm3 (STP) g at 6 mm Hg, corresponding to ~1.2 ethanol molecules per
asymmetric unit. A PXRD experiment was performed on 6c after exposure to the ethanol vapour
sorption experiment (Fig. 4.67). The structure of the sample appears to have resolvated to the
structure of 6, although the sample is still quite amorphous at 26 values above approximately
15°. The PXRD pattern of the sample below 15° 20 is very similar to 6, with the main difference
being the large peak at 9.2° 26, which is observed within the PXRD pattern of 6 at 10.0° 26

(indicated by the black arrows in Fig. 4.67).
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Figure 4.67: PXRD pattern of 6¢ obtained after ethanol vapour sorption (in blue) compared with
calculated pattern of 5 (UCISUV) obtained from the literature structure (in orange),
and the PXRD patterns of 6 (in grey), 6a (in red), 6b (in light blue) and 6c (in green).
The black arrows indicate the main difference between 6c after vapour sorption and
6.

Isopropanol vapour sorption on 7c (Fig. 4.68) slowly increases until reaching a maximum of
155.89 cm?3 (STP) g at 22 mm Hg. This corresponds to ~1.9 isopropanol molecules per ASU.
Immediate hysteresis is observed upon decreasing pressure, to the extent that a polymorphic
transition is suspected. A slight decrease in pressure to 22 mm Hg resulted in a sharp desorption
to 100.68 cm3 (STP) g, corresponding to ~1.2 molecules of isopropanol per asymmetric unit.
Only a slight decrease occurs from this point, with a minimum of 91.98 cm? (STP) g™* reached at
only 4 mm Hg, corresponding to ~1.1 molecules of isopropanol per asymmetric unit. This sorption

isotherm was shown to be reproducible.
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Figure 4.68: Isopropanol vapour sorption isotherm at 298 K of 7c.

A PXRD experiment was performed on 7c after exposure to the isopropanol vapour (Fig. 4.69).
The structure of the sample appears to have formed a new phase which does not match 7, 7a,

7b or 7c.

The PXRD pattern of this polymorph obtained after isopropanol vapour sorption performed on
7c does not match any of the VT-PXRD patterns of 7 (or 5 or 6) and therefore this is not an

intermediate phase which can be obtained when heating 5, 6 or 7.
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Figure 4.69: PXRD pattern of 7c obtained after isopropanol vapour sorption (in blue) compared
with calculated pattern of MIGTUR obtained from the literature structure (in
orange), and the PXRD patterns of 7 (in grey), 7a (in red), 7b (in light blue) and 7c (in
green).

It has been shown that 8 could also be prepared by exposing desolvated form 8b to 1-propanol
vapour. This was performed by in situ PXRD vapour sorption over 4 hours. However, sorption was
also achieved on a gas sorption analyser at 20 °C on 8b (Fig. 4.70). Due to the long equilibration
times between each incremental increase in the 1-propanol vapour pressure, this took 8 days to

complete.

202 | Page



200

180

160

[y
N
o

100
Propanol Vapour (298 K)

0
[=}

Volume (cm? (STP) g?)

60
40

20

0 2 4 6 8 10 12 14 16
Absolute Pressure (mm Hg)

Figure 4.70: 1-propanol vapour sorption isotherm of 8b at 298 K.

The inflection points in the isotherms reveal structural transformations occurring as 8b absorbed
1-propanol, confirmed by subsequent PXRD analysis after the experiment which found that the
original hexameric structure 8 was re-established (Fig. 4.71). The first inflection point occurred
at 11.91 cm3 (STP) g and a pressure of 3.29 mm Hg, corresponding to ~0.3 1-propanol molecules
per asymmetric unit. The increase in sorption became steeper until 38.92 cm?3 (STP) g?! at
4.55 mm Hg, corresponding to ~0.9 1-propanol molecules per asymmetric unit. Subsequently,
the increase in sorption became more gradual until another inflection point at 90.37 cm3 (STP) g ?
and a pressure of 10.97 mm Hg, corresponding with ~2.2 1-propanol molecules per asymmetric
unit. The steep increase following this inflection point continues until 140.06 cm?3 (STP) g at
11.33 mm Hg, corresponding with ~3.4 1-propanol molecules per asymmetric unit. There was

then a more gradual sorption increase until 149.39 cm? (STP) g* at 11.99 mm Hg, corresponding

with ~3.6 1-propanol molecules per asymmetric unit. Thereafter, there is another steep sorption
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Figure 4.71: PXRD pattern of 8 obtained after 1-propanol vapour sorption on the gas sorption
analyser and comparison with predicted pattern of 8 obtained from the single
crystal X-ray structure.

increase until 163.03 cm3 (STP) g at a pressure of 12.24 mm Hg, corresponding with ~4.0 1-
propanol molecules per asymmetric unit. Thereafter follows another more gradual increase in
sorption until 174.64 cm? (STP) g! at a pressure of 13.16 mm Hg, corresponding with ~4.2 1-
propanol molecules per asymmetric unit. Subsequently, there is another steep increase in
sorption until 189.75 cm? (STP) g! at 13.47 mm Hg, corresponding with ~4.6 1-propanol
molecules per asymmetric unit. The maximum sorption is finally reached at 190.03 cm? (STP) g*
at 13.48 mm Hg, corresponding to ~4.6 1-propanol molecules per asymmetric unit. In the single
crystal X-ray structure of 8, there are only three 1-propanol molecules per asymmetric unit.
However, this could be due to the water present in the ‘wet’ 1-propanol, which is required for

the formation of 8, not being accounted for in these calculations.
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Sorption of 1-butanol vapour at 298 K and 1-pentanol vapour at 298 K on 9b and 10b respectively
was not successful due to the low vapour pressures of 1-butanol (7.0 mm Hg)3! and 1-pentanol

(2.2 mm Hg)?? at this temperature.

4.5. Summary

A series of CMCR-alcohol compounds has been studied and their thermal behaviour has been
determined. Compounds 6 and 7, prepared with ethanol and isopropanol respectively, have
PXRD patterns which are very similar to a known compound, 5, prepared with methanol. A new
CMCR-propanol compound, 8, has been isolated, obtained from a solution of 1-propanol. The
CMCR molecules, 1-propanol and water molecules are found to form a hexameric spherical
assembly, which includes 1-propanol, therefore having potential to include other small
molecules, and to the best of our knowledge, possesses the largest interior cavity of any
calixarene- or resorcinarene-based hexameric spherical assembly currently known. Remarkably,
8 can also be prepared by liquid-assisted grinding of the CMCR host with 1-propanol. Another
novel compound, 10, formed with 1-pentanol, also contains hexameric spherical assemblies and
is very similar to a known structure, 9, formed from 1-butanol. 10 also contains two different
types of hexameric spherical assemblies, albeit in this structure, the supra-heterodimers of
spherical assemblies are not observed as they are in 9. Attempts to desolvate 8 led to the loss of
crystallinity, followed by the appearance of a second crystalline form, the structure of which
displays a similar powder pattern to that of a known structure (CSD code: MIGTUR).?? This
desolvated form, 8b, has shown the ability to transform back to 8 upon exposure to 1-propanol
vapour. 1-butanol and 1-pentanol vapour sorption failed on compounds 9b and 10b, respectively,
but methanol vapour sorption on compound 5¢, ethanol vapour sorption on compound 6¢ and
isopropanol vapour sorption on compound 7c all proved successful. Furthermore, in the cases of

5¢, the original compound 5 was successfully regenerated.
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Chapter 5 — Conclusion & Future Work

5.1. Conclusion

Several novel structures containing CTV or CMCR hosts have been prepared, and structural
analyses of these compounds have been performed. Also included are two known structures
containing CMCR, in order to do a complete analysis of how the length of the alkyl chain effects
the crystal structure obtained. It has been found that the shorter alkyl chain alcohols methanol
(5), ethanol (6) and isopropanol (7) favour the formation of channel-type structures with the
CMCR molecule in a ‘boat’ conformation, while the longer chain alcohols 1-propanol (8), 1-
butanol (9) and 1-pentanol (10) favour the formation of hexameric spherical assembly structures
with the CMCR molecule in the ‘bowl’ conformation. As for the CTV compounds, 1 and 4
crystallise from acetonitrile and 2-butanone, respectively, and are almost isostructural, forming
layers of dimeric capsules which encapsulate the solvent molecules separated by layers of
antiparallel stacked columns. 2 crystallises from a saturated solution of acetonitrile and forms a
zipper-like motif. 3 crystallises from chloroform and does not form the dimeric capsules which
are observed in the structures of 1 and 4, but forms layers of antiparallel stacked columns of CTV

molecules separated by layers of chloroform molecules.

A new CTV inclusion compound containing acetonitrile, 1, was isolated. 1 could be desolvated
upon heating to 1a and 1b, with the transition to 1a occurring as a single-crystal-to-single-crystal
transformation. The methyl groups seem to act as ‘gates’ in order to let the acetonitrile escape

and, indeed, to return.

All compounds have been subjected to thermal analysis and were found to maintain crystallinity
upon heating and desolvation — however, a few transitioned through an amorphous phase. The

desolvated CTV compounds 1b, 2b, 3b and 4b all display the same PXRD pattern and are
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therefore taken to be the same desolvated phase. This is also confirmed by similar onset of
melting temperatures. The PXRD pattern of the desolvated 3b is very similar to that of the
solvated 3, suggesting that the layers of antiparallel columns of CTV molecules have simply move
closer together after chloroform removal. This is therefore also the proposed structure for the

desolvated 1b, 2b and 4b.

A novel CMCR hexameric spherical assembly has been prepared, 8, containing 1-propanol as the
solvent. 8 has a 25 % larger interior volume than any previous organic, supramolecular hexameric
assembly due to the insertion of additional solvent molecules between molecules of CMCR,

forcing them further apart, and can remarkably be prepared by liquid-assisted grinding.

The structure of 9 has already been published in the literature. However, SCXRD studies for this
work revealed additional structural information not represented in the literature structure. The
structure of 10 was shown to be very similar to the structure of 9, with certain specific

differences.

Desolvation of the CMCR compounds 5-10 resulted in the formation of desolvated phases 5c, 6c,
7¢, 8b, 9b and 10b. These phases are all a very close match to MIGTUR, a bilayer structure already
in the Cambridge Structural Database which contains CMCR and water. This phase was eventually
obtained after desolvation despite vastly different channel-type structures for 5, 6 and 7

compared with the spherical hexameric assemblies of 8, 9 and 10.

All activated compounds have been subjected to gas sorption analysis. Some of these compounds
have been shown to resolvate back to their original structures merely upon exposure of the
desolvated powders to the solvent vapours, including the hexameric spherical assembly 8 upon

exposure to 1-propanol vapour. These transitions occur in the solid state, at 298 K, with almost
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zero energy input required — the only requirement is sufficient vapour pressure of the
appropriate solvent. These compounds are therefore potentially useful as separating and/or

storage agents, or as detection agents, for these solvent vapours.

5.2. Future Work

Efficiency Testing

The compounds which have been shown to resolvate upon exposure to solvent vapour should
be tested for efficiency — how many times can these compounds be desolvated and resolvated

before they start to lose crystallinity and/or uptake efficiency?

Solvent Exchange

Another aspect of these compounds that can be investigated is whether the solvent can be
replaced by immersing crystals obtained from one solvent in a different solvent. Further, can this
be done in the vapour phase? Additionally, after heating and desolvation, it can be studied if the

compounds can then absorb different solvent vapour to the initial solvent.

Competition Experiments

It can also be investigated if the respective hosts prefer one solvent or another in a 1:1 mixture

of solvents or upon exposure to a 1:1 mixture of solvent vapour.

Different Desolvation Methods

Modified heating approaches can be attempted in order to desolvate the interior of hexameric

assemblies, such as mild heating under vacuum, or “flushing’ out with supercritical CO..

Vapour Sorption of 9 and 10

Vapour sorption should be attempted again on compounds 9 (with 1-butanol vapour) and 10
(with 1-pentanol vapour) at temperatures higher than 298 K, which should increase the

probability of successful sorption with these two vapours.

210 | Page



5.3. Final Remarks

The synthesis and analysis of the host-guest compounds presented in this thesis reaffirms the
importance of detailed structural studies in rationalizing their thermal, gas and vapour sorption
properties. The resolvation of most of the host-guest compounds to their original structures also
shows that dynamic structural changes are possible in the solid state with very little input energy,
showing that the desolvated materials have potential applications in sensing, storage or
separation of vapours. The “future work’ discussed under the previous heading proposes that the

further investigation of these type of supramolecular systems is warranted.
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