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ABSTRACT

Itisn't easy to separate structurally similar guests by conventional methods such as distillation
if the mixture components have similar functional groups and boiling points. This thesis aimed
to investigate the relationship between the internal structures of host-guest compounds and
the selectivity shown by the host molecule when presented with a guest mixture.

Four host compounds were used to prepare 29 new inclusion compounds. Two of these hosts
were similar bulky diols and were synthesised by Weber (H1 and H2). The other two, a Ni-
based Werner-type host (H3) and a brominated host (H4), were synthesised by known
methods. In addition, two new structures of the host, H1, alone are reported.

Inclusion compounds were prepared by recrystallising the host from liquid guests or exposing
the powdered host to guest vapours. The internal structure of the resulting compounds was
determined by single crystal X-ray diffraction (XRD), and the secondary interactions between
host and guest were carefully studied. The thermal stability of compounds was measured
using differential scanning calorimetry, and thermal gravimetry — the latter of which also
confirmed the ratio of host to guest within compounds.

The preference of a host for one guest over another was determined by exposing the host to
mixtures of guests, waiting for crystals to form, and then subjecting these crystals to 'H
nuclear magnetic resonance (NMR) spectroscopy or gas chromatography (if guest molecules
were indistinguishable by NMR). In some cases, the kinetics of host-guest compound
formation and guest exchange was monitored by powder XRD, using an in-house custom-built
sample holder. These techniques allowed for the measurement of the relative proportions of
guests in the crystals, which was then compared to the ratio of guests from which the host
was initially recrystallised.

In some cases, it was found that the thermal stability of host-guest compounds correlates
with the guest preference of the host. l.e., the guest that formed the most thermally stable
host-guest compound is the guest the host prefers. However, it was not always possible to
assign structural reasons why this should be the case. In one example, the selectivity of a host
was dependent on the temperature of recrystallisation. In another system, the inclusion
compound crystallised from a guest mixture had a different structure than when crystallised
from either individual guest. In addition, this host’s selectivity decreased with time and
increasing guest concentration, with concomitant structural changes.

While much progress has been made in predicting the structures of single-component
crystals, it is still not possible to predict the structures of crystals with multiple components.
With the view to predicting the required conditions to grow materials with desired properties,
such as being highly selective, more studies on polymorphic inclusion compounds formed
under different crystallisation methods are needed.
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CHAPTER 1: Introduction

In 2014 | was in my 3™ year as an undergraduate when | applied to Prof. Nassimbeni for a
position during the June vacation. | was invited for an interview, and duly given "the grand tour".
We made arrangements that | would begin work after I'd written my last mid-year exam.

I remember emailing to ask what time he would expect me - his reply required the assistance of
Google Translate: "Vieni a lavorare verso le nove di mattin -LRN". | was amused at the language
choice, but not bemused - during the lab tour | had noted that most labels in his section were
written in Italian. | arrived at the advised time excited to work in a research laboratory. | was
met with a reserved desk and my very own research project: the xylene isomers...

1

(a) BN ()

Elettrico Spatule (o P—

Etichette

—_—

Porta
Provini

(a) Prof Nassimbeni’s Labelled lab drawers. (b) December 2014, BSc Chemistry and Mathematics
graduation. (c) UCT Chemistry honours class of 2015 (Note Alexios top left). (d) July 2015, photo
taken so my research over vac could be featured in Prof Nassimbeni’s presentation at the 15th
International Seminar on Inclusion Compounds (Warsaw); my green hair was much remarked
upon. (e) June 2016, BSc(Hons) Chemistry graduation.
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1.1 ISOMER SEPARATION: A CHALLENGE

"One can state, without exaggeration, that the observation of and the search for similarities
and differences are the basis of all human knowledge"
Alfred Nobel*!

Such incredible diversity is present on Earth, from all manner of plants, animals, fungi, and
other living creatures to everyday items made of metals, glass, and plastics, to entities like
rivers, oceans, mountains, and minerals. All commonly observed matter is made of electrons,
and up and down quarks — the latter which combine to form protons and neutrons. Together,
protons, neutrons, and electrons make atoms — the building blocks of our lives. How
wonderful it is all the different ways that these particles come together to make up the world
around us. Even when we limit matter to just one type of atom, it is still possible to produce
incredibly varied materials. A well-known example is carbon — the atoms of which are able to
bond in different arrangements —one form being sparkly diamond, while another the soft and
grey graphite of pencils. It is remarkable that materials exist comprising the exact same type
and number of atoms — arranged in such ways as to produce matter with vastly different
properties.

While distinct forms of the same element are named allotropes, molecules or polyatomic ions
with identical atomic compositions are termed isomers — from the Greek' iso' meaning same
and 'meros' meaning parts. Isomers can be classified into various types (Figure 1.1), and
isomers that are more structurally alike are more likely to exhibit similar properties.*? For
example, molecules that are mirror images of each other (termed enantiomers) have identical
chemical and physical properties in achiral environments (except that they react differently
to plane polarised light). In contrast, isomer pairs with noticeable structural differences also
tend to have more disparate properties. For example, the solvents n-butanol and diethyl
ether (functional group isomers) have the molecular formula C4H1001, but the alcohol's
normal boiling point is 117.7 °C compared with the ether which boils at the much lower
temperature of 34.6 °C.13

By exploiting the more than 80-degree difference in the boiling points between n-butanol and
diethyl ether, a chemist could easily separate a mixture of these solvents by fractional
distillation. However, many such classic physical separation techniques are often not
applicable when tasked with separating more similarly structured isomers. For example, many
isomers have homogeneous phases and similar solubilities that thwart separation by filtration
and liquid-liquid extraction. Many isomers do have varied melting points, but separation by
fractional crystallisation is often unsuccessful due to the formation of a eutectic mixturet. The
most common isomer separation method is fractional distillation, used in petroleum
refineries, petrochemical and chemical plants, natural gas processing and cryogenic air
separation plants.!* However, fractional distillation is efficient only if the isomer's boiling
points are not too close.!*

™ a homogenous mixture that behaves as a single entity that melts/ freezes at a single temperature, which is
lower than the melting point of both entities®®.
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The quintessential, well-researched example of structurally similar isomers is that of
dimethylbenzene, or xylene (Figure 1.2). Xylene — from the Greek' xylo' meaning wood, was
so named by Cahours,'® a French chemist researching the light oils obtained by distilling wood
in 1850. In modern times, approximately 90% of xylene is obtained by the catalytic reforming
of naphtha distilled from crude oil.} This process results in a mixture that consists of
approximately 40% meta-xylene, 24% ortho-xylene, and 19% para-xylene (as well as 17%

ethylbenzene)'10. Efficient separation of this mixture is a critical focus,

111 particularly the

recovery of pure para-xylene, which is reacted with ethylene glycol to produce polyethylene
terephthalate (PET). PET, also known as polyester, is the world's 4™ most produced polymer
- it is mainly used in synthetic textiles, and to make bottles and packaging for food and

drink.112

ortho-xylene
b.p. 144.4 °C
m.p. -25.2 °C

meta-xylene
b.p.139.1°C
m.p. -47.9 °C

para-xylene
b.p.138.3°C
m.p. +13.4°C

Figure 1.2. Skeletal structure and normal boiling and melting points of the xylene isomers.’3
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Unfortunately, due to the xylene's very close boiling points, especially that of meta- and para-
xylene, which differ by less than one degree (139.1 °C and 138.3 °C), separating a mix of these
isomers by distillation would require a large number of theoretical plates and create high
energy costs.>!3 Para-xylene can be separated from the ortho and meta isomers by fractional
crystallisation due to its higher melting point, but this process uses large amounts of energy
by operating at either a low temperature or high pressure.>'* In addition, the crystallisation
process is inefficient because the mixture composition at the eutectic point retains large
amounts of para-xylene!*> and so is used industrially only when the feedstock is already much
enriched in para-xylene.>144

There are many other mixtures where the constituents, like the xylenes, have similar physico-
chemical properties and so are difficult to separate into their individual and useful
components. Clearly it is important that improved separation methods are studied that do
not rely as heavily on high temperatures and pressures, so that carbon dioxide emissions and
other production costs associated with the purification of chemicals can be reduced.

Table 1.1. Eutectic points and eutectic mixtures of xylene isomers*>

Eutectic Point Composition at Eutectic Point (mol. %)
System X
) p-Xylene | o0-Xylene | m-Xylene | Ethylbenzene

p-Xylene—o-Xylene —35.3 24.3 75.7
p-Xylene—m-Xylene —52.8 13.0 87.0
o-Xylene-—m-Xylene —61.9 33.1 66.9
p-Xylene— Ethylbenzene —95.5 1.8 98.2
0-Xylene—Ethylbenzene —97.4 3.1 91.9
m-Xylene—Ethylbenzene —100.3 17.2 82.8
p-Xylene—o-Xylene—

m-Xylene —64.5 8.1 30.2 61.7
p-Xylene—o-Xylene— _

Ethylbenzene 97.8 1.6 8.0 90.4
p-Xylene—m-Xylene—

Ethylbenzene —100.7 1.4 17.0 81.7
a-Xylene—m-Xylene—

Ethylbenzene —102.1 6.5 16.0 7.5
p-Xvlene—o-Xylene—

m-Xylene—Ethylbenzene —102.4 1.2 6.4 15.8 76.7

{if for e.g., 80 mol p-xylene and 20 mol m-xylene were slowly cooled to -53 °C then 77 mol of p-xylene would
crystallise from solution. After the last p-xylene crystal is removed the leftover 3 mol of p-xylene and 20 mol
m-xylene form a solid “mixture” — this is the eutectic composition. The ratio of 3 mol p-xylene to 20 mol m-

xylene is the same as the ratio 13:87 (see Table 1.1).

1-3
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1.2 HOST-GUEST CHEMISTRY: AN INTODUCTION

"the least obtrusive graphic device for concealing the unavoidable ignorance".
H.M. Powell describing the middle dot used to denote a 'Host fGuest' complex!1®

Many everyday items are mixtures - consider the air we breathe, the toothpaste used twice
each day, a 925-silver piece of jewellery, or a cup of tea near at hand? | think I'd be safe in
saying that most things encountered in our day-to-day lives are not pure substances, but
mixtures in some way (how many counterexamples can you think of offhand?). In laboratories
around the world, synthetic chemists labour to create new covalent bonds between atoms,
and in so doing create new molecules. Also hard at work are supramolecular chemists, who
create new mixtures and study the weaker bonds between the molecules in these multi-
component systems.

Supramolecular chemistry can be thought of as a receptor 'host' molecule that binds one or
more other molecules, ion or ion pairs - the acceptor ‘guest' - to form a hostfguest
complex.'Y” This host-guest complex behaves as a single unit, with a unique structural
relationship between host and guest and with properties different from the host and guest
by themselves. For example, many chemistry students would have encountered the iodine
test for starch, where a piece of bread squirted with a yellow/ brown iodine solution proceeds
to turn a dark blue/ black colour. This happens because amylose, a polysaccharide in starch,
has a helical structure that creates space in which I, molecules fit and bind to the sugar.8
The result is the amylose /1. complex which has a characteristic blue colour, and so provides
a way to test for the presence of starch.

o Guest
w Host - W/ Host-guest complex

e

Scheme 1.1. HostGuest complex.'*®

Atimeline of supramolecular history is listed in Appendix A. This timeline was reproduced from the manuscript,
‘Inclusion Compounds: Structure, Kinetics and Selectivity.” by L. R. Nassimbeni and N. M. Sykes, which is currently
in review at the journal, Crystallography Reviews.
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The origins of our knowledge on the structure of host-guest materials came about due to the
ability of many complexes to form crystalline solids which have an ordered internal structure.
von Laue discovered that crystals act as three-dimensional diffraction gratings for X-ray
radiation (1914 Nobel Prize in Physics).1?° Shortly afterward, the Bragg father/ son duo
developed an equation that related a crystal's diffraction pattern to its internal structure
(1915 Nobel prize in Physics).?! Owing to much of the work of Powell and Pauling, the latter
who used X-ray diffraction to measure the distances and angles between atoms in crystal
structures (1954 Nobel Prize in Chemistry),*?2 we now know that the binding or 'glue' that
holds a host and guest together results from the sum of multiple non-covalent (secondary)
interactions.

In covalently bonded atoms electrons are shared and atoms are relatively closer together
than atoms with secondary or non-covalent bonds between them. Non-covalent interactions
were first taken into consideration by Johannes Diderik van der Waals who, in 1873,123 helped
revise the equation of state for real gases, considering that all matter containing electrons
can interact with each other through weak interactions, which we now call van der Waals
forces. They are the dominant force in nonpolar molecules like oils and gases (e.g., Oz, He)
and have energy less than 5 kJ mol™. Conversely, the strongest type of secondary interactions
(100-350 kJ mol?) occurs between positively and negatively charged ions like Na* and CI, as
found in regular table salt. Some molecules have a partially positive end and a partially
negative end, and so display attractive interactions with ions and other so-called polar
molecules through "ion-dipole" or "dipole-dipole" interactions which are of the order of 50—
200 and 5-50 kJ mol?, respectively.

Molecules with O-H, N-H, and F-H bonds, like those found in water, sugars, and amino acids,
are particularly important in supramolecular chemistry and biology as they can form hydrogen
bonds, which are strong dipole-dipole interactions of the order of 4-120 kJ mol™?. For
example, the hydrogen bonding interaction between the two chains of DNA are responsible
for its double helix configuration (Figure 1.3a), a discovery made possible by an X-ray
diffraction photograph (Figure 1.3b) taken by Raymond Gosling of crystals grown by Rosalind
Franklin. The 1962 Nobel prize in Physiology or Medicine was awarded for the structure of
DNA to Watson, Crick, and Wilkins.1-%*

b)

Nucleotide
Hydrogen bonds

+ Phosphate
< group™ >

Basepair

CSSS=E ______ Nitrogen containing bases

Figure 1.3. (a) DNA double helix is held in place by hydrogen bonds (b) An X-ray photo of a
gel of polycrystalline DNA.
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The strength of secondary bonds is reflected in the amount of energy required to break them,
in water. For example, H,0O molecules form hydrogen bonds to each other, with water only
boiling at 100 °C at 1 atm of pressure. While substances made of only one type of atom, like
helium (boils at -267 °C at 1 atm of pressure), have only weak van der Waals interactions
occurring between atoms and so are gasses at low temperatures. The strengths of some
intermolecular interactions have been given in Table 1.2.

Table 1.2. Examples of and strengths of some non-covalent interactions?®

Interaction

lon-ion
lon-dipole

Halogen

Bonding

Dipole-dipole

Hydrogen
bonding

Cation-r

Van der Waals

Bond energy
(kJ mol?)
100-350

50-200

10-200

5-50

4-120

5-80

8-40

<5, but varies
depending on
surface area

Example

Na* CI
Na* and H,O
Halogen atoms can act as electron acceptors, as with Br;
and 1,4-dioxane
Intermolecular interactions between molecules of HCl,
where the Cl region is electron rich and the H region
electron deficient.
A type of dipole-dipole interaction e.g., interactions
between molecules of H,0.

Benzene is rich in 1 electrons above and below the ring,
and these faces can interact with a cation, e.g. Na*
Interactions between aromatic rings, two benzene rings
can interact where one if flat and the other side on, in an
‘edge -to -face’ orientation, or by being parallel to each
other, but offset.

Exhibited by every atom and molecule, and is the
dominant force in nonpolar molecules like oils. The
strength of the interaction increases with increasing
molecular surface area, and with molecular size (due to
increased electrons)
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1.3 HOST-GUEST CHEMISTRY: A SEPARATION METHOD

"A round man cannot be expected to fit into a square hole..."
Mark Twain®26in Following the Equator (ch. 68, 1897)

For a host to bind with a guest and form a new complex, both Host and guest molecules
should have sites that attract each other without creating strong repulsive forces. Then one
could assume that for a host to bind selectively with one guest over another, the winning
host-guest complex should have a lower net energy than the other potential complexes. This
is a highly relevant question; for example, our bodies digest sugar in the small intestine with
help from the enzyme sucrase (the 'host'), which only binds to the sugar sucrose (the 'guest’),
forming a sucrase-sucrose complex. This complex stresses the bond between sucrose's
constituent parts: glucose and fructose. Once the bond is broken, the separated sugars can
be absorbed and used as a source of energy (Scheme 1.2a). While similar synthetic sugars,
like sucralose (made by chlorinating three hydroxy groups of sucrose), can bind to our taste
receptors, but are mostly unable to be absorbed in the gut — making them effective non-
nutritional sweeteners.

a) ° The substrate, sucrose, Glucose b) Leock and Key Analogy
consists of glucose and Fructose
fructose bonded together. ‘ o @
The substrate binds to the -
o enzyme, forming an - . key = substrate lock = enzyme
N y bstrate c pl 7
Bond o Products are released,

=
to bind other substrates. " correct fit,

HZO and the enzyme is free ﬁ
a will react
Actwe site > w w
/ The binding of the
substrate and enzyme ‘ b '.
places stress on the
— Enzyme glucose-fructose bond

and the bond breaks. incorrect substrate no real:hon

Scheme 1.2. (a) Example of model of action of an enzyme- here sucrase- which acts on
sucrose to break it down into glucose and fructose.'?” (b) Fischer thought enzyme and
substrate had complementary shapes and fit together like a lock and key.'-%®

In 1894, Fischer!?° studied this ability of enzymes to discriminate between similar molecules.
He proposed that the selective binding between the active site on an enzyme and the receptor
site on a substrate occurs because these molecules possess a complementary geometric
shape that allows them to perfectly fit into one another, where the binding will be stronger if
the "fit" is better. To quote Fischer, "l should say that the enzyme and substrate must fit each
other like a lock and key" (Scheme 1.2.b). In other words, the host and guest binding sites
need to be similar in size and shape as well as electronically stabilising.

The reversible reaction of enzyme and substrate to an enzymefsubstrate complex, or more
generally, host and guest to a hostfguest complex can be represented by the equation (1.1),
ke
Host(aq) + n(guest)aq 2 host n(guest)(aq) (1.1)
ke

1-7
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where n is the number of guest molecules, ks is the rate constant for the forward reaction,
and kr is the rate constant for the reverse reaction.

The extent to which the host and guest bind can be represented by the constant K, defined
as the ratio between the concentration of the complex and the concentrations of host and
guest at equilibrium (when rate of forward reaction = rate of reverse reaction), given in
equation (1.2) where [ ] denotes the concentration in mol/dm3.

_ [host In(guest)]
Ke = /[host][guest]n

(1.2)
From (1.2), large K¢ values would indicate a higher concentration of the host-guest complex
at equilibrium, implying a stronger binding between host and guest, and resulting in a more
stable complex.

Fischer and those who first studied enzymes thought that the molecular recognition between
enzyme and substrate (or host and guest) is absolutely selective or specific, i.e., that enzymes
would react with one and only one substrate. But this is not always the case. Other digestive
enzymes, like pepsin, can bind to most types of protein, allowing us to absorb and use almost
all most proteins consumed in meat, dairy, nuts, beans, and legumes.

To what extent the host is selective for one guest over another can be simply expressed as
the ratio of the binding constants of the different guests as written in Eq. 1.3.

= - KGuestA
Preference of Host for guest A over guest B = KA/B = /KGuest ; (1.3)

Scheme 1.3 shows an example where the Host (H) can bind both guest A and guest B, but
binds guest B to a greater extent. And so, when host, guest A, and guest B are mixed, the host
acts selectively towards guest B and more HIB complex is formed than HYA.

v @ O R gl v,i Phase separation IT
GuestA GuestB HostH Selective binding B e =

Phase separation I
Scheme 1.3. Example of the selective separation process of guest B from guest A3 by the
host H, which has a stronger binding affinity for guest B.

Please note that all equilibrium constants should be pure numbers as it is not possible to take the log of units
of measurement. To get around this, a standard state is declared, which would be 1 mol/dm3 for equilibria in
solution. Kc is then defined as before, but with the concentration of each species being divided by the standard
state. The units of concentration will cancel out, leaving K¢ as a pure number.
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The earliest work in selective binding began in 1967 when Pedersen®3! synthesised doughnut-
shaped molecules that could mimic the action of ion channels! by binding preferentially to
Na* and K* (see Figure 1.4). Pedersen's cyclic polyethers, named crown ethers, form
complexes with alkali metal ions held inside their central cavity by ion-dipole interactions
between the metal cation and the partial negative charge on the oxygen atoms surrounding
it (Figure 1.4a).

a)

Figure 1.4. K* ions (blue) are bound within (a) [18]-crown-6, and (b) the much larger
potassium channel of a soil bacterium,'3? comprising of 2824 atoms and weighing 41,130
g/mol. lon-dipole interactions between K* and oxygen atoms shown as black dotted lines.

The largest binding constants (K) were obtained when the diameter of the crown ether ring
matched that of the metal cation. For example, the diameter of a sodium ion is 1.90 A, and
the diameter of a potassium ion is 2.66 A; [18]-crown-6 (cavity of diameter 2.6-3.2 A) gives a
binding constant with sodium, Ky,+ = 10* M1, while with potassium, the binding constant is
much large (K+ is of the order of 10 M1). Then, given that the selectivity of the crown ether
is the ratio of its binding constants with different cations, we can say that [18]-crown-6 has a
100 times (106 M1 /10* M1) greater preference for K* than Na*.

* ion channels transport sodium (Na*) or potassium (K*) ions across cell membranes. The rapid change in
concentrations of the different charged particles create propagating electrical signals, responsible for e.g.,
making our muscles move, and helping us feel sensations like heat and pain. Potassium channels select K* over
Na* by a ratio of ~1000:1, whereas sodium channels select Na*/K* in a ratio higher than 500:1.133-1.35
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Lehn and Cram furthered Pedersen's work, synthesising molecules with more complex shapes
— resembling cages, baskets, or vases. In 1969 Lehn presented the synthesis of cage-like
bicyclic crown ethers, called cryptands, many of which exhibit higher selectivity than natural
macrocycles. For example, the K* complex with the cryptate in Figure 1.5a has a binding
constant about 10 000 times greater than the K* complex with valinomycin (Figure 1.5b),
which is bound 100,000 times more strongly than the sodium-valinomycin complex.!-3¢

In 1979 Cram®3/ designed hosts called spherands and augmented them over several years
until creating cryptahemispherands that exhibited extremely high selectivity, one of which
had a 420 000-times-stronger preference to bind sodium ions than lithium. Lehn and Cram
coined the terms 'host-guest' and 'supramolecular' chemistry, and together Pedersen, Lehn,
and Cram won the 1987 Nobel Prize in Chemistry for their efforts in the "development and
use of molecules with structure-specific interactions of high selectivity".

CHy

Na*/K* Rb*/Cs* Na*/Li*  Rb*/Cs* Na*t/Lit* K%/Na™®
13,000 134 420,000 900 440 11,000

Figure 1.5. (a) a cryptand binding a cationic guest (b) valinomyacin®=3® (c) structural recognition
of cryptahemispherand hosts as measured by KA/B values where a and b are alkali ions.'3’
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1.4  INCLUSION CHEMISTRY: AN INTRODUCTION

CLATHRATUS. Closed or protected by crossbars of trellis (clathri)...
CLATHRI. A trellis or grating of wood or metal employed to cover over and protect an aperture,
such as a door or window, or to enclose anything generally...

A dictionary of Roman and Greek Antiquities’-3

Inclusion chemistry, in particular, is defined as the chemistry of host-guest complexes that
are stable in the solid state and dissociate when dissolved.° Although amorphous materials
do exist, they are rarely the most stable solid form,>4%and so many molecular compounds
tend to be crystalline in the solid state. Crystalline materials contain long-range order (see
Figure 1.6a), where atoms form arrangements that repeat in three dimensions (quasicrystals
are the exception). The unit cell is the smallest arrangement of atoms, and is repeated over
and over again to form the crystal (Figure 1.6b).

Crystalline Amorphous Unit cell Crystal structure

Figure 1.6. (a) crystalline (left) vs amorphous (right) solid**' (b) when a particular
arrangement of molecules called the unit cell (left) is repeated in all directions to make a
crystal with a particular structure.'4?

The history of crystalline host-guest complexes'43 dates to 1823 when Faraday reported a
chlorine clathrate hydrate that corresponds to the formula Cl;JL0H;0. Although only in 1952
was the term 'Inclusion compound' (from the German EinschluRverbindungen) introduced by
Cramer, who presented the first inclusion compounds with cyclodextrin hosts.!44

We can represent the formation of an inclusion compound by the equation:
His) + N Glorg) @ HINGsp) (1.4)

where a represents the non-porous phase of the pure host, the apohost, and B is the host—
guest inclusion compound with a guest/host ratio equal to n. The ratio of host to guests does
not have to be a whole number; for example, "fire ice" (CH4Y5.75H,0) forms when methane
gas becomes trapped within a cage of water at high pressures and low temperatures on the
ocean floor (Figure 1.7a).2% This could create a knock-on effect as rising global temperatures
cause the release of CO; into the atmosphere via methane-clathrates.
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Water Molecule Cages

Figure 1.7. (a) as a methane clathrate melts the released guest can feed a flame while the
framework drips apart as liquid water 1> (b) one methane molecule surrounded by a cage of
water molecules!*® (c) showing the packing of many units in the structure'#’ (d) Clathrus
ruber**® or “red lattice” mushroom, so named by Michelil*® in 1729.

Inclusion compounds are defined as a molecular inclusion if the host contains a cavity within
itself wherein the guest is located, like the crown ethers and cryptates made by Pedersen,
Cram, and Lehn. But if, instead, the host molecules arrange to form a lattice containing spaces
wherein the guests reside, the compound is termed a crystal lattice inclusion or clathrate (see
Scheme 1.4). The term 'clathrate’® was initially introduced in 1948 by Powell*>2 when studying
the crystal structure of an organic inclusion compound with B-quinol. Note the similarity
between the structure of methane clathrate (Figure 1.7b) and the Clathrus ruber mushroom
in Figure 1.7d.

\//- Il"ll {
* Il"l

I Clathrate {

nu¥
-

b)
— E Molecular
E E Inclusion

Scheme 1.4. Types of inclusion compounds. Molecules in blue are guests, and in red are hosts
(a) clathrate: hosts arrange to form a framework that traps the guest, example given is urea
guests enclathrated by dichlorohexane hosts (CSD code: WOMGIO). (b) molecular inclusion:
the host naturally contains a cavity which accommodate a guest e.g., -cyclodextrin hosts
with methylparaben guests (CSD code: AJUVEG).

§ ‘clathrate’ comes from ‘klethra’, the Greek name for the alder tree and is derived from ‘kleio’, meaning ‘I close’
or ‘I confine’. Kleio originates from the Aeneid, a Latin epic (Virgil ~20 BC) wherein the mythical Heliades sisters
were transformed into alder thickets about the shores of a river island, there confining the remains of their
deceased brother, Phaéton.'>% 51
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Clathrates have been further classified by Weber'>® as either true clathrates or
coordinatoclathrates. Coordinatoclathrates have specific interactions between host and
guest, like hydrogen bonding. In contrast, genuine clathrates contain specific host-host
interactions, but with the guest held in place by weak non-specific van der Waals forces (see
Figure 1.8).

T b) I

Figure 1.8. In this schematic diagram, the bars represent hosts and the square is symbolic
of a guest molecule. The broken lines indicate secondary interactions e.g., hydrogen bonds.
(a) true clathrate (b) coordinato clathrate.

Nassimbenil>* described the formation and possible decomposition routes of an inclusion
compound (Figure 1.9) as taking place in two steps: (a) the host molecules are dissolved in a
guest solvent and (b) a host-guest complex is formed upon crystallisation. Once removed from
solution the inclusion complex may either stay intact or decompose. The latter could (c)
decompose to yield the original host excluding the guest molecules, (d) partially decompose
to produce a new phase of the complex or (e) lose the guest molecules to yield an empty host
structure.
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Host Guest
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Figure 1.9. The formation and possible decomposition routes of an inclusion compound
where guests are shown in blue and host molecules in red.

1-14



Chapter 1

1.5 SOME FACTORS AFFECTING INCLUSION COMPOUND STRUCTURE:

"It has long been an axiom of mine that the little things are infinitely the most important”
-Sir Arthur Conan Doyle in the 1981 novel, 'A Case of Identity'

Via simulations, Boothroyd has shown that the primary criterion for inclusion compound
formation is that the host—guest affinity must be sufficient to overwhelm the host—host and
guest—guest affinities. A strong host-guest affinity is not a sufficient condition; host molecules
with even a weak affinity for a guest can form inclusion compounds provided if the self-
affinities of the host and the guest are relatively weaker.'>*

Furthermore, the growth of crystalline inclusion compounds is sensitive to several factors,
affecting their composition, structure, colour, and shape, in much the same way that an egg
prepared using diverse methods can produce widely different outcomes (See Figure 1.10).

f .'l“
\».,'../""z: \' rbﬁ r‘
\ : 4
“’ A

hard-boiled>® fried sunny side up**’ omelette!>® chick*>?
¢ submerge whole ecrack egg into oiled ¢ whisk 3 eggs together ekeep freshly laid,
egg in water at 100 °C pan at 150 °C e pour into oiled pan at fertilized egg at 37 °C
for 1 min *3 minutes, spoon oil 120 °C for 5 minutes for 21 days
#87 °C for 6 minutes on top

Figure 1.10. Starting materials (eggs) can become different products depending on the cooking
method used.

1.5.1 Temperature.

By crystallising inclusion compounds at various temperatures, Ibragimov-° - 162 discovered
that low temperatures resulted in inclusion compounds with a high proportion of guest
relative to the host. As the crystallisation temperature increases, the guest/ host ratio
decreases. This continues until the crystallisation temperature reaches the guest's boiling
point, when the resulting material has a guest/host ratio equal to zero and is not an inclusion
compound (as only apohost remains). Ibragimov also noted that this proportion change is
reflected in the arrangement of the guests in the crystal lattice. Low temperatures cause the
guests to reside in layers within the host framework, while increasing the temperature results
in guests that reside in channels, and eventually in isolated cages (Figure 1.11).
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Figure 1.11. Changes in the host-guest topology with changing crystallisation temperature.’->4

1.5.2 Solvent.

Sometimes guests are solids at ambient temperature and pressure, or cannot dissolve the
host. In these cases, it is either impossible or impractical to recrystallise an inclusion
compound from a solution of host and guest, and a solvent (also called co-solvent) is required
to facilitate complexation. However, because a solvent can interact with both host and guest,
it may compete with guest molecules for host binding sites. In this way, solvents can be
unintentionally included®3 or can produce inclusion compounds with different host: guest
ratios. %4 For example, Moorthy and co-workers report a tetraarylpyrene host (TP) that forms
a 1:1inclusion compound when recrystallised from dicyclopentadiene (Figure 1.12, top right).
But, when this host is recrystallised from a mix of guest and chloroform, the resultant
compound has an H: G ratio equal to 1:3.

Similarly, to how isomers are molecules with the same number and type of atoms, but
arranged differently, it is also possible to produce inclusion compounds with the same ratio
of host and guest components, but arranged differently in space. The same host TP forms a
1:2 host: guest inclusion compound with toluene as guest (Figure 1.11). But when the host
and guest crystallise in the presence of chloroform, the TP-2(toluene) compound that forms
has a different packing (Figure 1.12 lower left).2®* Such crystalline structures with the same
ratio of components, but with different internal structures are termed polymorphs, from the
Greek' poly' meaning many and 'morphe' meaning form.
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b)
l x :l: Chloroform
K :l: H co-solvent

Chloroform
co-solvent

No co-solvent

JO=CX
-—%—g No co-solvent
e

H:G = 1:1

Figure 1.12. Packing of host with (a) toluene (left, green), giving two polymorphs with H:G
ratio = 1:2 where top packing was recrystallized from a mix of guest and chloroform, and (b)
dicyclopentadiene (right, yellow) recrystallized from a mix of guest and chloroform (top, H:G
= 1:3) or guest alone (bottom, H:G = 1:1).1-64

The concentration of guest can also influence which inclusion compound crystallises. For
example, Tanaka found that when recrystallised from a low concentration of the guest, 2-
methyl naphthalene, a nickel-based host forms an inclusion compound with only methyl
cellosolve — the co-solvent. However, when guest concentrations of greater than 1.5 mol/L
were exposed to the host, an inclusion compound formed having a Host: Guest (or H: G) ratio
of 1:2, with 2-methyl naphthalene as guest.'®3

In the same way that adding a co-solvent can change the resulting structure of the inclusion
compound, so can using different co-solvents produce different inclusion compounds. Jacobs
et al. reported solvent manipulation of N-methyl acetamide inclusion compounds formed from
a xanthenol host. Figure 1.13 below shows the resulting packing and accompanying H: G ratios
resulting from using N, N-dimethylacetamide, 1,4-dioxane, or aniline as a solvent.'®°

H:G=1:2
Co-solvent:
N, N-dimethylacetamide

/ H:G=1:1
l-c)-\ Co-solvent:

1,4-dioxane
{/

909
O /
OH

i L /ol /o
)\NH/ ‘ b/)‘o;o / Efs;hl/.elnt:

O™ aniline

!

Figure 1.13. Packing of the crystal structures formed with a xanthenol host and N-
methylacetamide as guest. The compound were grown using the co-solvents: N,N-
dimethylacetamide (left), 1,4-dioxane (top right), and aniline (bottom right).
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1.5.3 Crystallisation Method.

Aristotle summarised his observations by concluding, "Corpora non agunt nisi fluida",
meaning "No reaction occurs in the absence of solvent" in Latin. Such philosophies had a
significant influence on the evolution of the modern sciences in Europe, and this provides one
historical reason most organic reactions have been studied in solution. Nevertheless, it has
been found that many reactions proceed efficiently without the components needing to be
in solution.1-¢®

An example of the effect of the crystallisation method on the resultant inclusion compound
structure was reported by Ripmeester et al., who made five polymorphic inclusion
compounds (H: G ratio = 2:1), using the host tris(5-acetyl-3-thienyl) methane with 1,3-
dichloropropane as guest. The first and third forms were prepared (as a mixture) by slow
cooling. Pure form 2 was prepared separately by two different techniques, fast cooling and
annealing at 50 °C. The 4" and 5% forms 4 and 5 were prepared by slow evaporation.'-®’

Sometimes reactions can even be more efficient without a solvent. Barbour and Lusi'®®
reported that an inclusion compound does not form when a Werner host is dissolved in hot
DMSO and layered with toluene (while the same method produces inclusion compounds with
the similarly structured guests, benzene, and ortho- and meta-xylene). Two polymorphic
toluene inclusion compounds were grown by slow evaporation from solutions of host, guest,
and methanol as co-solvent, but only as minor components. However, one of these forms is
obtained within minutes using the solvent-free method of exposing the polycrystalline host
to the vapour of toluene.

1.5.4 Kinetics vs Thermodynamics.

As mentioned previously, the general assumption is that inclusion compounds form because
they are more stable, and have lower free energy than the host and guest alone. As
represented in Figure 1.14, inclusion compound formation proceeds from the separate host
and guest mixture - the starting materials (SM) - to the lowest energy host-guest compound
— the thermodynamic product (P2) - via the transition state (TS2), which is reached by the
input of activation energy (Ea2). However, the crucial stage in crystal growth is determined by
the rate of crystal nucleation, which is a kinetic factor. Therefore, the first compound formed
(P1) will be the one that nucleates quickest, due to the lower activation energy (Eal) required
to reach the transition state (TS1). In this way a metastable form, which is not the lowest
energy inclusion compound, is formed. This form can subsequently be converted into the
more thermodynamically stable compound by solution or solid state-mediated phase
transformation. This successive phase change was identified and proposed as the Law of
States by Ostwald.>®°
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Energy

P1
P2

Y

Reaction coordinate

Figure 1.14. The starting materials (SM, host and guest molecules) can react to form
products, P1 or P2, where P2 is the more stable product, having the lowest free energy).>’°

Although the kinetic control of host-guest systems is rare,*’*-17> Toda et al. have extensively
studied the isolation of different meta-stable inclusion compounds.76-1.78

An example was reported by Sashuk et al. where a macrocyclic host cucurbit[6]uril (CB6)
initially forms a meta-stable 1:1 host-guest compound with adrenaline (Figure 1.15), but
when left in solution the needle-like crystals slowly dissolve and recrystallise to form the
thermodynamic inclusion compound with a 1:2 host: guest ratio.”?

A special case of metastable and stable crystal forms occurs when the inclusion compound
crystal structures have a different packing arrangement, but have the same ratio of host to
guest. As mentioned previously, these types of structures are called polymorphs, and are a
type of supramolecular isomer.18 Many historical examples of polymorphs are presented in
Bernstein's book "Polymorphism in Molecular Crystals".>-8

b) O c)
Host [cucurbituril) -
4 S _—

Q

a)

kinetic

Guest [adrenaline)

Figure 1.15. (a) The CB6 host and adrenaline as guest form two host-guest compounds (b)
1:1 kinetic product (c) 1:2 thermodynamic product. Photographs of crystals of the CB6 and
adrenaline compounds after (d) 1 hour — forming the needle-like 1:1 kinetic product, (e) 2
days — a mixture of both compounds is observed (f) 1 week — only the 1:2 thermodynamic
product remains.
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1.6 INCLUSION CHEMISTRY: A SEPARATION TECHNIQUE

When a suitable host compound is exposed to a mixture of guests, it can selectively bind with
a particular guest to form an inclusion compound. The crystallised material can be filtered
from the remaining solution, the guest desorbed by warming, and the host recycled.>®2 This
process may be represented by Scheme 1.5 and Eq. 5,

H a-phase (s) + Gat+ Gg = HThGA B-phase (s) + Gg (5)

where generally the Host, H (a-phase, non-porous), is a solid that dissolves in the liquid guest
mixture, Ga and Gg, to yield an inclusion compound (B-phase) with a Guest/ Host ratio = n.

B-phase

Host (a-phase)
N\/\/\M Solution

VoL

on’

Liquid guest

Scheme 1.5. In this schematic diagram, an example of liquid recrystallisation, the darker blue
square guests are selected over the lighter blue circular guests because the former have a
“better fit” in the cavities of the host’s 8 — phase.!%2

However, depending on the molecular recognition between host and guest, the desorbed
liguid may not be 100% pure. In this case, it may take several cycles of crystallising the host
from the increasingly concentrated guest mixture before a selectivity > 99% is achieved.'#3

Ward et al. defined the selectivity coefficient (Eq. 6) as a way to measure the extent of the
selectivity of a host towards a mixture of two guests.

Kag = (Kga)?' = % (Xa +Xg =1) (6)
BAA
Where Xjand X are the mole fractions of two guests, A and B, in the mother liquor while Z,
and Zg represent the mole fractions of the respective guests in the resultant crystals. A Ku.g
value equal to 1 means that the host displays no selectivity towards a mixture of A and B
under those particular conditions. However, if Ka.g is greater than 1, then A is preferred by
the host, while if K. <1, then guest B is preferred.’8
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Pairwise competition experiments can be used to map the inclusion selectivity of one guest
(A) relative to another (B), as shown in Figure 1.16a. The mole fractions of guests in the
inclusion compound (Ya or Yg) are plotted as a function of the mole fraction of guests in the
original solution mixture (Xa or Xg). The selectivity coefficient, Ka.s (or Kg:.a) can be calculated
at any point on the curve. Larger selectivity coefficients correspond to a greater enrichment
of guest A in the inclusion compound, as shown in Figure 1.16a.

The isomers, 2,6- and 2,7-dimethyl naphthalene (DMN), are the most difficult to separate
using conventional methods due to their close normal boiling points (262 and 265 °C,
respectively). Ward et al.}® demonstrated that a guanidinium organodisulfonate host could
be used to obtain 2,6-DMN in greater than 94% purity within three successive crystallisation
steps from an initial mixture that contains only 20% 2,6-DMN (Figure 16b).

(b)

- @"
Y=08~ 0 o

i @ kﬂltration and

retrieval of guest

° .* selective inclusion

Kinitial mixture (20%)
! 1

1 1 1 1 1 1 1

X2 6-DMN—>

Figure 1.16. (a) Selectivity curves showing various possible host preferences: (a) Ka.s =1 (no
selectivity), (b) Kas= (Ksa)'= 2, (c) Kas = (Ke:a)? = 10, (d) Kaz = (Ke:a)' = 100. (e) Kasis
concentration dependent. Under conditions of low Xa (0 < Xa < 0.3) guest B is preferentially
included (Ka:s < 1). At larger Xa (0.3 > Xa > 1) the selectivity is inverted (Ka.s > 1) and guest A
is included. (b) sample of 2,6-DMN (94% pure) can be obtained in only three crystallisation
and filtration steps from an initial mixture containing only 20% 2,6-DMN and 80% 2,7-DMN.

An example of exclusive selectivity was observed by Barbour et al., who reported a dinuclear
Cu-based metallocycle host that removes p-xylene impurities from commercially pure o-
xylene liquid (299%).1# Crystallographic studies showed that the selectivity observed is due
to the size and shape of the guest, in combination with the flexibility of the host. Therefore,
we can calculate Kp.o as:

£1X0.99

= = 99 (very large)
ZoXo.01

Ko-o-
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Research reported by Ward et al. revealed that isomer selectivity is most pronounced when
the structures of corresponding inclusion compounds are significantly different, i.e., when the
isomeric guests template different architectural isomers of the host. Furthermore, selectivity
appears to be a consequence of size and shape compatibility between the host and the
guest, 18

Kitaigorodskii determined that the packing of molecular solids was governed mainly by
considerations of size and shape, the so-called principle of close-packing, which invokes
geometrical arguments® Nassimbeni et al. has reported that this packing factor, which
represents the occupied vs available space by the guest in the crystal structures, correlates
with the measured selectivities.'#’

Many factors can influence the composition of guests in the resulting inclusion compound,
including:

1.6.1 Temperature.

Ibragimov and Weber et al. reported a carboxylic acid-based host that forms three different
types of structures with the xylene isomers, and with different corresponding stabilities as
measured by thermal analysis. From a solution of host and an equimolar mix of the three
xylenes, it was found that temperatures of -10 to +10 °C yielded Hp-xylene crystals only.
Room temperature saw a mix of o- and p-xylene inclusion compounds, while +40 to +60 °C
yielded HYo-xylene only.188

1.6.2 Solvent effect.

Coleman et al. reported the effect of the co-solvent isopropanol on the selectivity of the
host beta-cyclodextrin for an equimolar mix of the two terpenes — cineole and eugenol. As
shown in Figure 1.17, the host shows no selectivity when recrystallised from an aqueous
solution of guests, but when more than 20% of water is replaced with isopropanol, the
resulting crystals contain only cineole.'#°

/ (a)
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Figure 1.17. Ratio of cineole and eugenol in inclusion compounds crystallised from solution
comprising varying percentages of isopropanol in water.
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Nassimbeni et al.»%° reported the solvent-induced enhanced selectivity by an organic diol
host. When the host is recrystallised from mixtures of 3- and 4-picoline (boils at 144 and 145
°C, respectively) in competition experiments with methanol as a co-solvent, the resulting
selectivity curve is very similar to that achieved with no co-solvent. However, when benzene
is used as a co-solvent, the selectivity curve is enhanced toward the 4-picoline dramatically,
with Ka-pic:3-pic increasing from 7.5 to 61.1. This result is attributed to the fact that benzene is
not a "neutral” solvent but is incorporated into the crystal structure with the 4-picoline, but
not with 3-picoline.

4-PIC 3-PIC
15 2}

- 3-Pic +4-Pic only
- Benzene
== Methanol

4-Pic included —»

0

3—PIC0 14—F’IC

4-Pic added—»
Figure 1.18. Benzene used as a co-solvent enhances selectivity of a diol host for 4-picoline
over 3-picoline.

1.6.3 Method.

Yang and Wu'®? found a macrocyclic host with a different selectivity preference for equimolar
mixtures of chlorobenzene and chlorocyclohexane (with similar normal boiling points of 132
and 142 °C, respectively), depending on whether liquid or vapour diffusion was used to
prepare the inclusion compounds. The host can crystallise in two different apohost forms; the
a form has a dense packing that preferentially absorbs chlorocyclohexane (97.2%) upon
immersion in an equimolar solution of the two guests. However, the B form of the host has
intrinsic pores, and when exposed to an equimolar mix of the guest vapours, shows the
opposite selectivity preference, with the resulting guest included comprising 88%
chlorobenzene.

In addition, the authors show that the chlorobenzene inclusion compound exchanges guest
molecules for chlorocyclohexane upon soaking the material in an equimolar mix of guests. In
this way, you can separate both guests consecutively, by first exposing the host to a mixture
of guest vapour, and subsequently by exposure to a mixture of the liquid guests.
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L ¥
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Figure 1.19. The a and B forms of a cyclic host molecule show different selectivity
preferences towards an equimolar mixture of chlorobenzene (pink) and chlorocyclohexane
(blue) dependent on the method of inclusion compound preparation.

1.6.4 Guest exchange.

The mechanism of guest exchange can be zeolitic, where the guest framework remains mostly
unchanged during the exchange process. Or, the exchange can be more akin to
recrystallisation, where the original guest is desorbed, leaving the apohost only, which then
absorbs the incoming guest to form a new inclusion compound (Figure 1.20a). However,
Nassimbeni et al. recently reported an inclusion compound formed from a halogenated host
and dichloroethane (DCE) that exchanged guest for iodomethane (Mel) via an enlarged cell
which quadrupled in volume (Figure 1.20b).1%?

Guest exchange can be used to prepare inclusion compounds that do not form when the host
is exposed to the guest. For example, Gorbatchuk et al. reported that 1-propanol and
propionitrile could not replace water in a saturated B-cyclodextrin hydrate. As shown in Figure
1.21, these two guests can, however, replace an inclusion compound of the host with
benzene, ethanol, and acetonitrile as guest.**3

However, if the incoming guest does not replace the starting guest, this result can be used as
a selectivity mechanism. For example, Bacchi et al. reported that the guest in an inclusion
compound formed from a 'wheel-and-axle' metallorganic host and tetrahydrofuran could be
exchanged with p-xylene by vapour uptake. However, exposing the THF inclusion compound
to the vapours of other aromatic guests such as benzene, toluene, and o-and m-xylene only
yield partial exchanges, while p-cymene did not exchange at all.1®*
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Figure 1.20. Guest exchange mechanisms!®? a) zeolitic b) recrystallisation, c) mechanism
observed by Nassimbeni et al., left shows four unit cells of the starting inclusion compound,
1.5HYDCE, and right shows one unit cell of the intermediate exchange product,
6HIBDCERMEI after exposure to Mel vapor.
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Figure 1.21. An inclusion compound with B-Cyclodextrin and 1-propanol can be prepared by
guest exchange from the benzene clathrate, but not the hydrate.
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1.7  CRYSTAL ENGINEERNG

"One of the continuing scandals in the physical sciences is that it remains in general impossible
to predict the structure of even the simplest crystalline solids from a knowledge of their
chemical compositions."

-John Maddox, 19881-9>

Crystal engineering began with observing a material's property, and then associating the
property with a crystal structure, which was then associated with a particular intermolecular
interaction.!® Intermolecular interactions were then linked to structural patterns in crystals,
called supramolecular synthons. For example, Etter identified the hydrogen bond as being
both directional and strong and a determining factor of crystal structures.!®’ By
understanding the patterns of intermolecular interactions that appear in crystal structures,
crystal engineers can work backwards to determine the appropriate starting materials and
conditions to prepare compounds with similar patterns. This approach has been summarised
by Desiraju 1°® and used successfully by Zaworotko, 1-9° 1100 Metrangolo,*%* Braga,'1®? and
Aaker('jy.l.IOS—l.lOS

0c® ToclR
< B — A

—— < 1
= .
Molecule 3
Supramolecular synthon '\Q
Crystal

Figure 1.19. Benzoic acid can form a hydrogen bond to another benzoic acid molecule, and
commonly appears as acid dimer synthon in crystal structures, with two hydrogen bonds
between the molecules.'%®

The ultimate form of crystal engineering would be to predict crystal structures. However, this
is a challenging problem. In the 1990s Sally Price stated that "There is still a long way to
go", 1106 while Gavezzotti,1'1%” when asked "Are crystal structures predictable?", bluntly
answered, "No".

Six blind tests have been conducted since 1999, occurring every three years; the 7% is
currently underway and will conclude in June 2022.11%8 |n these tests, participants are given
a list of molecules and over nine months run their computations, after which they submit
their computer-generated crystal structures. These predicted structures are then compared
with experimental outcomes of crystallisations (which had been held in confidence), and the
results published.1%°
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The results of the 6™ test!11% show that whilst the stable structure prediction of a given single-
component compound is close,*% the situation is still difficult for inclusion compounds in
which the asymmetric unit is made up of two or more separate molecular entities. In addition,
it remains unanswered why some compounds are polymorphic or which of the predicted
forms can be realised experimentally and how.

1.8  THESIS AIMS AND OBJECTIVES

The general aim of this thesis was to investigate the selectivity of different host molecules to
various guests with similar structural and physical characteristics. This aim was achieved via
the following objectives:

choose appropriate host and guest compounds, and crystallisation conditions by
surveying the literature

synthesise new inclusion compounds, elucidate their crystal structures, and measure
their thermal stability.

measure the selectivity preference of host compounds by recrystallising the host from
mixtures of guests, and using analytical methods to determine the composition of
guests in the resulting inclusion compounds. An alternative approach to investigating
the separation abilities of a host was by means of guest exchange studies, where
inclusion compounds are exposed to the vapours of different guests.

compare the packing and interactions of the crystal structures with the compound's
thermal stability, and the selectivity preference exhibited by the host.

Gain further insights into the secondary interactions and the concomitant packing of
the host-guest structures by analysing their kinetics of decomposition and/or vapour
sorption.

1.9 HOSTS AND GUESTS STUDIED

1.9.1 Diol hosts and H-bond donor/acceptor guests

Weber!1! showed that hosts with a bulky skeleton and functional groups capable of strong
secondary interactions (like hydrogen bonding) can create clathrate-typical lattice cavities in
which guests are bound. The similarly structured diol hosts, H1 and H2, were synthesised by
Weber,11? also proved these hosts capable of forming inclusion compounds with alcohols
and amines, in which guests form hydrogen bonds with the host hydroxyl (OH) moiety. Both
hosts were used as received without further purification. The structures and names of H1 and
H2 are displayed in Scheme 1.6, as are the structures and normal boiling points of the guests
used in chapters 3, 4, and 5.
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Chapter 3 concerns the study of the inclusion compounds formed with H1 and H2 and the
guests, methyl- and dimethylpiperidines, namely, 2-methylpiperidine (2MP), 3-
methylpiperidine (3MP), 4-methylpiperidine (4MP), 2,6-dimethylpiperidine (2,6DMP), and
3,5-dimethylpiperidine (3,5DMP). The selectivity preferences of the two hosts were
compared, and the preference of H1 for these methylpiperidines compared to the structurally
similar methylpyridines, reported previously by Nassimbeni et al.>-113

In chapters 4 and 5, H1 was the only host used. Chapter 4 concerns the selectivity of the host
towards 1-butanol (1BUT) and three isomers of pentanol, 3-methyl-2-butanol (3MBUT), 2-
pentanol (2PENT), and 3-pentanol (3PENT). Chapter 5 presents the inclusion compounds
formed from H1 with the guests, tertiary butanol (t-BUT) and 2-propnaol (2-PROP), at various
temperatures of crystallisation.

H1 = 9,9’-(ethyne-1,2-diyl)-bis(fluoren-9-ol) H2 = 9,9°-(1,4-phenylene)-bis(fluoren-9-ol)
H H H H H
N CH3 N N H3C/,"‘ N ““\CH3 @
cgloNslnoapel
CHs
2MP 3MP 4MP 2,6DMP 3,5DMP
118-119 °C 125-126 °C 124 °C 127-128 °C 144 °C
HO OH
> < /Y\ /\\/\OH /\)\
OH
3MBUT 3PENT 1BUT 2PENT
114 °C 115°C 118 °C 119 °C
OH OH
2-PROP t-BUT
82.6 °C 82.2°C

Scheme 1.6. The molecular structure of the ‘dumbbell’-type Weber hosts, H1 and H2, and
the guests used in chapters 3, 4, and 5, which are labelled with their respective abbreviations
and normal boiling points.
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1.9.2 Werner host and methylnaphthalene guests.

The modern theory of coordination chemistry is based largely on the work of Werner (1913
Nobel Prize in Chemistry®!14), who proposed the correct structures for coordination
compounds, a central transition metal atom surrounded by neutral or anionic ligands.

Hosts named for Werner have the general formula MX;Ls, where M is a divalent transition
metal cation, e.g., Ni%*, X is an anionic ligand, e.g., NCS, and L is an electrically neutral
substituted pyridine, e.g., 4-methylpyridine. The Werner host, Ni(NCS).2(4-MePy)s, was once
used by the Union Oil Company'1! to separate para-xylene, which it preferred, from a
mixture with meta-xylene. Tanaka et al. discovered that this host forms various inclusion
compounds with 1-methyl and 2-methylnaphthalene (1-MN and 2-MN) at different
concentrations of guest (see section 1.5.2), and explained the host's dynamic selectivity
preference.

In chapter 6, the similar host H3 was studied in conjunction with 1-MN and 2-MN guests. This
host is synthesised by a known method using the ligand, 4-phenyl pyridine, instead of 4-
methylpyridine. This involved making nickel(ll)thiocyanate (Ni(SCN)2) by mixing ethanoic
solutions of nickel chloride hexahydrate, NiCl;Y6(H.0), with ammonium thiocyanate
(NH4SCN). The resulting precipitate, ammonium chloride (NH4Cl), was filtered from the
solution, and an ethanolic solution of 4-phenyl pyridine was added to the filtrate, causing the
powdered H3 to precipitate.

CH, |

osbit

b.p. = 240-243 °C T
N AN
£ |
s =
TG
2-MN H3 = Ni(NCS)2(4-PhPy)s
b.p.=241-243 °C 4-PhPy = 4-phenylpyridine

Scheme 1.7. Structures of the host H3 and guest compounds, 1- and 2- methylnaphthalene
with their respective normal boiling points.
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1.9.3 Brominated host and oxygen-containing guests.

Chapter 7 deals with the inclusion compounds formed by the Host, H4, tetra(p-
bromophenyl)ethylene, and guests having some structural similarities, inclusion all containing
an oxygen atom. This host has successfully been used by Nassimbeni et al. to study guest
exchange reactions, and an example was reported where the exchange proceeded by the
formation of an intermediate structure with an enlarged unit cell.

H4 was synthesised according to a known method, which involved exposing the starting
material, tetraphenylethylene, to bromine vapour for one day. The product obtained was
dissolved in @ minimum volume of hot chloroform, and H4 was precipitated by the addition
of cold ethanol.

oo D9

DIOX CYNO
I tetrahydrofuran dioxane cyclohexanone
o] ﬁ o]
/U\ A \)J\/
Br Br
ACE DMSO PENT
H4 = tetra(p-bromophenyl)ethylene acetone  dimethylsulfoxide  3-pentanone

Scheme 1.8. Structures of the host, H4 (left) and guests under study (right).
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1.10 THESIS LAYOUT

This introductory chapter provides an overview of host-guest chemistry, lists some of the
factors that affect a host's selectivity preference, outlines the aim of this thesis, and presents
the host and guest compounds used.

The following chapter (chapter 2) provides detailed explanations of all experimental methods
used.

Chapters 3, 4, 6, and 7 are articles, and chapter 5 is a communication, all of which have been
published in international peer-reviewed journals. Each publication is a separate body of
work. In all cases the text has been reproduced exactly as it appears in the published
manuscripts, and the same figures and tables have been inserted. However, the following
changes were made:

Figures and tables have been renumbered and their styles reformatted to maintain
consistency throughout the thesis.

References are listed at the end of each chapter in the form x.y, where x is the chapter
number and y the reference number. Due to this style, some references are repeated
between chapters. All references have been formatted to the Royal Society of
Chemistry style to maintain consistency throughout the thesis.

Supplementary data for chapters 3—7 have been moved to appendices at the end of
the thesis.

All new crystal structures presented in this thesis have been deposited into the

Cambridge Structural Database, and their codes have been added to the relevant
tables of crystallographic information.

Each of the chapters 3—7 begins with an additional synopsis of the enclosed manuscript,
serving as an extended abstract.

Lastly, Chapter 8 provides a summary of the outcomes of this work and concluding remarks,
and suggestions are made regarding future work in the field of inclusion compounds.
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CHAPTER 2: Methods

(a) 18 January 2016, taken as a new MSc student. (b) 12 December 2018, a naphthalene inclusion
compound with H3, the co-solvent has evaporated and separated from the oily excess guest. (c)
12 March 2021, a ‘two-vial’ vapour sorption experiment, where one vial contains the powdered
host, and the other the liquid guest. (d) 1 March 2021, NMR tubes. (e-g) 21 May 2017, sample
holder to measure in-situ vapor absorption by host powders. (h, i) 6 May 2018, me with the
polarized light microscope, and a section of the lab | in which | worked. (j) 10 July 2021, my lab
coat hook. (k) 28 May 2021, starting material exposed to bromine vapour to prepare H4.



Chapter 2

2.1 LITERATURE SEARCH

2.1.1 Cambridge Structural Database.

Each guest molecule is searched on the Cambridge Structural Database (CSD),%! which stores
published organic and inorganic crystal structures. All structures containing the guest
molecule of interest are examined and used to inform the design of a new separation project.
Noteworthy observations include the types of interactions between guests and other
molecules and, therefore, which moieties a host should have to maximise the likelihood of
forming an inclusion compound. Potential hosts are also searched and this provides useful
information, such as which solvents can be used as a 'neutral’ solvent, i.e., dissolves the host
but does not yield a host-solvent compound.

2.2 SYNTHESIS OF INCLUSION COMPOUNDS

2.2.1 Recrystallisation.

Most inclusion compounds were prepared using the recrystallisation by slow evaporation
technique. The preferred method was to dissolve a host in a liquid guest and allow the guest
to evaporate slowly at ambient temperature (+25 °C) until crystals formed. This worked best
if the guests were liquids with high vapour pressures, e.g., acetone is a liquid at room
temperature and standard pressure (m.p. -95 °C) and boils at 56 °C.

However, in some cases, the host was sparingly soluble in the guest, and some guests were
solids near room temperature or had high normal boiling points. For example, it was not
possible to dissolve H3 in 2-methylnapthalene (m.p. 33—35 °C, b.p. 240 °C). In such cases, a
mutual solvent with high vapour pressure was first used to dissolve the host (e.g., methanol,
chloroform), and to this solution the guest was added. As before, solutions were allowed to
evaporate slowly and crystallise at room temperature.

In some experiments, the effect of crystallisation temperature on the structure of the
resulting inclusion compounds was studied. In these cases, vials containing a solution of host
and guest were sealed and allowed to crystallise at the specified temperatures.

2.2.2 Vapour Sorption and Guest Exchange.

In some experiments, powdered or single crystals of host or host-guest compounds were
exposed to the vapour of volatile guest molecules using either a "two vial experiment" or a
custom-built sample holder (Figure 2.1). In this way, it was possible to produce inclusion
compounds from apohost, and sometimes transform one inclusion compound to another by
exposure to the guest vapours.

Guest exchange experiments were performed using a "two-vial" method. Crystals of inclusion
compounds or apohost were removed from mother liquor, patted dry, and (unless specified)
crushed into a powder. This starting material was set in a short vial, while into a second vial
was added the guest to be exchanged. Both vials were placed inside a sealed jar and left at
room temperature.
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Figure 2.1. Methods of inclusion compound crystallisation by vapor absorption. a) “two vial”
experimental set up, and (b) side on and top views of the powder X-ray sample holder.

2.3  THERMAL DECOMPOSITION

2.3.1 Thermogravimetric (TG) Analysis.

In thermogravimetric (TG) analysis, a sample's weight is measured as it is heated in an
enclosed chamber while purged with a steady flow of inert N2 gas. If a sample is an inclusion
compound, then as the temperature increases the normal boiling point of the included guest,
the guest will vaporise and be carried off the balance by the N, stream, causing the sample
mass to decrease. Using this technique, it was possible to determine whether the materials
under study contained any guest molecules, as no mass loss in the region of the guest's
normal boiling point is indicative of an unsuccessful inclusion experiment. But if a mass loss
was recorded, then the percentage mass loss value was used to confirm the ratio of host to
guest molecules in the inclusion compound.

It is thought that if the energy required to remove guest A from the inclusion compound, H-A,
is larger than the energy required to remove guest B from H*B, then H*A is the more stable
inclusion compound and will be preferentially formed over H*B. The model-free method
based on the Ozawa, Flynn and Wall method?? 3 was used to determine the activation
energy (E,;) of the guest desolvation reaction. This method requires that samples of the
inclusion compound be heated at various rates (B). The temperature (T) that is reached by
each sample, heated at different rates, is measured at regular intervals as the guest
desolvation reaction progresses. Plotted are the heating rates vs temperature recorded for
each chosen extent of reaction, more specifically, In(B/B,) is plotted against 1/T. These points
join into straight lines, the slope of which can be multiplied by negative the universal gas
constant (R) to give the activation energy (E,) of guest desolvation:

Ea
In(B/Bo) = RT +InA
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Note, B, is the standard state (in this case 1 °C min), used to remove units from the
logarithmic calculation. The Kinetics Committee of the International Confederation for
Thermal Analysis and Calorimetry?># recommends that this process should be repeated for
extents of reaction ranging from 5% to 95%. Suppose the resultant straight lines have
different slopes and so give different activation energies. This indicates that the mechanism
of desolvation has more than one step, and changes as the guest desolvation progresses.

TG samples were prepared by removing crystals from the mother liquor, blotting lightly on
filter paper to remove excess solvent, and then lightly crushed to form a powder. The sample
mass varied from between 4-10 mg. Sample material was evenly spread at the bottom of an
open aluminium oxide pan to ensure consistent and reproducible results. A TA-Q500
thermogravimetric analyser was used with Universal Analysis 2000 software (v4.5A, TA
Instrument-Waters LLC) and operating a dry nitrogen purge gas flow rate of 40 ml min. To
determine the activation energy of guest desolvation, the samples were heated at rates of 2,
4, 8, 16 and 32 °C min'!, while 20 or 30 °C min! was used for most other TG experiments.
Samples were heated from room temperature to +40 °Cafter the temperature of
desolvation, or just +£10 °C before the host melt.

(a) (b)
3.5
100
3 L
25 }
— o
X 95 <
&< o 2
wv ° . —
@ —2°/min =
2 —4°/min 15
90 | —8°/min 1
—16°/min a\e
o 05 T 4 95% % 90%  80% 4 70% = 60% ® 50%
32°/min  40% X 30% ¢ 20% 4 15% ®W 10% ® 5%
85 L 0 2 A . - .
40 60 80 100 120 140 2.5 2.6 2.7 2.8 2.9 3.0
Temperature (°C) 1000K/T

Figure 2.2. (a)TG traces collected at heating rates of 2, 4, 8, 16, and 32 °C/minute (b) Plots
of In (8/Bo) versus 1000 K / T at 5%, 10%, 15%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%,
and 95% extent of the guest desorption reaction.

2.3.2 Differential Scanning Calorimetry.

In differential scanning calorimetry (DSC), the sample material is sealed in a lidded pan, and
placed on a thermoelectric disk next to a second, empty reference pan. As the temperature
is increased, heat is transferred to the sample and reference pan. However, the pan
containing sample material can absorb and release additional heat energy, and when these
events take place, a temperature difference between the sample and reference pans will
result. Area thermocouples measure the temperature difference (AT), and the resultant heat
flow (q) is determined by the thermal equivalent of Ohm's law: g = AT / R where Ris the innate
resistance of the thermoelectric disk. A heat flow vs temperature graph is plotted, showing
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peaks and troughs caused by endothermic and exothermic events like melting, vaporisation,
glass transitions, and recrystallisation. In particular, DSC can be used to determine enthalpy
changes and onset and peak temperatures, associated with guest vaporisation. As with TG,
guests that require higher temperatures to be vaporised from the crystal lattice are thought
to form more stable host-guest compounds.

Crystals were removed from vials, blotted dry on filter paper, and gently crushed. Samples
were weighed directly into an aluminium pan on an analytical balance, then sealed with a lid
pierced with two small holes (so vapours can be vented). All samples had a mass of
approximately 1-3 mg. The sample holder was continuously purged during the experiment
with a dry nitrogen flow of 40 or 60 ml min~1. All samples were heated at 20 or 30 °C min!
from room temperature to a few degrees after the host melted. Experiments were performed
using either a TA Instruments DSC-Q200 or Surface Solutions GmbH DSC XP-10 with data
analysed using Universal Analysis 2000 software or a TA Instruments Discovery 25 instrument,
with data analysed using the TRIOS Software programme from TA Instruments.

Temperature (°C)
30 60 90 120 150 180 210 240 270

— H-2(DMSO)
—0.5 hrs
—1.5hrs
=55hrs
—20hrs
—68 hrs
— 88 hrs

XALBUH

Figure 2.3. DSC traces collected at various amounts of time of H4+2(DMSO) exposure the
vapor of acetone, showing the qualitative guest exchange process from DMSO to acetone,
with a consistent melting point of the apohost.

2.4 SELECTIVITY

2.4.1 Competition Experiments.

In some cases, competition experiments were performed to determine the selectivity of a
host towards a particular mixture of guests. The same experimental method was used when
preparing inclusion compounds with only one guest: a known mass of host was dissolved into
various binary mixtures of guests (Figure 2.4). In most cases, the solutions with mixed guests
and co-solvent, were allowed to evaporate. The exception was in Chapter 5, when vials were
sealed and crystallised at low temperatures. The resultant crystals were harvested, and
analysed by either 'H NMR spectroscopy or gas chromatography to determine the relative
composition of guests.
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Figure 2.4. Example of setting up a competition experiment with varying amounts of
guest A (blue) and guest B (green).

The resulting guest concentrations in the crystals are plotted as a function of the guest
concentration in the starting solution. Three general types of selectivity curves generally arise.
The host can show a mild selectivity preference for guest A (over guest B), a strong preference,
or a concentration dependent preference, as seen in Figure 2.5, which is taken from
Nassimbeni.?>

a) 1 b)1 c) 1
Z, r Z,
0 Xy —> 1 0 X, ——> 1 0 Y —

Figure 2.5. Three general types of selectivity curves generally arise. (a) mild selectivity for
guest A (over guest B), (b) strong preference for guest A over B, (c) concentration dependent
preference.

2.4.2 Proton Nuclear Magnetic Resonance (*H NMR) spectroscopy.

Because the nuclei of hydrogen atoms are magnetically active (spin quantum number of 7%),
they behave like small magnets when molecules containing hydrogen atoms are placed in a
strong magnetic field. A broad spectrum of radiofrequency waves is applied to the sample,
causing the nuclei within the molecule to resonate at their own specific frequencies, each
affected in different ways by the other hydrogen nuclei near them. All these resonant
frequencies are measured, Fourier transformed to separate each wave component, and
converted into an NMR spectrum. The spectrum displays peaks on a graph, where the peak
area represents the number of hydrogen nuclei resonating at each specific frequency. The
peaks can be attributed to each hydrogen atom in a molecule, owing to their size and shape.

'H NMR spectroscopy was used to determine the stoichiometry of the host and guests in
inclusion compounds, and particularly the ratio of different guests in crystals resulting from
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competition experiments. Samples were dried on filter paper, and depending on the sample
solubility, dissolved in 0.7 ml of deuterated chloroform (CDCls) or dimethyl sulfoxide (de-
DMSO). The experiments were carried out using a Bruker Ultrashield 300 (300 MHz) or 400
plus (400 MHz) spectrometer. The data was analysed using the programme MestReNova.?®

2.4.3 Gas chromatography.

Gas chromatography (GC) is used to separate compounds in a mixture by injecting a gaseous
sample into the mobile phase, the carrier gas, which moves through a thin column, the
stationary phase. Different compounds in the mixture will move at different paces, slowed
down as they interact with the stationary phase. Columns can be fitted with different
detectors. As the separated compounds exit the column, they are, e.g., combusted into ions
by a hydrogen flame in a process known as flame ionisation detection (FID). In this detector,
two electrodes create a potential difference, and the newly created cations are attracted to
the anode. Upon reaching the anode, a current is induced, where the magnitude of the
current is proportional to the concentration of eluted cation.

When it was not possible to determine the ratio of different guests in the crystals using *H
NMR spectroscopy due to overlapping peaks, gas chromatography with a flame ionisation
detector was used. This was done in both chapters 3 and 4. Crystals were removed from vials,
blotted on filter paper, and left to dry to remove the surface solvent. Crystals were then added
to a GCvial, heated, and then the vapour above the crystals is sampled by the GC needle.

The system used was an Agilent 6890 gas chromatograph/ 7697A Headspace sampler with a
50-m CB Wax 57 capillary column. The inlet temperature was kept constant at 250 °Cand 220
°C, in chapters 3 and 4, respectively. Nitrogen was used as the carrier gas at a constant flow
rate of 1.5 (chapter 4) or 2 ml/min (chapter 3).

In chapter 3, samples were subjected to an initial oven temperature of 50 °C for 2 min,
which then increased to 180 °C at a rate of 8 °C/min, with no hold time. Samples were
equilibrated for 15 min at 120 °C before being transferred to the detector (temperature kept
constant at 250 °C), where the transfer line was set at 140 °C, and the loop temperature at
135 °C.

Similarly, in chapter 4, samples were subjected to an initial oven temperature of 70 °C for
2 min, which then increased by 8 °C each minute to 200 °C and held at 200 °C for 1 min.
Samples were then equilibrated for 15 min at 110 °C, then transferred to the detector
(temperature kept constant at 220 °C), where the transfer line was set at 120 °C, and the loop
temperature at 115 °C. In both studies, the detector gas was hydrogen (30 ml/min), air (400
ml/min), and nitrogen (25 ml/min).
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2.5 STRUCTURE

2.5.1 Ultraviolet-Visible Diffuse Absorbance Spectroscopy.

In chapter 6, solid-state Ultraviolet-visible (UV-VIS) absorption spectra were recorded using
an Analytik Jena SPECORD 210 PLUS spectrophotometer utilising the integrating sphere
attachment. All data were graphically analysed using the software package WinAspect PLUS
3.9.14.

2.5.2 Microscopy.

In chapter 6, photographs were taken with an Axiocam 105 colour camera attached to a Zeiss
SteREO Discovery V8 microscope and processed using the ZEN 2 (blue edition) programme
(Carl Zeiss Microscopy GmbH, 2011).

2.5.3 Single Crystal X-ray Diffraction.

Crystals are made of repeating arrangements of atoms in three dimensions, with covalently
bonded atoms approximately 1-2 A apart. When a crystal is placed in the path of a beam of
electromagnetic waves having a similar wavelength (X-rays, ~1 A) to the distance between
the atoms, then most of the rays will be transmitted through the crystal, but some will be
reflected. The waves can interfere with each other to cause a macroscopic pattern viewable
using an appropriate detector.

Young first demonstrated the phenomenon of diffraction in 1801. He used the sun and needle
holes pricked in paper, proving that for such patterns to form (as in Figure 2.5), light must act
as a wave, and not as discrete particles as previously thought. This phenomenon can be
easily observed using readily available pen lasers (Figure 2.5), which often come equipped
with different tips containing diffraction gratings — sheets with slits that are roughly the same
distance apart as the wavelength of visible light.

Figure 2.5. (a) Interference of waves passing through a double slit 27 (b) red laser light
passed through a double-slit assembly (0.7 mm between slits).>®

The duality of light was not known until Einstein discovered the photoelectric effect, showing that light can
also behave as if it is composed of discrete particles, called photons.
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When a crystal is placed in an X-ray beam, the intensity of the reflected rays is measured as a
function of the incident ray angle (6). Bragg's equation, nA = 2d sin6, (where n is an integer
representing the reflection order and A is the X-ray wavelength) is used to calculate the
distance (d) between layers of atoms, from which crystal's unit cell parameters (see Figure
2.6) can be determined.

Incident
plane wave Y

2dsin @

Figure 2.6 A representation of a single crystal®® with layers separated by a distance d. When
the path difference of reflected rays is equal to an integer multiple of the wavelength, then
reflected X-rays constructively will constructively interfere, and appear as spots on the
detector.

A single crystal was selected using a polarising microscope based on its size (between 0.1 to
0.35 mmi in all dimensions) and quality (clear). The crystal was then coated in paratone oil and
mounted onto a loop. The paratone oil helps to prevent decomposition and provides a rigid
mount during low-temperature data collection.

Data for all crystals were collected on a Bruker KAPPA APEX?19 || DUO single crystal X-ray
diffractometer with graphite monochromatic MoKa radiation (A = 0.7107 A). X-rays were
generated by a Bruker K780 generator (50 kV, 30mA) at a temperature of -120 or -100 °C,
achieved by a constant stream of nitrogen gas at a flow rate of 20 ml min, produced by an
Oxford cryostream 700.

The intensity data were collected using the phi scan and omega scan techniques, scaled and
reduced with either DENZO-SMN?11 212 or SAINT-Plus.?!3 The correction of the collected
intensities for absorption was done using the SADABS?1* programme. The space group was
determined from the systematic reflection absences using the programme XPREP.21> XPREP
was also used to prepare the input data for the programmes SHELXS?'® and SHELXT%'? which
implement direct methods to solve the structure, and SHELXL,%*8 which uses the full-matrix
least-squares method based on reflection F?*to refine the structure. These programmes were
used in conjunction with the graphical interface, X-Seed.?*° 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.
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Hydrogen atoms were refined isotropically and assigned temperature factors that relate to
the atom to which they are attached. Most hydrogen atoms were placed in idealised positions
using a riding model. However, the O-H and N-H hydrogen atoms in host and guest
compounds, were located in the final difference electron density map. Their bond lengths
were fixed using the suggested formulae by Lusi and Barbour,??° who studied the neutron
data of D---A systems, where D and A are donor and acceptor atoms. They derived correlation
formulae that yield sensible positions of the H atoms in such systems, based on the distances
between the donor and acceptor atoms.

When all non-hydrogen atoms were refined satisfactorily with isotropic temperature factors,
they were refined anisotropically. Some C-C and C-O bond lengths in disordered guest
molecules were restrained. One structure was refined as a two-component twin using the
HKLF 5 file and BASF instruction to specify the fractional volume contributions of the twin
components.

Diagrams were generated using Mercury.??% 222 To display and calculate the percentage
volume of space occupied by guests within a crystal, all guest molecules were deleted, and
Mercury's "contact surface" void space method was used with a default probe radius (1.2 A),
and approximate grid spacing of 0.7 A. This clearly shows if guest molecules are located in

channels, cavities or layers within the host framework.

Crystal Explorer was used to create Hirshfeld surface plots, which were used to investigate
packing modes and the intermolecular interactions within a crystal structure.??3 224

PLATON?2> and WingGX?2® was used to calculate bond angles, torsion angles and bond
lengths.

2.5.4 Powder X-ray Diffraction.

In powder X-ray diffraction (PXRD), a powdered sample is placed in the X-ray beam, and the
intensity of the reflected rays is measured as a function of the angle of the incident rays. By
measuring the intensity of the reflected rays at various incident © angles, all possible
diffraction directions of the lattice should theoretically be attained due to the random
orientation of the powdered material. However, some samples still align in a preferred
orientation, and this was mitigated by rotating the sample stage during each data collection.

Crystalline samples were lightly crushed into powders and mounted on a flat (zero-
background) sample holder. PXRD data were recorded on a Bruker D2 phaser diffractometer
using Cu Ka radiation (A= 1.5418 A) generated at 30 kV and 10 mA.

In situ PXRD experiments were carried out on a Bruker D8 powder X-ray diffractometer using
Cu Ko radiation (A= 1.5418 A) generated at 30 kV and 40 mA. The sample holder is shown in
Figure 2.1b. This allowed for changing powder patterns to be measured as compounds
transformed upon exposure to guest vapours. In these kinetic experiments, powders were
first sieved through a 106 um filter to ensure all particles were the same size. Powder
diffraction traces were recorded at 25 °C and repeated at intervals of 25 minutes.
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For each compound, the single crystal X-ray data (unit cell parameters, space group
symmetry, and atomic coordinates) were input into Mercury to produce idealised PXRD
patterns using the same wavelength as that used experimentally in the single crystal structure
determination. The experimentally obtained powder pattern, which results from many single
crystals crushed together, is compared to the simulated PXRD pattern (simulated from one
single crystal). If the patterns match, then it could be concluded that the single crystal chosen
for structure collection is representative of all the crystals that formed. PXRD was also used
to determine whether the desired compound had been obtained in subsequent crystallisation
or vapour-sorption experiments.
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(a) 22 March, one of the first photographs | snapped with Prof. Nassimbeni’s newly purchased
microscope — the polarizer and analyser (Nicol prisms) are at 90° to each other, which produces
the black background and shows the imperfections in the large crystal placed between them. (b)

26 April, | started feeling unwell, so we both donned surgical masks, a sight that used to be
uncommon. (c) 5 April, an unfortunate beetle became an accidental crystal growth medium.
(d) 14 June, crystal and image by Ruth Amoore, grown during her vac work in our lab. (e) 8 July,
Ruth baked and decorated a cake to look like a host-guest lattice. (f) 28 August — 1 September my
first poster presentation was at the European Crystallographic Meeting 30, held in Basel
Switzerland. (g) My ID badge at the Messeplatz congress centre. (h) | thoroughly enjoyed my time
in Switzerland — especially floating down the Rhine with my ‘Wickelfisch’- the official Basel dry-bag.
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3.1 SYNOPSIS

This paper investigates the selectivity by two similar hosts, H1 and H2, which consist of
fluorenol groups separated by different spacers. Previous studies have shown that both H1
and H2 form complexes with the picoline isomers; and H2 also forms complexes with
lutidines. In all cases these host-guest complexes were stabilised by hydrogen bonds between
host hydroxyl moieties and guest nitrogen atoms.

In this study, the three methylpiperidine (MP) isomers and two dimethylpiperidine (DMP)
isomers were selected as guests to recrystallise with H1 and H2. These guest molecules are
structurally similar to the previously used picolines and lutidines, and have normal boiling
points within 25 degrees of one another, which presents a separation challenge.

Eight new host-guest compounds were successfully grown, and their structures characterised
by single X-ray diffraction and thermal analysis. Five of the compounds are of H1 with each of
the guests under study, and the remaining three are of H2 with 2MP, 2,6DMP, and 3,5DMP +
H,0. Attempts to crystallise H2 with 3MP and 4MP resulted in gels, which generally form
when two (or more) components interact and cross-link in such a way as to entrap a large
volume of liquid 3*-33 and does not flow — much like a properly set jelly. While interesting to
ponder the subtle interactions at play that result in either crystals or gels, this was not further
pursued.

Certain competition experiments were performed where H1 or H2 was mixed with an equal
amount of two guests and the solution allowed to crystallise. The proportion of each guest in
the resulting crystals was determined by GC-FID, however neither the GC nor the NMR could
distinguish between 3MP and 4MP, and so these were excluded from the competition
experiments.

Our results showed that at equimolar concentrations of each guest,

H1 is specific (100% selectivity) to 2MP over 4MP, which we note is in contrast with
the literature result for 2- and 4-picoline, against which H1 did not discriminate,

H1 prefers 2MP over 3MP, in the ratio 90 : 10,

H1 is specific to 3,5DMP over 2,6DMP,

This was surprising to us as the compounds with 2MP and 2,6DMP have similar unit
cells and packing, as do the compounds with 3MP and 3,5DMP. We expected then to
observe the analogous selectivity result for 2,6DMP vs. 3,5DMP as for 2MP vs. 3MP,
but this was not the case, and

H2 is specific to 2,6DMP over 3,5DMP. This was interesting, as it is directly opposite
to the selectivity preference of H1.

In order to rationalise the competition results, lattice energies and the Hirshfeld surfaces of
the guests of relevant inclusion compounds were calculated, but these unfortunately
provided no further insights. Although, close study of the DSC curves in 2021 showed that the
peak temperature of the guest endotherm (normalised by subtracting the guest boiling point)
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corresponds to the selectivity preferences of H1 and H2, where the larger Tpeak — Thoil Value
indicates the host preference:
For the H1 structure with 2MP, Tpeak — Thoil = +34° while with 4MP, Tpeak — Thoil = +4°
and +27° (2MP preferred by H1).
For the H1 structure with 3MP, Tpeak — Thoil = +27°, while with 2MP = +34° (2MP
preferred by H1).
For the H2 structure with 3,5DMP and H;O, Tpeak — Twoil = -18°, while with 2,6DMP, Tpeak
— Thoil = +24° (2,6DMP preferred by H2)

However, for the H1 structure with 3,5DMP and 2,6DMP it is the H1°2(2,6-DMP) Tpeak — Thoil
that is the larger, but only by 1 °C. Hence, this selectivity result, and the preference of H1 for
3,5DMP over 2,6DMP could not be confirmed using this technique.

DSC results
Code ST Normal boiling  Guest release Guest release
point (DC) Tpeak (OC) Tpeak — Thoil (OC)

3.1 H1-2(2MP) 118.5 152.1 33.5
3.2 H1-2(3MP) 125.5 152.6 27.1
3.3 H1-2(4MP) 124 128.1 & 151.4 4.1 and 27.4
34 H1-2(2,6DMP) 127.5 143.0 15.5
3.5 H1-2(3,5DMP) 144 158.4 14.4
3.6 H2:2(2MP) 118.5 108.5 & 132 -10& 13.5
3.7 H2-2(2,6DMP) 127.5 151.8 24.3
3.8 H2:2(3,5DMP)*H,0 144 129.2 -17.8

3.2 INTRODUCTION

The separation of a given compound from a mixture is difficult when the various components
have similar boiling points and molecular structures. In such circumstances the process of
enclathration by a suitable host compound may be a practical option. Miyata34 has reviewed
the selectivity of cholic acid when exposed to mixtures of various aromatic guests and has
studied the mechanism of this process. Barton3® has recently discussed the separation of the
three xylene isomers and ethylbenzene by employing the host TETROL and Ward3® has
employed guanidinium o-terphenyl-4-4’-disulfonate to separate the isomers of
dimethylcyclohexane. Most of the separations by host-guest methods are carried out as batch
experiments, but there are increasing contributions of continuous separation methods.
Binev3’ has described a fluidised bed crystalliser for the crystallisation of ternary systems.

A particularly arduous aspect of this process is the case of the separation of enantiomers from
a racemic modification, because they have identical physical properties such as melting
points, boiling points, density, and refractive index. Their only difference is their ability to
rotate plane polarized light in opposite directions.
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The procedure of separation via host-guest chemistry or employing a resolving agent to
separate enantiomers, is dependent on the phenomenon of molecular recognition and may
be summarised as follows:

When a Host compound, H is exposed to a mixture of two guests G1 and G2

H(s,a)‘*anl({z)*'nsz(g)9H'm161'm262 s.8)

The solid host H, in its non-porous a-phase, the apohost, is dissolved in a known mixture of
guests G1 and G; and allowed to crystallise, yielding the inclusion compound. This, the (-
phase, has the host: guests ratio 1: mim,.

The values of myand m, can be established by various analytical techniques such as thermal
gravimetry (TG), gas chromatography (GC) and NMR spectroscopy. It is noteworthy that m1
and m; do not have to be integers or simple fractions as inclusion compounds are sometimes
non-stoichiometric. However, it is important to establish accurate values of m1 and m; in
order to apply sensible site occupancy factors to the various molecular components of the
crystal structure analysis.

Suppose the Host H has a greater affinity for G1 than G.. Then for a perfect separation the
inclusion compound formed would simply be H*m;G; and m,would be zero.

This seldom occurs in practice, and the extent of the selectivity can be calculated via the
selectivity constant. 38

Zg1X
KGl:GZ = “6l GZ/ZGZXGl where XGl+ XGZ =1

where Xg1 and Xg, are the mole fractions of the guests G1 and G, in the mother liquor and Z
and Zg, are their mole fractions in the resulting crystallisation product. A selectivity constant
=> 10 is regarded as a successful result for practical purposes.

The topic of selectivity in host-guest chemistry has been well documented3?® - 319 and goes
back to Emil Fischer’s lock-and-key hypothesis.>1

In this work we employ two hosts with subtly differing structures in order to explore their
selectivity towards selected isomers of methyl- and dimethylpiperidines. The structural
formulae of the hosts together with those of the guests are shown in Scheme 3.1.

H1 and H2 are both typical dumbbell shaped hosts which contain fluorenyl groups separated
by a spacer. The hydroxyl moieties act as hydrogen bond donors to the piperidine guests.
These bulky diol compounds have been proven to be a useful class of hosts in the synthesis
of coordinatoclathrates.

H1 and H2 form inclusion compounds with a variety of guests which include amines, aliphatic
alcohols, ketones and aromatic hydrocarbons.3? Several crystal structures of these
compounds are listed in the Cambridge Structure Database, and their reference codes are
given in the supplementary data.

Of particular interest is the result of the competition experiments between the guests ethanol
and acetonitrile with H1, in which the selectivity profile was practically invariant over the
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whole range of EtOH/ CH3CN compositions, 313 and the details of the structural analyses of
these mixed guest compounds is given.3!* An important result with H2 was obtained by
analysing its selectivity profile with the two guests, aniline and benzylamine, and noting how
the results could be manipulated by changing the pH of the mother liquor.3*>

Scheme 3.1 Host and Guest Compounds

&

H2
H H H H H
N CHs Q N HsC.,, @ wCH; iJiNJ
U CH, HaC “'CH,
CHjy
2MP 3MP 4MP 2,6DMP 3,5DMP
118-119 °C 125-126 °C 124 °C 127-128 °C 144 °C

H1 = 9,9’-(ethyne-1,2-diyl)-bis(fluoren-9-ol)
H2 =9,9’-(1,4-phenylene)-bis(fluoren-9-ol)
2MP = 2-methylpiperidine

3MP = 3-methylpiperidine

4MP = 4-methylpiperidine

2,6DMP = (cis)-2,6-dimethylpiperidine
3,5DMP = (cis/trans)-3,5-dimethylpiperidne

3.3 EXPERIMENTAL

3.3.1 Materials.

The host compounds, H1 and H2, were synthesized by Weber>'? and were used without
further purification. The piperidine guests were all purchased from Sigma Aldrich and used as
received. Single crystals of the inclusion compounds were obtained by dissolving these two
host compounds in a minimum volume of chloroform and adding an excess of the relevant
guest or guest mixture. The resulting solutions were filtered and allowed to crystallise by slow
evaporation.

3.12
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3.3.2 X-ray Crystallography.

Single crystal X-ray diffraction data were collected on a Bruker DUO APEX31 diffractometer
for all structures using Mo Ka (1 = 0.71073 A) at a temperature of 153 K. The intensity data
were collected using the phi scan and omega scan techniques, scaled and reduced with
DENZO-SMN3-17.3-18 or SAINT-Plus.3'° The correction of the collected intensities for absorption
was done using the SADABS program. 3-2°

The structures were solved by direct methods using SHELXS-9732! and refined using full-
matrix least squares methods in SHELXL. The graphical interface used was the program X-
SEED. 322 All non-hydrogen atoms were refined isotropically or anisotropically depending on
the occurrence of disorder in the structures. All C-H hydrogen atoms were placed
geometrically and with a riding model for their isotropic temperature factors. The O-H and N-
H hydrogen atoms in the host and guest compounds, respectively, were located in the final
difference electron density map. Their bond lengths were fixed using the suggested formulae
by Lusi and Barbour323 who studied the neutron data of the D-H---A systems, where D and A
are donor and acceptor atoms. They derived correlation formulae which yield sensible
positions of the H atoms in such systems, based on the distances between the donor and
acceptor atoms. Diagrams were generated using POVRAY in X-SEED3?22 and Mercury (3.5).324

3.3.3 Thermal Analysis.

Thermogravimetric analysis (TGA) was performed using a TA-Q500 Thermogravimetric
Analyser and Differential Scanning Calorimetry (DSC) was performed using a TA Instruments
DSC-Q200. Results were analysed using Universal Analysis 2000 software. The samples were
crushed and blotted dry (4—10 mg for TGA and 1-3mg for DSC) and weighed directly into open
aluminium oxide TGA crucibles or crimped, vented Tzero™ aluminium DSC pans. The
experiments were performed over a temperature range of 20—-350 °C at a heating rate of 20
°C min~! under dry nitrogen with a flow rate of 40 ml min~! in the TGA and 60 ml min' in the
DSC.

3.3.4 Gas Chromatography Headspace.

The system used was an Agilent 6890 gas chromatograph/ 7697A Headspace sampler with a
50-m CB Wax 57 capillary column. Nitrogen was used as the carrier gas at a constant flow rate
of 2 ml/min. The oven conditions included an initial temperature of 70 °C and an initial time
of 2 min, 8 °C/min to 200 °C held for 1 min. The inlet temperature was kept constant at 250
°C, and the FID detector was set at 250 °C with flow rates of hydrogen at 30 ml/min, air at 400
ml/min and nitrogen at 25 ml/min. Samples were equilibrated for 15 min at 120 °C with a loop
temperature of 135 °C and the transfer line set at 140 °C.

3.4 RESULTS AND DISCUSSION
3.4.1 Structures with H1.

Structure 3.1, H1°2(2MP), crystallises in the space group P1 with Z = 1. The host is located on
a centre of inversion at Wykoff position f. The host conformation can be defined in terms of
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the O-C-C-0 torsion angle (Figure 3.1a) and the crystal structure and refinement parameters
for the five structures with H1 are shown in Table 3.1.

The 2MP guest, which lies in a general position, is disordered over two positions with site
occupancies of 0.51/0.49. The structure is stabilized by (Guest)-N-H---O(Host) and (Host)-O-
H --- N(Guest) hydrogen bonds which may be described as R%(8) in Etter's graph set
notation.3%> This is shown in Figure 3.1b. Hydrogen bonding data of all compounds are given
in Table 3.2.

The packing is characterized by pairs of guests which are located in restricted channels
running down [1 0 1] as shown in Figure 3.2. The metrics of the hydrogen bonding for this and
all the remaining structures is given in Table 3.2.

(a) (b)

Figure 3.1. (a) O-C-C-0O host torsion angle and (b) structure 3.1 showing two host H1
molecules and two disordered 2MP guests, linked by R7(8) H-bonding.

Structure 3.2, H1°2(3MP), crystallises in P1 with Z = 2, with all host and guest atoms in general
positions. The hydrogen bonding displays the same pattern as the previous structure with an
R3(8) motif, as is the packing.

Structure 3.3 is similar to structure 3.2 in that there are two hosts and four guests in the unit
cell, in the space group P1. The two crystallographically independent 3MP guests are cis/trans
disordered and refined with site occupancies of 66/34 and 78/22% with cis being the major
isomer in both cases. The hydrogen bonding follows the same pattern as the previous two
structures and the packing, viewed close to the [1 -1 0] direction is shown in Figure 3.3.
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Figure 3.2. The packing of structure 3.1 showing guests in restricted channels viewed
down the c axis.

Figure 3.3 The packing of structure 3.3 viewed close to the [1 -1 0] direction showing guests
in restricted channels.
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Structure 3.4, H1:2(2,6DMP), crystallises in P1 with Z = 1. The host is located at a centre of
symmetry at Wykoff position g, and the structure is similar to structure 3.1, with comparable
unit cell parameters and packing.

Structure 3.5, H1°2(3,5DMP), is similar to structure 3.3 with Z = 2 in P1 and a similar packing
and hydrogen bonding pattern. The starting 3,5-dimethylpiperidine guest is a mixture of
(71/29% cis/trans) as determined by 'H NMR. The crystal structure shows the two
crystallographically independent 3,5-DMP guests to be cis/trans disordered. The refinement
yielded 77/23 and 73/27%, with the major component being the cis isomer: similar to the
starting mixture.

Table 3.2. Hydrogen bonding studied.

Compound Donor (D) Acceptor (A)  D---A/A  D-H/A H---A/A D-H---A/°
3.1 013 N1 2.714(2)  0.997(5)  1.745(8) 162(2)
N1 0132 2.930(2) 0.994(5)  1.995(9) 156(2)

3.2 013 N1 2.676(3)  1.095(5)  1.588(7) 171(1)
013 N12 2.552(1)  1.095(5)  1.605(16) 141(2)

016 N6 2.735(3)  1.002(5)  1.737(7) 173(2)

016 N7 2.669(7)  1.002(5)  1.751(14) 150(2)

N1 013® 2.893(3) 0.997(5) 1.975(12) 152(2)

N12 013 2.976(9)  1.001(5) 2.09(6) 147(9)

N6 016¢ 2.925(3) 0.996(5)  1.963(10) 162(2)

N7 016¢ 3.057(7) 0.999(5)  2.273(4) 135(4)

3.3 013 N1'd 2.640(2) 1.000(5)  1.657(7) 166(2)
016 N1 2.659(2)  1.000(5)  1.697(8) 160(2)

N1 o1e6® 3.039(2) 0.976(5)  2.092(8) 163(2)

N1' 013 3.016(2) 0.977(5)  2.076(7) 161(1)

3.4 013 N1 2.718(2)  1.000(1)  1.765(7) 158(1)
N1f 013 3.005(2) 1.000(1)  2.030(5) 164(2)

3.5 N1 016 2.993(2) 0.979(5)  2.056(11) 160(2)
N1’ 013 2.908(2) 0.979(2)  2.000(12) 153(2)

016 N1¢ 2.655(2) 1.096(5)  1.584(9) 164(2)

013 N1’ 2.606(3) 1.096(5)  1.538(10) 163(2)

3.6 013 N1 2.678(19) 0.986(5)  1.697(19) 173(2)
013 N2 2.766(12) 0.986(5)  1.786(13) 172(1)

N1 0138 3.091(8) 0.993(5)  2.163(8) 155(2)

N2 0138 3.121(5) 0.997(5)  2.163(8) 161(1)

3.7 013 N1 2.773(2) 0.997(5)  1.780(6) 173(2)
N1 013" 3.234(2) 0.992(5)  2.278(7) 161(1)

3.8 013 N6 2.691(2) 0.998(5)  1.698(6) 173(2)
N6 013 3.032(2) 0.996(5)  2.105(12) 155(2)

01 013 2.955(4) 1.011(5)  2.037(4) 150(1)

a.x, 2-y, 1-z b_x, 1-y, 1-z €1-x, 1-y, -z 41-x, -y, 1-z €., -y, -Z
Fo1-x, -y, -z 81-x, 2-y, 2-z h-1-x,-1-y,-z  '-x,y, —z—%
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3.4.2 Structures with H2.

We obtained single crystals of H2 with 2MP, 2,6DMP, and 3,5DMP. We failed to obtain
suitable crystals with 3MP and 4MP despite repeated attempts at crystallising the solutions
of this host in the pure methylpiperidines by slow evaporation. The products obtained were
invariably gels.

The crystal structure and refinement parameters for the inclusion compounds obtained with
H2 are given in Table 3.2; hydrogen bonding data are specified in Table 3.2. There is evidence
of C-H:--m interactions in structures 3.6, 3.7, 3.8. We have used the distance criteria of
C-H---mt < 3.53263nd have deposited the metrics of these interactions in the Supplementary
Information.

Structure 3.6, H2°2(2MP) crystallises in P1 with Z = 1. The host is located at a centre of

inversion at Wykoff position c. The structure is shown in Figure 3.4a. The 2MP guest is
disordered and shown in Figure 3.4b, with site occupancy factors of 59/41%.

(b)

Figure 3.4. (a) The packing of structure 6 as viewed along [0 0 1] and (b) 2MP guest disordered.

The hydrogen bonding pattern follows that displayed by the H1°2(2MP) structure and is again
characterised by the R3(8) motif. The packing is characterised by planes of alternating H2 and
2,6DMP layers parallel to the ac plane.

Structure 3.7, H2°2(2,6DMP), also crystallises in P1 with Z = 1 and the host on a centre of
symmetry at Wykoff position c. The packing and hydrogen bonding are similar to that of
structure 3.6 and it is noteworthy that the mode of disorder of 2MP yields an overall
molecular shape which is comparable to that of 2,6DMP.

Structure 3.8, H2+2(3,5DMP)*H0, crystallises in C2/c with Z = 4. The host is located at 1 at
Wykoff position a and the 3,5DMP guest is in a general position. The structure is a
monohydrate, with the water oxygen located on the diad at Wykoff position d. The water
hydrogens could not be located, but the interatomic distances of the water oxygen O1 to the
hydroxyl oxygen 013 of the host is 2.96 A, indicating a weak hydrogen bond. 327 328 We
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inserted the hydrogen atom with OH distance 1.01 A. The *H NMR shows evidence of a small
percentage of the trans 3,5DMP stereoisomer (15%) in the dissolved crystals, but we could
find no proof of the trans isomer in the refined crystal structure.

The packing is shown in Figure 3.5a, which displays a chain of host molecules interconnected
by hydrogen bonding pairs of 3,5-dimethylpiperidine and the water molecules. The chain runs
along [0 0 1] and the structure is characterised by restricted channels which accommodate
the 3,5DMP guests, and run along [0 1 0]. This is illustrated in Figure 3.5b.

s A

A

\'\ﬁ' " 'uﬁ'.\v 'W' Ol

Figure 3.5. (a) Hydrogen bonding of structure 3.8 and (b) packing of structure 3.8 as viewed
along [010] showing the guests located in restricted channels down this axis.
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3.4.3 Competition Experiments.

In all the competition experiments, the molar ratio of host : total guest in the starting mother
liguor was 1: 100, ensuring that the guests in the mixture were in excess. The guest ratio of
the ensuing crystals was established by GC- HS.

H1 has been previously employed to discriminate between pyridine and the three isomers of
picoline.3?° The competition experiment between 2-picoline and 4-picoline showed poor
selectivity, but in the three-component experiment between pyridine, 2-picoline and 4-
picoline, 2-picoline was favoured. We therefore investigated the selectivity between 2MP and
4MP, the results of which are displayed in Figure 3.6. These show that 2MP is completely
enclathrated when X;pp 2 0.3.

0.8

0.6

0.4

Zowmp (crystals)

0.2

0 0.2 0.4 0.6 0.8 1
Xymp(solution)

Figure 3.6. Results of the 2MP vs. 4MP competition experiments, showing a
concentration dependent selectivity.

We also carried out simple selectivity experiments between H1 and equimolar 2MP/3MP
yielding 90% 2MP and H2 and equimolar 2MP/3MP yielding 57% 2MP.

The structures containing the guests 2,6-dimethylpiperidine and 3,5-dimethylpiperidine were
obtained with both H1 and H2. Competition experiments were therefore performed by
exposing each host to equimolar mixtures of 2,6DMP and 3,5DMP

The results were:

H1 + (2,6DMP + 3,5DMP)
H2 + (2,6DMP + 3,5DMP)

- H1-2(3,5DMP)
- H2-2(2,6DMP)

equimolar

equimolar

The results from the GC-HS analysis showed that the discrimination was complete (>99%) with
only a small trace of the excluded guest showing on the GC trace.

The question that arises is: why does H1 prefer 3,5DMP while H2 prefers 2,6DMP?

We tackled this problem by analysing the final products of the competition experiments by a
packing analysis of the structures with the program Crystal Explorer, 33°-332 the calculation
of lattice energies and the results of thermal analyses.

3-13



Chapter 3

The Hirshfeld surface analysis of each of the four structures, H1-2(2,6DMP), H1-2(3,5DMP),
H2-2(2,6DMP), H2-2(3,5DMP)*H,0 and their corresponding fingerprint plots targeting the
host molecule in each case, were computed. While we could interpret all the main features
of the 2D fingerprint plots in terms of the various non-bonded interactions arising from the
packing, the four plots were very similar. This was confirmed by the metrics giving the
percentage interactions arising from H---H, H---C contacts and the hydrogen bonds. These
values were close for the pairs of structures containing the same host, and the result was
therefore inconclusive. We have deposited the fingerprint plots and the accompanying
metrics in the supplementary information.

Lattice energy calculations using Gavezzotti’s program?33% 33 AA-CLP were carried out. The
values obtained for H1<2(2,6DMP) and H1-2(3,5DMP) were -325.8 kimol? and
- 324.3 kJmol, respectively. These are within the margin of error of the calculation, and
therefore cannot be used to discriminate between the two compounds. No calculations were
carried out for the compounds with H2 because the clathrate H2+2(3,5DMP)*H,0 is a
monohydrate and this renders any comparison with the other compounds invalid.

3.4.4 Thermal analysis.

The results of the thermal analysis are shown in Figures 3.7 and 3.8 and summarised in Table
3.4.

The TG of the H1+2(2MP) compound displays a single step for the desorption reaction, with
the DSC showing the corresponding endotherm. However, the DSC of the H1+2(4MP) crystals
yielded two endotherms for the guest loss and the corresponding TG records a kink in its
profile, indicating a more complex desorption reaction.

Exo
2 X
o o
L -
= .20
()
Q
T =
Endo

° :

Temperature (°C)
Figure 3.7. TGA (unbroken lines) and DSC (broken lines) traces for the H1:2(2MP) (red) and
H1-2(4MP) (blue) compounds.

The TG traces for the H1+2(2,6DMP) and H1+2(3,5DMP) compounds both exhibit a single step
reaction for the loss of the guests (red curve for 3,5DMP and blue curve for 2,6DMP). The
accompanying table shows good agreement between observed and calculated percentage
loss values.
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The DSC curves (red broken line for 3,5DMP and blue broken line for 2,6DMP) are more
instructive. Since the endotherms due to guest loss are rather broad, we could not evaluate
onset temperatures Ton accurately and therefore report the peak temperatures Tpeak. For H1,
the endotherm corresponding to 3,5DMP has Tpeak = 158.4 °C, while that for 2,6DMP has Tpeak
at 143.0 °C, 15.4 °C lower. The higher value of Tpeak Shows which guest is more strongly
retained in the crystal structure.

In Figure 3.8b, however, the two guest loss endotherms occur the other way round. The
higher Tpeak for 2,6DMP occurs at 151.8 °C while that for 3,5DMP occurs at the lower
temperature of 129.2 °C. This is in total agreement with the results of the competition
experiment, a gratifying result.

Figures 3.8a and b both exhibit further smaller peaks before the melt endotherms of the
respective hosts H1 and H2 with 2,6DMP. These are attributed to possible polymorphic
changes of the host after guest loss.
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Figure 3.8. (a) TGA (unbroken lines) and DSC (broken lines) traces for the H1+2(3,5DMP)
(red) and H1+2(2,6DMP) (blue) compounds and (b) TGA (unbroken lines) and DSC (broken
lines) traces for the H2+2(3,5DMP)+H,0 (red) and H2+°2(2,6DMP) (blue) compounds.

Table 3.4. Thermal analysis results.

Mass loss Mass loss Guest release Host melt

el LR (obsd) % (calc) % Tpeak /°C Tpeak /°C
3.1 H1-2(2MP) 335 33.9 152.1 243.9
33 H1-2(4MP) 33.0 33.9 128.1 & 151.4 244.1
3.4 H1-2(2,6DMP) 36.7 36.7 143.0 2453
3.5 H1-2(3,5DMP) 37.0 36.7 158.4 244.6
3.7 H2-2(2,6DMP) 34.0 34.0 151.8 265.8
3.8 H2-2(3,5DMP)-H,0 33.7 35.8 129.2 265.9
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3.5 CONCLUSION

The inclusion compounds formed by H1 and the various methylated piperidines display
similar packings stabilized by O-H---N and N-H---O hydrogen bonds. The competition
experiment of H1 exposed to equimolar 2,6DMP and 3,5DMP results in the selection of
3,5DMP. H2, however, yields the opposite result, preferring 2,6DMP. This outcome
could not be explained by packing analysis or lattice energy calculations, but is in
agreement with the thermal analytical TG and DSC profiles. We surmise that the
selectivity may be governed by kinetic effects of host-guest aggregation at the
nucleation stage of host-guest aggregation.
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4.1  SYNOPSIS

This paper investigates the selectivity by the same bulky diol host (H1) used in Chapter 3. In
this work the guests chosen were similarly structured aliphatic alcohols with close boiling
points. Unsuccessful enclathration attempts led to the crystallisation of two new polymorphs
of the apohost (host without guest), which display different conformations, as characterised
by the O-C-C-O torsion angle. The lattice energies of the polymorphs were calculated using
Gavezzotti’s AA-CLP programme, with the difference between them equal to 5.7 k) mol. The
structure of the more stable polymorph contains hosts which display both the cis (O-C-C-O
torsion angle = 0°) and trans conformation (torsion angle = 180°). The polymorph with the
higher lattice energy contains hosts that display the cis conformation only.

The relaxed potential energy of the gas-phase host molecule was scanned as a function of its
O-C-C-0 torsion angle. The results, computed using density functional theory (DFT), show a
small maximum energy difference between all possible host conformations equal to = 2 kJ
mol?, which suggests that any conformers are accessible in the solid state.*1-43

Reported also are four new inclusion compounds of H1 with an alcohol guest, either 3-
methylbutan-2-ol (3MBUT), 3-pentanol (3PENT), 2-pentanol (2PENT), or 1-butanol (1BUT).
These four alcohols all boil within 2.5 °C of each other, which would make a mix of them
challenging to separate by conventional methods. The apohost polymorphs and inclusion
compounds were characterised by thermal analysis and X-ray diffraction.

It was noted that the three structures with pentanol isomers, which are secondary alcohols,
are all comprised of a unit cell containing two guests and two hosts in the trans conformation,
together forming a ring of hydrogen bonds described as R(8) in Etter’s graph set notation.
While in the unit cell of H1 with the smaller, but less bulky, 1BUT (and also 1-propanol,
denoted as IFAHOM in the CSD) there are instead four gauche hosts (torsion angle = 100°)
and four guests, which form a hydrogen bonded motif described as R§(16).

To determine the selectivity for these alcohols, the host was exposed to equimolar mixtures
of two guests and allowed to crystallise. These competition experiments revealed that
whenever H1 was presented with an equal mix of 1BUT and a pentanol, the pentanol was
always preferred. It also was found that H1 is selective towards 3PENT over 3MBUT in ratio
80:20, but only mildly selective towards 3PENT over 2PENT (63:37). In turn H1 preferred
2PENT over 3MBUT in the ratio 71:29. The combined results yields the overall preference of
the host for the four alcohols in the following order: 3PENT > 2PENT > 3MBUT> 1BUT.

To try account for these results, Hirshfeld surfaces of the inclusion compounds were
computed, but revealed no great insight. It was, however, noted that the selectivity by the
host could be linked to the DSC traces collected from the pure inclusion compounds. The peak
temperature of the endotherm due to guest desorption (normalised by subtracting the guest
boiling point) gives a measure of how strongly the guest is held within the host framework.*#
In the table below, the Tpeak — Twoil Values correspond to the selectivity ranking assigned to
that host-guest compound, where the less negative the Tpeak — Thoil Value, the more preferred
that alcohol guest is by the host.
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DSC results in order of the host’s preference for the four aliphatic alcohols

Guest Guest Guest
Compound G normal release release Selectivity
P boiling point  Tpeak Tpeak — Thoil ranking
(°C) (°C) (°C)
3H1+6(3PENT)  3-pentanol 115 103 -11 1
H1-2(2PENT) 2-pentanol 119 92.3 -26.7 2
H1-2(3mBUT) O Mmethyl-2- 114 86.7 273 3
butanol
H1-2(1BUT) 1-butanol 118 47 & 79 | -40 & -71 4

4.2 INTRODUCTION

Selective enclathration, whereby a host compound preferentially combines with a
given guest molecule in a mixture, depends on the phenomenon of molecular
recognition. A quantitative measure of the efficiency of this process is the selectivity
constant.

Consider a binary mixture of two liquid guests A and B of known composition. If a host
H is dissolved in this mixture and the resulting solution is allowed to crystallise, the
crystalline product can be harvested and analysed. If the mole fractions of the two
guests in the mother liquor are Xa, Xg and those in the crystals are Za, Zg then the
selectivity constant,*> :

Z X
Kag = A/ZB X B/XA

This isillustrated in Figure 4.1, where the starting mother liqguor contains an equimolar
mixture of the guests, and the crystals have a composition shown by point P. The
selectivity constant is given by the ratio of the areas I/Il. In Figure 4.1, the broken line
represents the selectivity profile of the host in which A is preferred over B over the
complete range of A/B compositions. Different kinds of selectivity curves may occur
arising from the results of competition experiments. These have been described in
detail*® for binary mixtures and for three-component systems.*”’
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Xg >

Figure 4.1. A competition experiment between an equimolar mixture of two guests A
and B which yielded a greater percentage of A than of B in the inclusion compound.48

In this work, we have employed the host 9,9’-(ethyne-1,2-diyl)-bis(fluoren-9-ol) (H1)
to study the separation of the four aliphatic alcohols 3-methylbutan-2-ol (3MBUT), 3-
pentanol (3PENT), 1-butanol (1BUT) and 2-pentanol (2PENT).

The host H1 and the guests are shown in Scheme 4.1. The four alcohols have boiling
points from 114 °C to 119 °C, rendering separation by distillation impractical.

This host compound has been used previously in the study of its inclusion compounds
with ethanol and acetonitrile, and its selectivity profile for mixtures of these guests has
been determined.*® The separation of the picoline isomers has been described*'° and
the structures with caffeine and methanol have been characterised.*!! Recently, the
selectivity of this host for methylated piperidines was studied by elucidating crystal
structures and their packing, as well as analysing their decomposition profiles via
Differential Scanning Calorimetry (DSC). 42

Scheme 4.1. Host and Guest Compounds

HO
3MBUT
. 114 °C
. OH //“\T/”\\ 3PENT
H | | OH 115 °C

1BUT

P ZNSoH 1o
» o

//A\\//L\\ 2PENT

119°C
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4.3  EXPERIMENTAL

4.3.1 Materials.

The host compound, H1 was synthesized by Weber#*!?® and used without further
purification. The alcohol guests were all purchased from Sigma Aldrich and used as
received. Single crystals of the inclusion compounds were obtained by dissolving H1 in
chloroform and adding an excess of the relevant guest or binary guest mixture. The
resulting solutions were filtered and allowed to crystallise by slow evaporation at room
temperature.

4.3.2 X-ray Crystallography.

Single crystal X-ray diffraction data were collected on a Bruker DUO APEX [1414
diffractometer for all structures using Mo Ka (1 = 0.71073 A) at a temperature of 153
K. The intensity data were collected using the phi scan and omega scan techniques,
scaled, and reduced with SAINT-Plus.*1°> The correction of the collected intensities for
absorption was done using the SADABS program.*16

The structures were solved by direct methods using SHELX-97%'7 and refined using full-
matrix least squares methods in SHELXL.*!” The graphical interface used was the
program X-SEED.*!8 All C-H hydrogen atoms were placed geometrically and with a
riding model for their isotropic temperature factors. The O-H hydrogen atoms were
located in the final difference electron density map. Their bond lengths were fixed
using the formulae suggested by Lusi and Barbour*!° who studied the neutron data of
the O-H---O systems. Diagrams were generated using MERCURY (3.5).420

Powders were mounted on a flat zero-background sample holder. X-ray powder data
were collected in a Bruker D2 PHASER Desktop X-ray diffractometer with copper
radiation (Cu Ka, A = 1.5406 A) at 30 kV and 10 mA. Each sample was scanned between
4 and 50° 20 with a step size of 0.02°.

4.3.3 Thermal Analysis.

Thermogravimetric analysis (TGA) was performed using a TA-Q500 Thermogravimetric
Analyser. Results were analysed using Universal Analysis 2000 software. The samples
were crushed and blotted dry (4—10 mg) and weighed directly into open aluminium
oxide TGA crucibles. Differential scanning calorimetry (DSC) was performed using a
Surface Solutions GmbH DSC XP-10. Crushed and dried samples (1-3 mg) were
weighed directly into a vented aluminium pan on an analytical balance.

The experiments were performed over a temperature range of 20—300 °C at a heating
rate of 20 °C min~! under dry nitrogen with a flow rate of 40 ml/min.

4.3.4 Gas Chromatography Headspace.

The system used was an Agilent 6890 gas chromatograph/ 7697A Headspace sampler
with a 50-m CB Wax 57 capillary column. Nitrogen was used as the carrier gas at a
constant flow rate of 1.5 ml/min. The oven conditions included an initial temperature
of 50 °C and an initial time of 2 min, 8 °C/min to 180 °C with no hold time. The inlet
temperature was kept constant at 220 °C, and the FID detector was set at 220 °C with
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flow rates of hydrogen at 30 ml/min, air at 400 ml/min and nitrogen at 25 ml/min.
Samples were equilibrated for 15 min at 110 °C with a loop temperature of 115 °C and
the transfer line set at 120 °C.

4.3.5 !H Nuclear Magnetic Resonance (NMR) Spectroscopy.

'H NMR spectra were recorded on a Bruker 300MHz with DMSO as internal standard.
Samples were blotted dry, crushed, and dissolved in deuterated d6-DMSO. The
appropriate signals were integrated to determine the relative proportions of the
guests.

4.4  RESULTS AND DISCUSSION

4.4.1 New Inclusion compounds.
Two polymorphs of the apohost were crystallised and their structures elucidated.

Apohost(a), was crystallised from a solution of the host dissolved in 3-methyl-1-
butanol. The resulting structure crystallised in C2/c with Z = 8 and the conformation,
as defined by the torsion angle 013-C13-C16-016, (16.1°), may be regarded as cis
(Figure 4.2a).

The packing is characterised by hydrogen bonded dimers

(Host)O—H'--(l)(Host)
H

with d(O --- O) = 2.89 A (Figure 4.2b). The dimers are interlinked by
(Host)O-H---mt(Host)interactions with d(O-H...rt) = 2.84 A*2L 422 \yhijch give rise to Host
molecular columns in the [001] direction (Figure 2c). The refinement parameters for
all structures are given in Table 4.1 and the metrics of the hydrogen bonding for all
structures are given in Table 4.2.

Apohost(f3), was crystallised from a solution of the host dissolved in 1-butanol at 50
°C. The resulting structure crystallised in P1 with Z = 3. One molecule, with torsion
angle O-C-C-O at 0.7°, adopts a cis- conformation, while a second molecule is located
on a centre of inversion at Wyckoff position h, and is necessarily trans-. It is noteworthy
that this structure displays the host in both cis- and trans- conformations. Therefore,
an energy calculation was performed on a single molecule in vacuo, varying the O-C-C-
O torsion angle from 0° to 360°,%23 - 429 the details of which are given in the
Supplementary Information.
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(a) (b)

Figure 4.2. (a) O-C-C-O host torsion angle, (b) two host molecules connected by O-H:--O
hydrogen bonds and (c) Apohost(a), showing host columns interlinked by O-H:--O (red) and
O-H:-- 1t (blue) hydrogen bonds.

4-6



Table 4.1. Crystallographic data parameters of the Host-Guest complexes studied.

Compound

Structural formula
Host: Guest ratio
Molecular mass

(g'mol?)

Data collection

temp. (K)

Crystal system
Space group

a(A)
b (A)
c (A)
al®)
B(°)
y(°)
Volume(A3)
Z

Dc, calc density

(g-cm™)
0 range
Reflections
collected

No data I>2 sigma

(1)

Final R indices
[1>2 sigma (1)]
R indices (all data)
Goodness-of-fit

on F2

Host torsion angle

(°)
CCDC no.
CSD refcode

Apohost
()
Cxs Hiz O2

386.45
153

Monoclinic
C2/c
18.455(4)
14.363(3)
15.938(3)
90
113.45(3)
90
3875.7(13)
8
1.325

1.86-27.98
27944

4079
0.0387

0.0982
1.040

16.1

1540357
PAZTUI

Apohost

(B)
C2s His O2

386.45
153

Triclinic
P1
9.7243(19)
10.424(2)
14.814(3)
94.05(3)
102.03(3)
93.31(3)
1460.9(5)
3
1.318

1.41-28.43
39652

6144
0.0418

0.1000
1.025

0.7 &180

1540358
PAZTUIO1

H1:2(3MBUT) 3H1-6(3PENT)

C3g Haz O4
1:2
562.75

123

Triclinic
P1
9.869(2)
13.153(3)
14.18(3)
63.18(3)
86.31(3)
83.31(3)
1632.1(6)
2
1.145

1.61-28.30
36160

6643
0.0488

0.1243
1.030

157.6

1540359
PAZVEU

C114 H12s O12
1:2
1687.24

153

Triclinic
P1
9.6915(19)
15.3801(31)
16.4385(33)
91.21(3)
98.29(3)
91.87(3)
2422.6(8)
1
1.156

1.25-27.94
73746

8408
0.0466

0.1104
1.026

151.7 & 180

1540362
PAZVUK
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H1:2(1BUT) H1-2(2PENT)

C36 H3g O2
1:2
534.70

153

Triclinic
P1
8.8074(18)
13.145(3)
14.259(3)
75.84(3)
75.56(3)
75.70(3)
1520.8(5)
2
1.168

1.52-27.96
15786

5399
0.0457

0.1026
1.022

101.4

1540360
PAZVIY

C3g Ha2 O4
1:2
562.75

153

Triclinic
P1
8.5130(17)
9.5480(19)
12.017(2)
101.52(3)
103.71(3)
114.49(3)
813.1(3)
1
1.149

1.85-27.94
11684

3211
0.0455

0.1139
1.032

180

1540361
PAZVOE



Table 4.2. Hydrogen bonding studied.

Compound

Apohost (a)

Apohost (f3)

H1-2(3MBUT)

3H1+6(3PENT)

Donor (O)
016

041
013

01
O1A
013
013
016¢
016¢
016¢
016
016
016

02
02A
02B

02
02A
02B

036
036"
013
013
013
041¢
041
013
041
013¢
036°
036"
013"
013"
016
016
031f
031"
016
016

Acceptor
(0)
013°

016
041°

013
013
0o1°
O1A°¢
02
02A
028
02
02A
028
016
016
016
0164
0164
0164

013
013
036
036
041¢
013
013"
041
013¢
041
013"
013"
036°¢
036'¢
031
031"
016
016
031f
031"

0---0 (A)
2.886(15)

2.927(2)
2.876(1)

2.752(3)
2.612(9)
2.678(3)
2.639(8)
2.742(6)
2.685(9)
2.637(9)
2.749(7)
2.641(10)
2.715(11)
2.749(7)
2.641(10)
2.715(11)
2.742(6)
2.685(9)
2.637(10)

2.723(8)
2.777(8)
2.777(8)
2.723(8)
2.739(2)
2.739(2)
2.709(2)
2.709(2)
2.739(2)
2.739(2)
2.692(8)
2.745(8)
2.692(8)
2.745(8)
2.702(25)
2.673(7)
2.676(14)
2.716(4)
2.676(14)
2.716(4)

O-H (A)
0.993(5)

0.994(5)
0.993(5)

0.982(5)
0.976(5)
0.975(5)
0.975(5)
0.977(5)
0.977(5)
0.977(5)
0.977(5)
0.977(5)
0.977(5)
0.979(5)
0.981(5)
0.978(5)
0.976(5)
0.980(5)
0.982(5)

0.965(5)
0.970(5)
0.968(5)
0.968(5)
0.968(5)
0.968(5)
0.978(5)
0.979(5)
0.968(5)
0.968(5)
0.969(5)
0.968(5)
0.967(5)
0.967(5)
0.980(5)
0.980(5)
0.964(5)
0.969(5)
0.969(5)
0.969(5)

H.--0 (A)
1.905(6)

1.996(9)
1.886(6)

1.787(5)
1.787(5)
1.748(5)
1.763(5)
1.872(5)
1.890(5)
1.715(5)
1.787(5)
1.667(5)
1.820(5)
1.822(5)
1.822(5)
1.822(5)
1.786(5)
1.786(5)
1.786(5)

1.860(2)
1.860(2)
1.830(1)
1.782(1)
1.779(8)
1.882(24)
1.768(15)
1.772(19)
1.882(24)
1.779(8)
1.842(27)
1.842(27)
1.742(13)
1.802(13)
1.741(26)
1.700(10)
1.841(18)
1.841(18)
1.815(31)
1.9169

Chapter 4

<
O-H---0(°)
169(2)

156(2)
174(2)

167(3)
140(2)
158(2)
148(2)
147(3)
137(3)
156(3)
168(4)
174(4)
151(4)
157(4)
139(4)
150(4)
166(5)
151(4)
143(3)

147.25
156.60
165.34
163.23
170.93
146.13
160.28
158.92
146.13
170.93
144.72
153.85
166.16
164.00
165.98
171.41
143.10
148.72
146.34
138.11
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H1-2(1BUT) 029’ 016 2.734(2)  0.965(5)  1.775(6) 172(2)
016 OA 2.681(20)  0.975(5)  1.714(21) 171(2)
016 OB 2.623(16)  0.975(5)  1.658(17) 170(2)
016 oC 2.689(11)  0.975(5)  1.722(23) 171(2)
OA 013¢ 2.737(5)  0.967(5)  1.782(6) 169(2)
OB 013¢ 2.724(5)  0.967(5)  1.782(6) 164(2)
oC 013¢ 2.739(5)  0.968(5)  1.782(6) 169(2)
013 029 2.649(2)  0.977(5)  1.687(7) 167(2)
H1-2(2PENT) 013 016 2.670(1)  0.970(5)  1.726(1) 163(1)
016 013" 2.781(2)  0.965(5)  1.891(1) 152(1)

Symmetry codes: (a) 1-x, 1-y, -z (b) x-1, vy, z (c) 2-x, 1-y, 1-z (d) 1-x, 2-y, -z (e) -X, -y, -z
(f) 1-XI 1'\’; -1-z (g) 1+XI Y,z (h) -X-ll -y, -Z

The result is given in Figure 4.3, which shows that the energy profile is symmetrical,
and the lowest energies occur at 75° and 285°, corresponding to = gauche
conformations. The energy difference between these and the trans- conformation is
small, amounting to = 2.2 kJ moll: comparable to the thermal energy of an ideal gas at
room temperature.

While this is not directly commensurate with values obtained from results in the solid
state, it suggests that both conformations are likely to occur.

2.5

[=
H
w

AE (kJ mol?)

[=]
h
w

0 60 120 180 240 300 360

Torsion angle (°)

Figure 4.3. DFT calculations computed potential energy scans of the host molecule with
varying torsion angles.

The packing of Apohost(B), displays a double column of hydrogen-bonded cis- hosts,
bridged by the trans- molecules, which run along [100]. The structure is also stabilised
by (cis-Host)O-H ---rt(cis-Host) interactions with d(O-H---) = 2.64 A.*2L 422 This is
shown in Figure 4.4.
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Comparison of the packing of the apohost polymorphs was carried out using Crystal
Explorer,#39-432 3nd the fingerprint plots are shown in Figure 4.5.

Figure 4.4. The packing of Apohost(f3), viewed down [010] showing columns of cis- host
molecules interlinked by O-H---O (red) and O-H---  (blue) hydrogen bonds; bridged by trans-
host molecules.

For Apohost(a), (Figure 4.5a) the peaks ® and @ represent the O-H:--O hydrogen
bonds and ® represents the H-:-H contacts. For Apohost(B), two fingerprint plots
were calculated, targeting the cis- and trans- molecules respectively. Figure 4.5b (cis-
conformer) is similar to that of the Apohost(a) structure, but the plot for the trans-
conformer, Figure 4.5c, is different: although peaks @ and @ occur at di + de ~ 1.90 A
as in the other structures, the H---H interaction peak ® is clearly different, and the
accompanying table recording the % of the main interactions shows that the
(Host)OH---O hydrogen bond has a higher occurrence than in the other structures.

The full data with the percentage atom---atom interactions for all these structures
have been deposited in the Supplementary Information.

The lattice energies of these two polymorphs have been calculated using Gavezzotti’s
programme?*33 434 AA-CLP. The result yielded -192.7 kJ mol? for polymorph (a) and -
198.4 kJ-mol? for polymorph (B). The difference of 5.7 kJ mol? is small, but possibly
significant.

For the remaining structures the host was practically insoluble in the liquid guests at
25 °C and we therefore employed CHCI3 as a co-solvent.

H1:2(3MBUT), crystallises in P1 with Z = 2, with all host and guest atoms in general

positions. The guest molecules are disordered and were refined anisotropically.

The packing is shown in Figure 4.6 viewed along [100]. It is characterised by two

hydrogen bonded rings centred on Wyckoff positions a and h and described as Rﬁ(S) in

Etter’s Graph Set Notation.*3% The"-;.H< G>H< G>H.;;:" chains runin the [111] direction.
G G -
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G (b)

| di di

T U6 UB TU I YA IE I8 22U X7 24 26 218 UGS UR TU L TA NG I8 22U X7 2N 26 I8

(c) ;agde

di

Figure 4.5. 2D fingerprint plots for (a) Apohost(a) (cis-) , and (b) Apohost(f) (cis-) and (c)
Apohost(f) (trans-).

3H1:6(3PENT), also crystallises in P1. In this case, however there are three host
molecules in the unit cell, one of which lies on a centre of inversion at Wyckoff position
a, and six guest molecules. The packing is similar to that of structure Apohost(a), with
the hydrogen bonded Host:--Guest---Host chains also running along [111]. The 3-
pentanol guests are again disordered over two positions.

The H1+5(1BUT) compound, crystallises in P1, Z = 2, with all the molecules in general
positions and one of the guests is disordered. The packing, however, is different from
those of H1:2(3MBUT) and 3H1+6(3PENT), in that four guests and four hosts form a
host-guest ring, R§(16), and the rings are bridged by a pair of host molecules. The
resulting chains are shown in Figure 7 and run along [100].

The packing is similar to that of the H1+2(1-propanol) (IFAHOM) structure which was
previously published by Edwin Weber.

H1-2(2PENT), crystallises in P1,Z = 1, with one host on a centre of symmetry at Wyckoff
position a. The guest is disordered over two positions and the packing is similar to that
of structures H1-2(3MBUT) and 3H1:6(3PENT), with the host-guest chains running
along [100].
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b
/ /
Figure 4.6. H1:2(3MBUT) viewed Figure 4.7. H1-2(1BUT) with R&(16) hydrogen

down [100] with R%(8) hydrogen bond motif shaded in red.
bond motif shaded in red.

4.4.2 Selectivity.
A series of competition experiments was carried out at 300 K where equimolar binary
mixtures of the four alcohols under investigation were exposed to the host molecule.

The solutions were allowed to crystallise, and the ensuing crystals were analysed by
gas chromatography- headspace (GC) or 'H NMR spectroscopy. The results of the
competition experiments are given in Table 4.3; we estimate the experimental errors
to be + 2% for GC and + 5% for NMR.

The preference of this host for the four alcohols is therefore: 3PENT > 2PENT > 3MBUT
> 1BUT.

Table 4.3. Competition experiment results.

Starting mother liquor (50/50) Method End crystals mol %
3PENT / 3MBUT GC 80/20

2PENT / 3MBUT NMR | GC 74/26 | 68/32
2PENT / 1BUT GC 98/2

3MBUT / 1BUT GC 85/15

3PENT / 2PENT NMR | GC 63/37 | 63/37
3PENT / 1BUT GC 98/2

We subjected the four inclusion compounds to thermal analysis, with results shown in
Table 4.4.

The corresponding DSC and TGA profiles are shown in Figures 4.8a and 4.8b. The DSC
curves display an initial endotherm due to the guest loss followed by an endotherm
associated with the melting of the residual host.
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Table 4.4. Thermal analysis results.

Compound TG exp (%) TG calc (%) DSC Tpeak (°C)  DSC Tmelt (°C)

3H-6(3PENT) 31.1 31.3 103.3 252.1
H-2(2PENT) 31.0 31.3 92.3 251.8
H-2(3MBUT) 31.1 31.3 86.7 251.9
244.6 &
H-2(1BUT) 26.6 27.7 47.3&78.5 Sors

The guest-loss endotherms are broad and the peak temperatures Tpeak are reported
instead of the onset values Ton. The Tpeak Values are a measure of the thermal stability
of the inclusion compound, and it is gratifying that they follow the same sequence that
was observed from the competition experiments.

The melting endotherm for H1-:2(1BUT) shows two peaks which are probably due to a
polymorphic change.

(a) (b)

100 [ Tlﬁ e —
s |\ |
2" 3 M1
é; 70 A\ EE
) T
50

30 70 110 150 20 70 120 170 220 270
Temperature (°C)

Temperature (°C)
Figure 4.8. (a) TGA traces and (b) DSC traces for compounds 3H1:6(3PENT) (red),
H1+2(2PENT) (blue), H1-2(3MBUT) (green), and H1+-2(1BUT) (purple).

The competition experiments and the TG/ DSC results both yield the sequence of
preferential selectivity by the host for the guest alcohols. Intuitively one may surmise
that the packing is more efficient for the guest of first preference and that the
corresponding structure has the lowest (most negative) lattice energy. The packing
may be analysed qualitatively using the Crystal Explorer programme?3°-432 However,
lattice energy calculations were not carried out because the guest molecules showed
considerable disorder, rendering atom to atom potential calculations invalid.

The fingerprint plot derived from the Hirshfeld surface for the H1-2(2PENT) structure
is shown in Figure 4.9a. This is similar to those calculated for 3H<6(3PENT) and
H1-2(3MBUT). The plot for the H1:-2(1BUT) (Figure 4.9b) structure is similar in that
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both display two spikes due to the two O-H---:O hydrogen bonds, but the peak labelled
@ occurs at the sum of the external + internal contacts at 2.2 A for H-2(2PENT) and
2.4 A for H1:2(1BUT). In addition, the % of H---H contacts are 63.8% and 55.8% for
H1-2(2PENT) and H1-2(1BUT) respectively, indicating a looser packing for H1-2(1BUT).

(a) (b)

de de

2.5 28

2 b = b » B h

0.8

0.6{ -
di o di

TUE UE UL 1A 16 LE ZU LT IA IF 2§ U6 08 LT 17 14 [6 I8 JU 27 Z9 26 28

Figure 4.9. 2D fingerprint plots for (a) H1°2(2PENT) and (b) H1-2(1BUT).

4.5 CONCLUSION

The host compound H1, 9,9’-(ethyne-1,2-diyl)-bis(fluoren-9-ol), yields two polymorphs
of the apohost which exhibit both cis- and cis-/trans- conformations having similar
lattice energies. Competition experiments conducted between pairs of alcohols with
close boiling points showed that the selectivity preference was 3PENT > 2PENT >
3MBUT > 1BUT. The hydrogen bonding exhibited by the structures which contain the
secondary alcohols is different from that with 1-butanol as guest.
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5.1 SYNOPSIS

This chapter presents the continued study on the same diol host (H1) used in chapters 3 and
4, and the compounds formed with alcohols as guests. Here studied is the effect of the
crystallisation temperature on the separation by H1 of 2-propanol (2-PROP) and tertiary
butanol (t-BUT), which have practically the same normal boiling points (82.2 °C vs 82.6 °C).

Six new inclusion compounds were successfully synthesized, and their structures elucidated
via single crystal X-ray crystallography. The inclusion compounds, with one exception (where
the structure additionally contains one molecule of solvent) can be categorised into one of
three phases, corresponding to their guest/host ratio and the conformation displayed by the
host molecules.

Crystallising the host from 2-PROP at different temperatures yielded two similar inclusion
compounds. Both structures were labelled as “phase 1”, having a guest/ host ratio of 1% and
a unit cell containing two trans and two cis host molecules.

H1 crystallised from t-BUT vyielded host-guest compounds with two distinct phases. At a
higher temperature of crystallisation, the resultant inclusion compound has a “phase II”
structure, with a guest/host ratio equal to 2 and with host molecules displaying the trans
conformation only. However, when a solution of H1 and tertiary butanol was left to evaporate
at room temperature, the resultant inclusion compound’s structure is of “phase IlI”. The
structure also contains only trans hosts, but with the guest/host ratio increased to 4. This
agrees with the many reports that the guest/host ratio of inclusion compounds increases as
the temperature of crystallisation is decreased.

Inspired by the work of Huskic et al, a custom PXRD sample holder was built in house by which
the kinetics of inclusion by vapour sorption was monitored for the reaction of H1 with t-BUT
at room temperature. The resulting material was of phase Ill, and so matches the compound
obtained when H1 is exposed to liquid t-BUT at the same temperature.

The most interesting results were recorded when the host was crystallised from equimolar
mixtures of 2-PROP and t-BUT at various temperatures. At a high temperature of
crystallisation, the ensuing material was determined to have a “phase |” structure, and
contained equal amounts of 2-PROP and t-BUT. However, when the crystallisation
temperature was lowered, the ensuing crystals were determined to have a “phase II”
structure with improved selectivity — containing mostly t-BUT (90%). Lowering the
temperature of crystallisation even further did not improve the host’s preference for tertiary
butanol, but did yield crystalline material with a “phase Ill” structure and a guest/host ratio =
4,
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5.2 INTRODUCTION

One of the important uses of host-guest chemistry is to synthesise host compounds
which are selective to a particular guest molecule in a mixture of guests. This is most
important when the guest molecules have similar structures and comparable boiling
points, rendering standard distillation methods ineffective for the purposes of
separation, and providing strong motivation for host design.

The process of host-guest selectivity is based on the phenomenon of molecular
recognition, a topic that has attracted considerable attention, and has been reviewed
by several authors, particularly in respect to crystal engineering and supramolecular
chemistry. >1-53

The specificity of non-covalent interactions is what gives rise to selectivity of a host for
a particular guest and the quantitative difference between two such guests may be
subtle, as may occur between isomers. In this work we investigate the changes in
selectivity as a function of the temperature of crystallisation from the host-guest
mother liquor. The variation of temperature of crystallisation on the guest: host ratio
in inclusion compounds is known>#->7, but its effect on selectivity has not received
extensive attention.

We present the preparation, structure, and selectivity of inclusion compounds by the
host 9,9’-(ethyne-1,2-diyl)bis(fluoren-9-ol), H1, with two guests of similar boiling
points: 2-propanol (2-PROP, b.p. 82.6 °C) and tertiary butanol (t-BUT, b.p. 82.2 °C)
shown in Scheme 5.1.

This host has been employed in the synthesis of several inclusion compounds and has
proved useful in the separation of picoline isomers>8, methylated piperidines®® and
various alcohols.>'? As this host has shown its utility for separation of close isomers,
we chose to use it in this study on the dependence on crystallisation temperature of
the separation of 2-PROP and t-BUT. In addition to the phases obtainable by
crystallisation we studied the kinetics of transformation on uptake of a guest vapour
by the apohost, using a specially developed sample holder to carry out in situ
experiments.

The structures of two polymorphs of the apohost have been previously elucidated>19;

these displayed two distinct conformations as defined by the O-C-C-O torsion angle,
which may be = 0° (cis-) or = 180° (trans-).

Scheme 5.1. Host and Guest Compounds

t_%_& /1\ 2-PROP

t-BUT

5-2
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5.3 EXPERIMENTAL

5.3.1 Materials.

The host compound 9,9’-(ethyne-1,2-diyl)bis(fluoren-9-ol), H1 was synthesized by Weber>11
and used without further purification. The alcohol guests were purchased from Sigma Aldrich
and used as received. Single crystals of the inclusion compounds were obtained by dissolving
H1 in chloroform and adding an excess of the guest or binary guest mixture. The resulting
solutions were filtered and allowed to crystallise at various temperatures. Heating mantles
were used to achieve the temperatures of +30 °C and +50 °C and vials were left open to slowly
evaporate. This is acceptable given that the vapour pressures of the two guests are so similar;
at 20 °C the vapour pressure of 2-propanol is 4.24 kPa and that of tertiary butanol is 3.98 kPa.
At the lower temperatures vials were capped and sealed with parafilm; +5 °C and -20 °C were
realised by using a standard fridge and freezer. The low temperatures of -41 °C and -61 °C
were achieved by allowing solutions to crystallise in a slurry of acetonitrile/ dry ice and
chloroform/dry ice respectively.

5.3.2 X-ray Crystallography.

Single crystal X-ray diffraction data were collected on a Bruker DUO APEX I1>2 diffractometer
for all structures using Mo Ka (A = 0.71073 A) at a temperature of 153 K. The intensity data
were collected using the phi scan and omega scan techniques, scaled and reduced with SAINT-
Plus.>!3 The correction of the collected intensities for absorption was done using the SADABS
program.>14

The structures were solved by direct methods using SHELX-97°%° and refined using full-matrix
least squares methods in SHELXL.>*> The graphical interface used was the program X-SEED.>®
All C-H hydrogen atoms were placed geometrically and with a riding model for their isotropic
temperature factors. The O-H hydrogen atoms were located in the final difference electron
density map. Their bond lengths were fixed using the formulae suggested by Lusi and
Barbour>'” who studied the neutron data of the O-H---O systems. Diagrams were generated
using MERCURY (3.9).>18

Powders were mounted on a flat zero-background 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) at 30 kV and 40 mA. Each sample was scanned between 4 and 32° 26 with a step
size of 0.02°.

5.3.3 'H Nuclear Magnetic Resonance (NMR) Spectroscopy.

'H NMR spectra were recorded on a Bruker 300MHz with DMSO as internal standard. Samples
were blotted dry, crushed, and dissolved in deuterated d6-DMSO. The appropriate CHs signals
were integrated to determine the relative proportions of the guests.
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5.4 RESULTS AND DISCUSSION

The structures of the inclusion compounds with the pure guests 2-PROP and t-BUT, as well as
those obtained from their equimolar mixtures, were characterised by single crystal and
powder X-ray diffraction and the relative guest quantities obtained from the competition
experiments were determined by 'H Nuclear Magnetic Resonance (NMR) spectroscopy. The
crystallisation experiments were carried out at the following temperatures: -61 °C, -41 °C, -
20 °C, +5 °C, +30 °C, and +50 °C and are summarised in Table 5.1. Host-Guest structures give
rise to different phases, labelled I, Il and Ill. Structures which have the same phase possess
the same G/H ratio and display similar Powder X-ray Diffraction (PXRD) patterns.

Table 5.1. Summary of results

2-PROP t-BUT Equimolar Competition

Temp Structure Structure Structure 2-
oC P o Phase G/H o Phase G/H o Phase G/H PROP/
(*C) ' ' ' t-BUT
+50 5.1 1% 5.2 I 2 5.3 | 1§ 50/50
50/50

+30 5.1 1§ 5.4 i 4 : |&Il  Various -
10/90
+5 - 5.4 11 4 5.2 Il 2 10/90
20 a)5.5  a)atypical a)2 ] 55 | 5 10/90

b)5.6 bl b)1§ '

-41 - - - Il &Il Various 10/90
-61 - - 54 " 4 10/90
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Structure 5.1, phase I, was obtained by crystallising the host H1 in 2-PROP at 50 °C. The
resulting compound crystallises in P1 with six H1 and eight 2-PROP molecules per unit
cell. The G/H ratio is 1;, and the asymmetric unit contains one trans- and two cis-host
molecules. This and the hydrogen bonding pattern are shown in Figure 5.1.

Structure 5.2, phase Il, obtained at 50 °C from H1 and t-BUT, crystallises in P1 with one
host and two t-BUT molecules. The host is located on a centre of inversion at Wyckoff
position h and is therefore trans.

The packing is dominated by a series of (Host)O-H---O-H(Guest) rings linked by host
molecules, described as R(8) in Etter’s Graph Set Notation.>1° This is shown in Figure
5.2.

Figure 5.1. Structure 5.1, phase |, Figure 5.2. Structure 5.2, phase I, with

asymmetric unit with hydrogen bonded hydrogen bonded Host and Guest molecules
chains along [1 0 0] shown in blue. forming a ring which propagates along [0 1 0]
(blue).

At 30 °C, the result of the host crystallisation with 2-PROP yielded the same result as
structure 5.1. This was ascertained by PXRD.

Structure 5.4, phase Ill, was grown at 30 °C from the host in t-BUT. It crystallises in P1
with Z =1 and H1 located on 1 at Wyckoff position a. The G/H ratio is 4 and the packing
displays a R2(12) motif shown in Figure 5.3, and this is propagated with chains by the
host molecules in a similar manner to structure 2.

It is interesting to compare the packings of structures 5.2 and 5.4. Although they have
differing G/H ratios of 2 and 4 respectively, the superposition shows the host
molecules display similar configurations and close positions of two pairs of the t-BUT
guests. This is shown in Figure 5.4.

At -20 °C the experiments with 2-PROP yielded two distinct structures, 5.5 and 5.6.

Structure 5.5 crystallises in P1 with the asymmetric unit comprising two H1 molecules
in cis-configuration, three 2-PROP and one chloroform molecules. The packing displays
hydrogen- bonded chains linking 2-PROP and H1 molecules.

Structure 5.6, obtained from crystallisation from pure 2-PROP at the same
temperature also crystallises in P1, and contains both cis- and trans- molecules, the
structure being of phase I, but with slight differences in the hydrogen-bonded pattern.

5-5
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Figure 5.3. Structure 5.3, phase lll, with Figure 5.4. Overlay of structure 5.2
hydrogen bonded rings, forming a chain of (orange) and structure 5.4 (green).
Host and Guests along [0 1 0] (blue).

The selectivity experiments carried out at -61 °C, -41 °C, -20 °C and +5 °C all resulted in
selectivities of 2-PROP/t-BUT of 10/90 as measured by NMR spectroscopy. The PXRD
spectra at -61 °C showed only phase lll (Figure S8.12 Supplementary Data) and at -41°C
revealed a mixture of phase Il and phase Ill, while those at -20 °C and +5 °C show only
phase Il.

Structure 5.3, phase I, which was crystallised at 50 °C from an equimolar mixture of 2-
PROP and t-BUT, is similar to structure 5.1 although one of its cell lengths is halved.
The asymmetric unit contains one (cis-) host and half a (trans-) host molecule. There is

one 2-PROP and t-BUT guest molecule, and the G/H ratio is 1§ and the packing is
similar. NMR spectroscopy confirmed the ratio of 2-PROP/t-BUT in the bulk crystals to

be 50/50. The selectivity thus jumps from 10/90 mole fraction at low temperatures to
50/50 at +50 °C.

The results of the competition experiments carried out at +30 °C were variable; ten
experiments were carried out with new vials into which were added fixed masses of
host compound, chloroform, and the equimolar mixture of 2-PROP and t-BUT.

The harvested crystals were analysed by NMR spectroscopy and the selectivity results
varied from 2-PROP/t-BUT of 10/90 to 50/50.

Phase G/H
11 4
&I various

Relative Intensity

M Q_M )\_A/\_A___AMM A~ A | & 1l various
3

5 10 15 20 25 30
20 (°)
Figure 5.5. Powder X-ray diffraction data of the various phases observed.
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Although due care was taken to be consistent in the preparation of these host / solvent
/ guest mixtures, we cannot account for the variation in selectivity. The details of the
NMR and PXRD data are recorded in the Supplementary Information.

We studied the packing of the structures using the programme Crystal Explorer>2° and
by calculating the lattice energy using Gavezzotti’s programme AA-CLP.>-?1 522 Details
of these are given in the Supplementary Data; both analyses showed similar
interactions and similar lattice energies for each structure. Thus, these analyses did
not provide insight into the selectivity observed.

In situ competition experiments were also carried out with the guests in vapour form.
These were executed by constructing a sample holder for a Bruker D8 powder X-ray
diffractometer similar to that described by Fri3¢i¢>23, in which the powdered sample
of the host is placed on a polished Si crystal surface (zero background), shown in Figure
5.6. The powder diffraction traces were recorded at 25 °C and repeated at intervals of
12 min.

In the first experiment, we exposed the apohost to pure t-BUT vapour, and the result,
shown in Figure 5.7a displays the traces of the apohost as time-resolved peaks, whose
colours vary from black (background) through red to yellow (most intense). The red
product PXRD trace shown in Figure 7a corresponds to the phase Ill, structure 5.4
compound which has a G/H ratio of 4.

— Plastic film

Si background

Sample

Solvent

Figure 5.6. Side on and top views of the sample holder>23

The related Figure 5.7b displays time resolved changes in the intensities of the
reflection at 26 = 12.2° (apohost) and the (001) reflection of structure 5.4. Using the
intensity data of the apohost peak versus time we obtained the raw kinetic data for
the enclathration reaction.

The data were normalised to yield the extent of the reaction versus time curve. This
was fitted to the decreasing volume equation:

1-(1-a)”® =kt
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where a represents the extent of reaction and k is the rate constant for the decay of
the apohost phase.>?* The rate law held over an a range from 0 to 0.98 with r = 0.990.
The kinetic trace yielded a rate constant of 3.7x1072 min™ which corresponds to a half-
life of 55.4 min.

In the second and third experiments we demonstrated other changes in phase with

t-BUT and with the guest mixture which correspond to results obtained from the liquid
(Supplementary Information).

(a) (b)
(001) 26 = 12.2°

Phase 1l

Apohost

3500
3000 \
22500 \
v 2 |1
3 2 2000
2 E
o g 1500
E -
[ = \
& 1000 3 Phase Il (001)
/‘\-“.-‘"v-r'“ va mgmeer et A s A MY
500 °
Apohost (20 =~ 12.2°)
0 Pasee®y
5 10 15 20 25 30 1 2 3 4 5 6 7 8 9 10
20 (°) Time (hours)

Figure 5.7. (a)Time - resolved in situ powder X-ray diffractogram for apohost exposed to
t-BUT vapour for 10 hours and (b) Time -resolved changes in intensity of X-ray reflection
20 = 12.2° of the apohost and the (001) reflection of the product which is phase Ill.

5.5 CONCLUSION

In summary, at the low temperature of -61 °C there is a good selectivity with 2-PROP/t-
BUT of 10/90 and the concomitant phase Ill. At -41 °C the selectivity remains at 10/90
but both phases Il and lll are evident. When the temperature is further raised to -20 °C
and +5 °C the selectivity holds at 10/90, but only phase Il is evident. The high
crystallisation temperature of +50 °C displays no selectivity (50/50) and a structure of
phase I. The variable results obtained at 30 °C fit in between the outcomes at +50 °C
and +5 °C and justify the structural results of the mixture of I and Il phases.
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6.1 SYNOPSIS

This was an invited paper to remember the legacy of Joel Bernstein, a scientist at the forefront
of polymorphism research. | heard him talk at the 315 European Crystallographic Meeting
(2016) in Basel, Switzerland, and greatly enjoyed his lecture on consulting as an expert witness
in patent lawsuits regarding polymorphic forms of active pharmaceutical ingredients.

This chapter investigates the inclusion compounds formed by a Werner type host, Ni(NCS),(4-
phenylpyridine)s (H3) and 1- and 2-methylnaphthalene (1-MN and 2-MN) guests. The guests’
close boiling points, which range from 240-243 °C, make these isomers impractical to
separate via distillation.

Four new inclusion compounds with the individual guests were successfully grown and their
structures elucidated. Two of these (6.1 and 6.2) are a polymorphic pair with 1-MN as guest,
and a guest/host ratio = 4. Initially the first polymorph (6.1) crystallises and is coloured blue.
After sufficient evaporation the oily 1-MN guest liquid separates from the methanol co-
solvent to form a bubble about crystals of 6.1. The crystals subsequently transition to the
second polymorph (6.2) and are coloured purple. Solid-state UV spectra of 6.1 and 6.2
qguantified their different colours, and this disparity was attributed to the slight variation in
the Ni—N(4-PhPy) bond length between the two compounds.

Another two inclusion compounds were grown (6.3 and 6.4) containing 2-MN as guest. These
both had a lower guest/host ratio = 3 (compared to 4 for 1-MN compounds). However, 6.3
and 6.4 have different molecular formulas and so are not polymorphs. This comes about
because structure 6.4 contains a different host — in situ a dimer was formed from two H3
molecules connected via the Niion by two bridging NCS ligands - the formula of this ‘host’ is
Ni2(NCS)a(4-phenylpyridine)s. The compound (6.4) was produced by recrystallising H3 from a
low concentration of 2-MN. This formation of a host dimer is not unique; there are many
examples in the literature of metal ions with pyridine ligands being bridged by NCS ligands to
form dimers, ®1-63 and even 1D chain ®#-%9 or 2D sheet ¢19-613 polymeric structures.

To test the preference of the host to the two guests it was exposed to an equimolar mix of 1-
MN and 2-MN. The resulting crystals were blue, and unusual in that the structure (6.5) was
found to contain two methylnaphthalene guests and one methanol solvent molecule for each
H3 molecule - clearly methanol has not acted as a neutral solvent. The NMR result revealed
that these crystals comprised a guest mixture of 87% 1-MN (13% 2-MN), and 1-MN was the
only guest located in the electron difference density map of the structure. After allowing
crystals of 6.5 to remain in the mother liquor for some time the crystals turned from blue to
purple. The resulting structure (6.6) has a guest/host ratio = 3 and is very similar to structure
6.3 which is the inclusion compound with 2-MN. However, the NMR result indicates that
these crystals of structure 6.6 now contained approximately equal quantities of both 1-MN

The d orbitals of transition metal ions are split into different energy levels by its ligands. These d electrons
absorb photons of light, causing them to “jump” to the higher energy level. When the electrons fall back to
their ground state, they release energy with a specific intensity and wavelength, perceived by our eyes as the
colour of the material.

6-1



Chapter 6

and 2-MN. Here then is an example of a labile host-guest system where the selectivity
preference of the host decreases over time and concomitant evaporation of co-solvent.

6.2 INTRODUCTION

Host coordination compounds of general formula MX;Ls (Werner clathrates) form inclusion
compounds with a wide variety of guests, G, usually an organic aromatic compound. In a
Werner clathrate M is a divalent cation (typically Fe, Co, Ni, Cu, Zn), X is an anionic ligand
(NCS, NCO', NOs3,, halide) and L is a neutral ligand, usually a substituted pyridine. These host
compounds are able to absorb various organic guests reversibly and were first used to
separate mixtures by Schaeffer et al.®!* The physical chemistry of Werner clathrates has been
reviewed and their structures, separation capabilities, and thermal properties have been
described.®1-617 Early important contributions in this field are attributed to Noman Smith®18
who discussed selectivity trends from competitions experiments. Lipkowski®!° analysed the
thermokinetics of the enclathration reactions of xylenes by the apohost a-Ni(NCS).(4-
methylpyridine)s and discussed the various concomitant structural and thermodynamic
processes.

We have carried out a brief survey of the structures of Werner clathrates which contain
M(NCS):Ls with M = transition metal, L = 4-methylpyridine, 4-vinylpyridine, 4-phenylpyridine,
and other similar bases and their various aromatic guests (CSD 2019 v. 2), which are relevant
to this study. There are 200 such structures which have been deposited as Table S6.1 in the
Supplementary Information. The guests comprise a variety of aromatic molecules, the most
common being derivatives of benzene, various alcohols, and common chlorinated solvents.
Table S6.1 contains the CSD REFCODE’s, the ligand L and the enclathrated guest. The host
Ni(NCS)2(4-methylpyridine)s remains the most representative (65 structures) with Ni(NCS)2(4-
vinylpyridine)s second (28 structures).

The related coordination compounds based on dibenzoylmethanates have been shown to
form a wide variety of inclusion compounds and display polymorphism.®2° More recently Lusi
and Barbour®?! demonstrated that the host Ni(NCS)2(4-phenylpyridine)s could be employed
to separate the isomers of xylene in their vapor phase, and the compound containing
isoquinolines as the neutral ligands was crystallised with xylenes, and their kinetics of thermal
decomposition were studied.®?? A Werner host with mixed ligands, Ni(NCS)2(isoquinoline)(4-
phenylpyridine), was employed to study the selectivity of xylene isomers and the host-guest
secondary interactions were analyzed.523

In this work we present the results of the separation of the isomers 1-methylnaphthalene and
2-methylnaphthalene by the host Ni(NCS)2(4-phenylpyridine)s (H3) their structures with the
single guests and their selectivity obtained from the guest-competition experiments. We
further report on the unusual occurrence of polymorphism in Werner inclusion compounds,
with concomitant colour changes of the crystalline products.

The boiling points of the methylnaphthalenes, 240-243 °C and 241-243 °C are too close to
allow their separation by fractional distillation, hence the choice of host-guest chemistry to
6-2
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pursue selective enclathration. The structural formulas of the host and guest molecules are
shown in Scheme 6.1.

Scheme 6.1. Host and Guest compounds

T2
CHs X //s

1-methylnaphthalene @3[@ m
T

1-MN

b.p. =240-243 °C C// \
&
=
CH3 TS
2-methylnaphthalene

2-MN Host H3 = Ni(NCS)2(4-PhPy)s

b.p.=241-243°C 4-PhPy = 4-phenylpyridine

6.3 EXPERIMENTAL

6.3.1 Materials.

The host compound, H3, was synthesized according to a previously published method,®2*
recrystallised once with methanol and deemed sufficiently pure via thermal gravimetric
analysis. Methanol and methylnaphthalene guests were purchased from Sigma Aldrich and
used without further purification.

6.3.2 X-ray Crystallography.

Single crystal X-ray diffraction data were collected on a Bruker DUO APEXII diffractometer for
all structures using Mo Ko (A = 0.71073 A) at a temperature of 173 K. The intensity data were
collected using the ¢ scan and w scan techniques, scaled, and reduced with SAINT-Plus.®%>
The correction of the collected intensities for absorption was done using the SADABS
program®26 XPREP®?7 was used to process and prepare input files for SHELXT 2014/5%%2 and
SHELXL 2015%2° which were used to solve and refine the structures using the X-seed graphical
interface.®3% All non-hydrogen atoms were refined isotropically or anisotropically depending
on the occurrence of disorder in the structures. Some C-C bond lengths in disordered guest
molecules were restrained. All C-H hydrogen atoms were placed geometrically and refined
with a riding model for their isotropic temperature factors, while the O-H hydrogen atom in
MeOH was found in the difference electron density map. Diagrams were generated using
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Mercury (3.10).631 The default settings (probe radius of 1.2 A) was chosen to display void
spaces.

6.3.3 Thermal Analysis.

Samples were prepared by removing crystals from mother liquor, blotting dry on filter paper,
lightly crushing and weighing directly into open aluminium oxide crucibles in the case of
thermogravimetric analysis (TGA) or crimped, vented aluminium pans for differential
scanning calorimetry (DSC). 4-10 mg was used for TGA and 1-3 mg for DSC. Experiments were
performed over a temperature range of 20-400 °C at a heating rate of 30 min~! under dry
nitrogen with a flow rate of 40 cm® min™! in the TGA and 60 cm?® min™! in the DSC.
Thermogravimetric analysis was performed using a TA-Q500 thermogravimetric analyser, and
differential scanning calorimetry was performed using a Q200 (TA Instruments). TG results
were analysed using TA Instruments Universal Analysis 2000 software.

6.3.4 'H NMR Analysis.

'H NMR spectra were recorded on a Bruker 300MHz with CDCls as internal standard. Crystals
were blotted dry, crushed, and dissolved in deuterated CDCls. The host compound is unstable
in chloroform, and the resulting solution, enriched in methylnaphthalenes, was filtered into
the NMR tube. The CHs singlets were integrated in MestReNova (v.6.0.2) to determine the
relative proportions of the 1-MN and 2-MN guests.

6.3.5 UV-VIS Diffuse Absorbance Spectroscopy.

Solid-state UV-visible absorption spectra were recorded using an Analytik Jena SPECORD 210
PLUS spectrophotometer utilizing the integrating sphere attachment. All data were
graphically analysed using the software package WinAspect PLUS 3.9.14.

6.3.6 Microscopy.

Photographs were taken with an Axiocam 105 colour camera attached to a Zeiss SteREO
Discovery V8 microscope and processed using the ZEN 2 (blue edition) program (Carl Zeiss
Microscopy GmbH, 2011).

6.3.7 Preparation.

Single crystals of inclusion compounds were obtained by dissolving host and guest in
methanol (MeOH), filtering solutions into 10 cm? vials which were then capped with pierced
lids and allowed to evaporate slowly at room temperature.

Structure 6.1: 10 mg of host H3 and 60 mg 1-methylnaphthalene (1-MN) guest were dissolved
in 2 g MeOH and yielded large pale blue needles after two days.

Structure 6.2: After crystallisation of structure 6.1, we allowed the mother liquor to evaporate
further. After ~14 days 1-MN oil separates from the remaining MeOH and forms a bubble
around crystals which subsequently transform into small pale violet plates over the course of
~ 16 hours.

Structure 6.3: 10 mg of host H3 and 120 mg 2-MN were dissolved in 2 g MeOH which yielded
pale violet plates within 4 days.

Structure 6.4: 10 mg of host H3 and 15 mg 2-MN were dissolved in 2 g MeOH, yielding small
pale blue crystals after 8 days.

6-4
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6.3.8 Competition Experiments.

A bulk competition experiment was performed by dissolving 250 mg H3 and 2.5 g of a 50:50
mixture of the methylnaphthalenes in 50 g MeOH and filtering into a 200 cm? beaker, placed
in a desiccator with a lid opening of 2.5 cm in diameter.

Structure 6.5: after 2 days large pale blue block like crystals were removed, the structure
refined and allocated as 6.5.

Structure 6.6: After 3 weeks crystals began turning from pale blue to pale violet, and a pale
violet crystal was chosen at random, and the structure refined as form 6.6.

6.4  RESULTS AND DISCUSSION

Table 6.1 summarizes the structural and refinement parameters for the six host-guest
structures, labelled 6.1 to 6.6, as well as the calculated and experimental TG mass loss
percentages. The refinement parameters of the apohost are included for comparison.

Crystals of structure 6.1 crystallised as pale blue needles from the mother liquor after 2 days.
Structure 6.1, H3+4(1-MN) crystallises in P21/c with Z = 2. The Ni ion is located at a centre of
inversion at Wykoff position d (Figure. 6.1). The 1-MN guests are each disordered over two
positions, and the packing is characterized by the host molecules lying in layers in the bc
plane, with the guests slotted in the remaining spaces as shown in Figure 6.2.

/:
¢ |
w

Y /’,i
Figure 6.1. the asymmetric unit of Figure 6.2. packing of structure 6.1 viewed
structure 6.1 which has been grown down [010], with H atoms removed, and 1-MN
to show 1 full host and 4 guest guest molecules coloured blue for clarity.

molecules, hydrogen atoms
removed for clarity.

After a further 14 days of slow evaporation of the mother liquor, the crystals of 6.1
transformed to pale violet plates of a new polymorph, structure 6.2. This crystallises in P1
with Z = 2. This new polymorph retains the host : guest ratio of 1:4, but the host and three of
the 1-methylnaphthalenes (disordered) are in general positions. The remaining 1-MN
molecule lies on centres of inversion at Wykoff positions b and ¢ and their disorders were
modelled with site occupancy factors of 0.5. The asymmetric unit is shown in Figure 6.3. The
packing is characterized by channels which run in the [011] direction, shown in Figure 6.4,
and contain the 1-MN guest molecules.
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Figure 6.5 is a transmission photograph of the crystals of structure 6.1 (pale blue) which
transform into the pale violet polymorph, structure 6.2, after approximately 16 hours.

Figure 6.3. asymmetric unit of Figure 6.4. structure 6.2 viewed down
structure 6.2 with hydrogen atoms [011]. The 1-MN guest molecules were
hidden, and the two guests lying on removed.

inversion centres were grown to show
their disorder.

a)

Figure 6.5. 1-MN crystals transforming from pale blue, structure 6.1 (a) to the
pale violet polymorph, structure 6.2 (b); photos taken ~16 hours apart.
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Table 6.1: Crystallographic and thermal data of compounds 6.1 to 6.6, and the apohost of H3

CCDC refcode
CCDC
deposition
code

compound
code

host

guest
guest/host

compound
formula

structural
moieties
(H*nG)
formula
weight (g-mol
Y)
data collection
temp (K)

crystal system

space group
a(A)
b (A)
c(A)
a(®)
B(°)

v (%)
volume (A3)
YA
calc. density
(g-cm)

6 range (°)

reflections
collected
no data |l >
20(l)
final R indices
[I1>2a(1)]

R indices (all
data)
goodness of
fit on F?
calculated TG
mass loss (%)
experimental
TG mass loss
(%)

VOVKUP

1949658

6.1

monomer
1-MN
4
Co0 H76 N6 S2
Ni1
Cs6 H3s N6 S2
Ni1 * 4(C11 Hio)

1364.45

173

monoclinic

P21/c
10.005(1)
15.857(2)
22.944(2)

90
93.922(2)
90
3631.37
2

1.25
4.389-45.63
70068
5607
0.0856
0.1285
1.045

87.0

87.2

OVKUPO1

1949659

6.2

monomer
1-MN
4
Co0 H76 N6 S2
Ni1
Ca6 H3s N6 S2
Niz* 4(C11 H1o)

1364.45

173

triclinic

Pi
14.745(2)
15.099(2)
18.590(2)
78.569(2)
87.219(2)
64.594(2)
3661.18
2

1.24
4.893-45.25
151801
12573
0.0683
0.0995
1.031

87.9

87.2

VOVLEA

1949660

6.3

monomer
2-MN
3
C79 Hes N6 S2
Ni1
Cs6 H3s N6 S2
Ni1* 3(C11 H1o)

1222.25

173

monoclinic

C2/c
10.227(4)
23.732(8)
26.002(9)

90
99.488(7)
90
6224.31
4

1.30
4.387-46.03
60510
6180
0.0895
0.1292
1.053

85.4

85.7

VOVLIE

1949661

6.4

dimer
2-MN
3
Ci103 Hsa N10 Sa
Ni2
C70 Hsa N1o Sa
Niz2* 3(C11H1o)

1707.51

173

triclinic

Pi
9.989(5)
12.7512(7)
17.8175(9)
94.084(11)
90.261(10)
111.727(9)
2101.70
1

1.35
4.962-51.89
9758
6269
0.0768
0.1321
1.020

79.7

79.5

VOVLOK

1949662

6.5

monomer

2

Cs9 Heo N6 O1

S2 Ni1

Cas H3s N6 S2

Niz 2(C11

Hio) * HOCH3

1111.09

173

monoclinic

C2/c
28.461(2)
9.4866(7)
24.296(2)

90
117.330(1)
90
5827.66
4

1.27
4.66-59.40
77172
5663
0.0632
0.0805
1.057

84.1

85.0

vVovLuQ

1949663

6.6

monomer

3

C79 Hes N6 S2

Ni1

Ca6 H3s N6 S2
Ni1* 3(C11 H1o)

1222.25

173

monoclinic

C2/c
10.291(2)
24.070(5)
26.056(5)

90
100.27(3)
90
6350.91
4

1.28
5.910-56.55
75085
6158
0.0834
0.1015
1.039

85.4

86.6

FOPREH®

apohost

monomer

Cs6 H3s N6 S2 Ni1

Cs6 H3s N6 S2 Ni1

759.36

293

orthorhombic

Pbca
12.846
16.160
39.377

90
90
90
8174.32
8

1.29
2-50

7948
1788
0.0691

0.0900

78.0

77.2
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Structure 6.3 comprises the host H3 with 2-MN, with stoichiometry 1:3, and crystallises in the
space group C2/c, forming pale violet crystals with Z = 4. The host thus lies on the diad at
Wykoff position e and the 2-MN guests are disordered, one of them located about a centre
of inversion at Wykoff position b. The packing has the 2-MN guests located in channels
running along [100] as shown in Figure 6.6.

Figure 6.6. packing of structure Ill viewed down [100], with guest molecules removed. Void
spaces have been displayed, showcasing that 2-MN molecules reside in channels.

Crystals of structure 6.4 are grown via a low concentration of 2-MN. These were shown to be
pale blue host dimers of H: G stoichiometry 1:3; therefore, a different compound was formed.
6.4 crystallises in P1 with Z = 1, the unit cell comprises one dimer (Figure 6.7) formed about
the centre of inversion, Wykoff position h, and three 2-MN guests one of which is disordered
over a centre of symmetry at Wykoff position d. The packing (Figure 6.8) displays channels
along [100] which contain the guests.

Figure 6.7. host dimer in structure Figure 6.8. packing of structure 6.4 viewed

6.4. down [100]. Guest molecules have been
removed and void space displayed; the 2-MN
guests reside in channels.
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Competition experiments yielded crystalline products from mother liquors which initially
contained equimolar 1-MN/2-MN, with the initial solution containing host to total equimolar
guest of 1: 50. The resulting pale blue crystals were harvested after 4 days and subjected to
'H NMR and single crystal analysis, yielding structure 6.5. The formula is H3+2(1-
MN)+1(MeOH) (Figure S6.36 in the Supplementary Information). The space group is C2/c with
Z = 4, and the Ni cation is located on a centre of inversion at Wykoff position b. The MeOH
molecule was disordered about the diad at Wykoff position e. The NMR analysis showed 1-
MN as 87% and 2-MN as 13%. The former was the only guest located in the difference
electron density map and is disordered over two positions. We have noted in previous studies
that when the minor guest component less than 15% it is difficult to observe in the final
difference electron density map of the structure.

The blue crystals of 6.5 changed colour with time, and after a total of 20 days the crystals had
all turned pale violet, and were again harvested. The *H NMR result was 1-MN/2-MN = 54%/
46% (Figure S6.25) and the PXRD spectrum (Figure S6.12) indicated that the bulk was a
mixture of 6.2 and 6.3. A single crystal (pale violet) was chosen at random and the structure
collected, 6.6. This structure, 6.6, has a unit cell which is very close to that of 6.3, and the
torsion angles of the host (Table S6.8, Figure S6.35) and PXRD patterns of the structures
(Figure S6.34) are also very similar. It crystallises in C2/c with the host on a diad at Wykoff
position e. We assigned one disordered 2-MN molecule on a centre of inversion at Wykoff
position a, with site occupancy factors 0.5. We also assigned one full 1-MN molecule in the
ASU, disordered over two positions. The final model required the fixing of Uis, for the two
C(methyl) atoms of 1-MN. This corresponds to a ratio of 67% 1-MN : 33% 2-MN in this
structure. However, it must be noted that the assignment was difficult due to the severe
disorder of the guest molecules.

This host-guest system is labile, and while the NMR results are a measure of the bulk host-
guest product, the corresponding structure of the chosen single crystal is not representative
of the bulk. Its structure displays severe disorder of the 1-MN and 2-MN guests and its unit
cell parameters are similar to those of 6.3.

The propensity of Werner host compounds to form inclusion compounds with aromatic
guests has been associated with the torsional flexibility of the substituted pyridines ligated to
the metal ion. This has been demonstrated by Lipkowski who studied the clathrates formed
by the host Ni(NCS),(4-methylpyridne)s with a variety of guests.®’

The crystals of 6.1, Ni(NCS)2(4-PhPy)s * 4(1-MN) (pale blue) has the host molecule located on
a centre of inversion. In contrast, its violet isomer structure 6.2 crystalizes in P1 with Z =2
and the host molecule therefore lies in a general position, with no symmetry restriction. This
impinges on the torsion angles governing the pyridine and phenyl moieties which twist to
accommodate the 1-methylnaphthalene guests. There are four independent torsion angles in
the host of structure 6.1 (pale blue), but eight independent torsion angles on the host of
structure 6.2. The latter has double the degrees of torsional freedom, and it is surmised that
this forms the more stable structure, hence the conversion of the from 6.1 (blue) to 6.2
(violet). The colour change from pale blue to pale violet is associated with d-d electronic
transitions in the nickel ion, and the octahedral geometry of the six ligands surrounding the
Ni. The solid-state UV-VIS spectra of the crystals of 6.1 (pale blue) and 6.2 (pale violet) are
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shown in Figure 6.9. There is a small shift of the peak maximum for 6.1 (pale blue) 594.6 nm
to 585.2 nm for 6.2 (pale violet).

Absorbane

Wavelength (nm)

Figure 6.9. absorption UV visible spectra of structure 6.1 (blue) and 6.2 (purple).

We have measured the bond lengths about the octahedral Ni(ll) ion for structure 6.1 and 6.2.
The results, reported in the Supplementary Information Table $6.3, have been averaged and
summarized as follows:

For 6.1, Ni-N(NCS) = 2.050(3) A and Ni-N(4-PhPy) = 2.158(4) A

For 6.2, Ni-N(NCS) = 2.053(3) A and Ni-N(4-PhPy) = 2.132(4) A

The latter bond lengths are subtly different, and the corresponding shifts in the peaks of the
absorbance spectra are correspondingly small.

The twelve N-Ni-N bond angles about the Ni?* ion for structures 6.1 and 6.2 are also recorded
(Supplementary Information Table S6.4) and show that there is only one significant deviation
from 90° which occurs in structure 6.1; the angles between the equatorial (4-PhPy)N-Ni-N(4-
PhPy) vary as 85.4(1)° and 94.6(1)".

We studied the overall deviation from ideality in the host molecules of 6.1 and 6.2 by
measuring the angle subtended by Ni(ll) from the C atom in the para-position of opposite
phenyl rings. This is necessarily 180° for 6.1 but varies to as much as 176.2° in 6.2 and 158.5°
in the apohost; this is a result of secondary interactions from the molecular packing.

We have also recorded the torsion angles that govern the conformation of the 4-
phenylpyridines in 6.1 and 6.2, deposited in the Supplementary Information, Table S6.5. For
structure 6.2 we labelled the torsion angles as N(x)-Ni-N(y1)-C(y2) with x =1 and y = 1(T1), y=
2(T3), and x =2, y = 3(T5), y = 4(T7) and their corresponding intraligand torsion angles as
C(z3)-C(z4)-C(z11)-C(z12) with z = 1(T2), z= 2(T4), z= 3 (T6), z = 4(T8).532 The host molecules of
6.1 and 6.2 were compared using Mercury’s ‘Automatic Molecule Overlay’ feature, and the
corresponding atoms of structure 6.1 were labelled to match 6.2 where possible, taking the
symmetry of the molecule into account.
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The host molecules have different conformations, and we can summarize the torsion angles
for each ligand in pairs as follows:

6.1: -+, +-, +-, +

6.2: +-, ++, +-, +-

We analysed these differences in torsion angles governing the confirmation of the host
molecules in structures 6.1 and 6.2 by measuring close contacts between the atoms in the
host phenyl rings and guest and host atoms. This is recorded in the Supplementary
Information Table S6.6 and S6.7.

The overlaid host structures in Figure $S6.28 show structure 6.1 in blue (centrosymmetric with
centre of inversion on Niion) and structure 6.2 in purple with no symmetry constraints. One
observes that in structure 6.1 the phenyl ring conformation governed by T2 is significantly
different from the equivalent ring in structure 6.2. In structure 6.1 we have noted four close
contacts between the host phenyl ring governed by T2 and guest atoms, whereas in structure
6.2 we note only one close contact to the corresponding host phenyl ring. The same obtains
for the phenyl rings of structures 6.1 and 6.2 which are governed by T4 where the phenyl ring
of structure 6.1 has one close contact, and in structure 6.2 there are none. The
centrosymmetric structure 6.1 is clearly more constrained than structure 6.2, by close
contacts with either guests or an adjacent host.

6.5 CONCLUSION

The Werner host H3 = Ni(NCS)2(4-PhPy)s forms inclusion compounds with two isomers of
methylnaphthalene. The structure with 1-methylnaphthalene has a host to guest ratio of 1:4.
This crystalline compound (pale blue) changes to pale violet over 14 days and the structures
of the two polymorphs have been elucidated. The solid-state absorbance spectra have been
recorded and the geometry about the Ni%* ion analysed. Competition experiments of this host
with equimolar mixtures of 1-methylnaphthalene (1-MN) and 2-methylnaphthalene (2-MN)
show that the ratio of 1-MN : 2-MN changes with time, rendering a labile system.

We shall all miss Joel Bernstein, his wide knowledge of crystallography, his expertise of
polymorphism, and his genial personality.

The authors would like to thank the National Research Foundation (Pretoria) for research
grants. We also thank Leonard Barbour and Lisa van Wyk at the University of Stellenbosch for
the solid-state UV-VIS measurement.
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Chapter 7

7.1 SYNOPSIS

In 1954 the first crystallographic study of halogen bonding’-! yielded a structure with bromine
and 1,4-dioxane, held together by a strong Br -+ O interaction of length = 2.71 A — much
shorter than sum of the Bondi’-2 van der Waals radii (3.35 A). This study aimed to create
inclusion compounds containing strong Br --- O interactions between the racemic brominated
host tetrakis(p-bromophenyl)ethylene (H4) and achiral guests similar to 1,4-dioxane in that
all contain an oxygen atom.

Five new inclusion compounds were synthesized, however none of the crystal structures
contain close Br --- O contacts and are instead held together by host-to-host Br -+ Br contacts
and van der Waals forces. Interestingly, the structures of these compounds were shown to be
either chiral or racemic — racemic structures had equal amounts of left- and right-handed H4,
whereas single crystals of chiral structures contained only the one enantiomer.

Two of the newly prepared inclusion compounds in this publication are a polymorphic pair
with 1,4-dioxane (H*DIOX 1 and H*DIOX 2) as guest. H*DIOX 1 crystallises in a chiral space
group, while H*DIOX 2 is racemic. Their activation energies of decomposition were calculated
by non-isothermal TG. This indicated that the second polymorph, H*DIOX 2, is the more
stable, as measured by the slightly higher activation energy of 90 +1 kJ-mol* compared to 83
+ 2 kJ'mol-*for H*DIOX 1. The increased stability of H*DIOX 2 was further supported by the
peak temperature of the endotherm associated with dioxane desorption as measured by DSC,
recorded as 118 °C for H*DIOX 2, and the lower peak temperature of 106 °C for H*DIOX 1.
Structural investigations of the polymorphic compounds by Hirshfeld Surface analysis showed
that the H*DIOX 2 structure contains Br --- Br interactions that are shorter, and so stronger,
than those observed in H*DIOX 1.

Guest exchange studies showed that H*DIOX 1 could be produced by exposing the similarly
structured H*PENT to dioxane vapor. In contrast H*DIOX 2 could be formed by instead starting
with H*CYNO and exchanging the cyclohexanone by exposing the compound to dioxane
vapor. It was also possible to exchange the cyclohexanone in H*CYNO for 3-pentanone to
produce the H*PENT compound. The latter reaction was monitored by in-situ powder X-ray
diffraction where distinct peaks at certain two theta values either increased or decreased as
the exchange progressed. Processing of this kinetic data revealed that the reaction obeys a

deceleratory model, the decreasing area mechanism R2, with the rate law kt =1 - /(1 - a)
with k = 0.0069 min at 25 °C, where t = time, and «a is the extent of reaction.

7.2 INTRODUCTION

The formation of inclusion compounds by halogenated phenylethylenes was first declared by
Tanaka, Fujimoto and Toda.”® They showed that tetra(p-halophenyl)ethylene derivatives
form stable inclusion complexes with various halogenated alkanes and alkenes. These host
compounds were found to yield inclusion compounds which were chiral with guest
compounds which were achiral, and this was attributed to halogen-halogen interactions
occurring between host molecules.”# 7> This phenomenon was further demonstrated by a
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solid-vapour reaction which occurred between the p-bromophenyl derivative of the host and
gaseous p-xylene.”® The kinetics of enclathration and desolvation of the inclusion compounds
of the p-bromophenyl host and its p-iodophenyl analogue with halogenated methanes have
been analysed and their structures elucidated.”’ The bromophenyl inclusion compound with
1,2-dischloroethane (DCE) was subjected to the vapours of methyl iodide (Mel) and the
reaction was monitored by NMR spectroscopy. A single crystal was removed which contained
48.6% Mel and its structure elucidated, displaying a stoichiometry of 6H+-3DCE-2Mel’#
revealing the mechanism of the guest exchange reaction.

In this work we present the structures of the inclusion compounds formed by the host H4,
tetrakis(p-bromophenyl)ethylene with dimethyl sulfoxide (DMSO), 1,4-dioxane (DIOX),
cyclohexanone (CYNO), and 3-pentanone (PENT), analyse their kinetics of thermal
decomposition, monitor their guest exchange reactions and comment on the relevant
halogen-halogen interactions. The structural formulae of the host and guests are shown in
Scheme 7.1.

oo 29
|

DIOX CYNO
tetrahydrofuran dioxane cyclohexanone
0] |C|> 0]
S
Br Br
ACE DMSO PENT

H: tetra(p-bromophenyl)ethylene (C2sH1sBra)  acetone  dimethylsulfoxide  3-pentanone

Scheme 7.1: Host compound (left) and guests under study (right).

7.3 EXPERIMENTAL

7.3.1 Materials.

The host compound, H4, was synthesized according to a known method,”’ where
tetraphenylethylene was exposed to bromine vapour overnight, (stirred occasionally to
prevent a crust forming), then dissolved in hot chloroform and precipitated out with ethanol.
Guest solvents were bought from Sigma-Aldrich and used without further purification.

7.3.2 Preparation.

Single crystals of the inclusion compounds were obtained by dissolving the host in an excess
of the relevant guest and then leaving the solution to crystallize by slow evaporation. The first
polymorph of the host with dioxane was made in this way, while the second polymorph was
found by allowing crystals to age for two weeks in the dioxane solvent at room temperature.
Dioxane solutions with the same concentrations of host produce either form when seeded
with the desired polymorph. The two polymorphs of the apohost (host without guest) were
synthesized according to known methods with slight modifications; apohost 1 (CSD MALGOV)
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was recrystallized from m-xylene,’> and apohost 2 (CSD MALGOVO01) was formed by
recrystallizing the apohost from a mix of chloroform and acetonitrile.””’

7.3.3 X-ray Crystallography.

Single crystal X-ray diffraction (SXRD) data were collected on a Bruker DUO APEX I
diffractometer for all structures using Mo Ko (A = 0.71073 A) at a temperature of -100 or -173
°C. The intensity data were collected using the ¢ scan and w scan techniques, scaled, and
reduced with SAINT-Plus.”® The correction of the collected intensities for absorption was
carried out using the SADABS program.’1® XPREP’'1* was used to process and prepare input
files for SHELXT 2014/5712 and SHELXL 20187123 which were used to solve and refine the
structures using the X-seed graphical interface.”'* All non-hydrogen atoms were refined
isotropically or anisotropically depending on the occurrence of disorder in the structures.
Some C-C and C-0O bond lengths in disordered guest molecules were restrained. All C-H
hydrogen atoms were placed geometrically and refined with a riding model for their isotropic
temperature factors. H*PENT was refined as a two-component twin using the HKLF 5 file and
BASF instruction to specify the fractional volume contributions of the twin components.”*2
Diagrams were generated using Mercury (2020 3.0).”'> To display and calculate the
percentage volume of voids we used the Mercury default probe radius (1.2 A), approx. grid
spacing (0.7 A), and “contact surface” method.

Powder X-ray diffraction (PXRD) was recorded on a Bruker D2 phaser diffractometer using Cu
Ko radiation (A = 1.5418 A) generated at 30 kV and 10 mA. Simulated powder patterns of
crystal structures were calculated using Mercury and compared with the experimental
patterns to confirm bulk phase purity.

An in situ PXRD experiment was also carried on a Bruker D8 powder X-ray diffractometer using
Cu Ko radiation (A = 1.5418 A) generated at 30 kV and 40 mA. The CYNO compound was sieved
through a 106-um filter and exposed to 3-pentanone vapour using a modified sample holder
as previously described.”'® Powder diffraction traces were at recorded at 25 °C and repeated
at intervals of 25 minutes.

7.3.4 Thermal Analysis.

Samples were prepared by removing crystals from mother liquor, blotting on filter paper, and
leaving to dry. Crystals were gently crushed, sieved and exposed to solvent vapour (if
specified), and weighed directly into open aluminium oxide crucibles in the case of
thermogravimetric analysis (TGA) or crimped, vented aluminium pans for differential
scanning calorimetry (DSC). 4-10 mg was used for TGA and 1-3 mg for DSC. Unless specified,
experiments were performed over a temperature range of 30-290 °C at a heating rate of 20
°C/min under dry nitrogen with a flow rate of 40 cm3min~tin the TGA and 60 cm3min~tin the
DSC. Thermogravimetric analysis was performed using a TA-Q500 thermogravimetric
analyser, and differential scanning calorimetry was performed using a Q200 (TA Instruments).
TG results were analysed using TA Instruments Universal Analysis 2000 software.

7.3.5 Guest Exchange.

Guest exchange experiments were performed using a “two-vial” method. Crystals of inclusion

compounds or apohost were removed from mother liquor, patted dry, and (unless specified)

crushed into a powder. This starting material was set in a short vial, while into a second vial

was added the guest to be exchanged. Both vials were then placed inside a sealed jar and left
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at room temperature. Guest exchange was considered successful when the resulting PXRD
pattern of the starting material changed to that of the new host-guest compound. When
patterns were similar, 'H NMR was used to confirm presence of the exchanged guest.

7.4 RESULTS AND DISCUSSION
7.4.1 Structures with H4.

The crystallographic data and structure parameters are presented in Table 1a. To these we
have added in Table 7.1b the relevant data of the structures with tetrahydrofuran (THF) and
acetone (ACE), and the two polymorphs of the apohost obtained from the Cambridge
Structural Database which are pertinent to the discussion.”3 74

Structure 7.1, H*DIOX 1, crystallizes in the space group P212121 with Z = 4 with one host and
one guest in the asymmetric unit. The guests are located within isolated cages of size 113 A3
each. The packing diagrams for all structures are displayed in Figure 7.1. Toda et a/”* recorded
the synthesis of this compound (by both recrystallisation and vapour sorption, but did not
elucidate its structure).

Structure 7.1 and Structure 7.2, H*DIOX 2, are polymorphs with very close unit cell volumes.
Structure 7.2 crystallizes in C2/c with Z = 4. The asymmetric unit consists of one-half host
molecule which lies on a 2-fold axis at Wykoff position e (0, y, %), and one-half guest molecule,
which is disordered over two positions (63%/ 37%) and lies about a centre of symmetry at
Wykoff position c (%4, %, ). The nature of the dioxane disorder causes the guest molecules to
reside in slightly enlarged isolated cages (120 A3), in comparison to those of dioxane
polymorph 1 (113 A3).

Structure 7.3, H*CYNO crystallizes in C2/c, and has a similar unit cell and packing to that of
Structure 7.2, H*DIOX 2. The asymmetric unit consists of one half-host which lies on a two-
fold axis at Wykoff position e (0, y, %) and one-half guest, which is located about a centre of
inversion at Wykoff position d. (%, %, %:). The guests are located within isolated cages of size
132 A3 each.

Structure 7.4, H*PENT, crystallizes in the space group P2i. The asymmetric unit consists of
two host molecules and two guest molecules. The two guests together occupy an elongated
cage, totalling 149 A3. One guest takes on the most stable zig-zag conformation (trans-trans),
while the second guest displays the trans-gauche conformer, the next most stable of the four
conformers of 3-pentanone.’-'’

Structure 7.5, H*2(DMSO) crystallizes in the space group P21212:. The asymmetric unit
consists of one host molecule and two DMSO guest molecules. One of the DMSO molecules
is disordered, and was refined over three positions totalling occupancies of 32%, 47%, and
21% respectively. We note that the structure and packing are similar to that of the host-guest
compounds formed with ACE and THF.”* When the DMSO guests are removed and void
spaces displayed, channels along [100] are evident (Figure S7.1).
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While the packing of host molecules can produce either chiral or racemic structures, the
shape of the tetrakis(p-bromophenyl)ethylene molecules remains consistent. In each case

the host displays a propeller conformation with torsion angles amongst the compounds
ranging from +41° to +62° (Table S7.1).

Figure 7.1. Packing diagrams of tetra(p-bromophenyl)ethylene inclusion compounds with
guests drawn in the space fill style: a) H*DIOX 1, b) H*DIOX 2, c) H*PENT, d) H*CYNO, e)
H+2(DMSO), f) H*2(ACE) (CIF refcode XALBUH).
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Table 7.1a. Crystallographic data parameters of new host-guest compounds

Compound H-DIOX 1 H-DIOX 2 H-CYNO H*PENT H-2(DMSO)
chirality chiral racemic racemic chiral chiral
Guest dioxane dioxane cyclohexanone 3-pentanone DMSO
Structural formula of Ca6 H1e Bry, % (C26 H16Bra, % (Ca6 His Bra,  2(Ca6 Hie Bra, Ca6 Hie Bry,
ASU C4 Hg O3 Ca Hg 03) Ce H10 O1) Cs Hip 01) 2(C2 He1S1)
Guest/ Host ratio 1 1 1 1 2
Molecular mass 736.10 736.10 746.17 734.16 804.30
(g'-mol?)
Data collection temp
) 173(2) 173(2) 173(2) 100(2) 173(2)
Crystal system Orthorhombic  Monoclinic Monoclinic Monoclinic  Orthorhombic
Space group P212124 C2/c C2/c P21 P212121
a (A) 9.535(2) 20.338(1) 20.206(1) 16.645(3) 9.550(2)
b (A) 16.387(3) 8.721(1) 9.2124(6) 9.355(2) 14.598(3)
c (A) 17.956(4) 16.410(1) 16.455(1) 18.532(4) 22.552(5)
a (%) 90 90 90 90 90
B (%) 90 105.076(1) 108.710(1) 93.34(3) 90
v (°) 90 90 90 90 90
Volume (A?’) 2805 2810 2901 2880 3143
Z 4 4 4 4 4
Calc. density (g-cm™?) 1.743 1.740 1.708 1.693 1.699
0 range (°) 2.27-25.02 2.56-27.74 2.45-28.26 2.20-27.89 2.28-27.64
Reflections collected 57777 26219 27428 37052 95335
Unique reflections 6068 2961 3124 7109 6294
(I>20(1))
Final R indices
0.0304 0.0291 0.0243 0.0239 0.0412
(I>20(1))
R indices (all data) 0.0406 0.0392 0.0314 0.0262 0.0750
Goodness-of-fit on F2 1.033 1.050 1.037 1.047 1.013
CCDC deposition 2101407 2101408 2101406 2101410 2101409
number
CSD refcode DANQAO DANQAOO1 DANPUH DANQOC DANQIW
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Table 1b. Crystallographic data parameters of previous compounds with this host

Compound (CSD

MALGOV’>  MALGOVO01’-’  XALBUH’# XALCAO’#

refcode)
Chirality racemic racemic chiral chiral
Guest - - acetone THF
Structural Ca6 Hig Bra, C26 H1e Bry,
formula C26 His Bra C26 Hi6Brs 2(Cs He On) 2(Ca Hg )
Guest/ Host ratio - - 2 2
Molecular mass 648.03 648.03 764.19 792.24
(g'mol™)
Crystal system Orthorhombic  Monoclinic  Orthorhombic Orthorhombic
Space group Pccn P21/n P212121 P212121
A (A) 16.173(2) 20.520(1) 9.203(1) 9.3337(2)
b (A) 16.512(1) 9.787(1) 14.969(2) 15.1835(3)
c(A) 18.024(2) 24.004(1) 22.418(3) 21.9443(5)
a(®) 90 90 90 90
B(°) 90 91.60(1) 90 90
y(°) 90 90 90 90
Volume (A3) 4813 4818 3088 3109
Z 8 8 4 4
D, calc d_elns'ty 1.789 1.787 1.644 1.692
(g:cm™)

7.4.2 Kinetics of desolvation of the two polymorphs of dioxane.

Crystals of each polymorph were sieved through a 106 um filter, then exposed to dioxane
vapour at room temperature for at least one hour to replace any volatile guest lost during
sieving. The polymorph phase was confirmed by PXRD. The TG traces were collected at
heating rates (B) of 2, 4, 8, 16, and 32 °C/minute (Figure 7.2). For both H*DIOX 1 and H*DIOX
2 the average mass loss (%) came to 11.7%; the calculated mass loss for a H*DIOX compound
is 12.0%. In order to determine the activation energy of decomposition we made use of the
method developed by Flynn, Wall, and Ozawa 78 719 and plotted In (B/ Bo) versus 1000 K/T
using temperature points from when the extent of reaction (a) was 5%, 10%, 15%, 20%, and
30% complete (Figure 7.3). For H*DIOX 1 the activation energy of desolvation was calculated
to be 84 +2 kl'mol?, whereas for H*DIOX 2 the activation energy was slightly higher, at 90
+2 kl'mol™. This trend agrees with the DSC results (Figure S7.4), which show an endothermic
peak due to dioxane desorption at 106 °C for H*DIOX 1 and at a higher temperature of 118 °C
for H*DIOX 2.
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Figure 7.2. TG traces collected at heating rates of 2, 4, 8, 16, and 32 °C/minute of a) H*DIOX
1 and b) H-DIOX 2.
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Figure 7.3. Plots of In (/o) versus 1000 K / T at 5%, 10%, 15%, 20%, 30%, 40%, 50%, 60%,
70%, 80%, 90%, and 95% extent of the guest desorption reaction for a) H*DIOX 1 and b)
H°*DIOX 2.
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7.4.3 Structural differences in the two dioxane polymorphs.

Whilst the thermal data suggests that H*DIOX 2 is more stable than H*DIOX 1, it is not obvious
structurally why that should be the case.

We compared the packing of the dioxane polymorphs by using the programme, Crystal
Explorer.”?? In each analysis the dioxane molecules were selected as the target, and the
resulting fingerprint plots (Figure 7.4) visualize the contacts from each dioxane guest
molecule to the surrounding host. We note that the H*DIOX 2 has a spike due to a
(dioxane)H---Br(host) interaction of length 3.06 A, which is not seen in H*DIOX 1.

In the H*DIOX 1 structure there are four Br--Br interactions (Table S7.2). The H*DIOX 2
structure contains only two Br---Br interactions, however at 3.48 A they are shorter than those
present in H*DIOX 1, and correspond to an approximately 6% reduction in the sum of the
Bondi’2! van der Waals radii (3.70 A).

We also more closely inspected the void spaces produced by deleting the dioxane guest
molecules. We found that the originally cage-type voids displayed in H*DIOX 2 are in fact
joined, forming restricted channels down [010] (Figure S7.5b), while those in H*DIOX 1 remain
as isolated cages (Figure S7.5a). This was done by adjusting Mercury’s default settings to a
probe radius = 1 A and an approx. grid spacing = 0.1 A. This may be attributed to the disorder
of the dioxane molecule which requires more space in the packing of the structures.

(a) (b)
0-Br  1.4% de
)Rdé 0--C 1.9‘;; 2.8 O---H
26l : H---Br 9.8% 26
24 4 0-H  13.2% ¢ H--Br
22| -
20| H---C 18.3% 2° H---C
IB:’ 1.8
el 1.6
il 1.4
12| N
ol H---H 55.3% 10 H---H
ol 08
sl 06
d‘ U6 U8 TU T2 T4 16 I8 20 27 23 2% 28

Figure 7.4. Hirshfeld fingerprint plots with dioxane selected as target in (a) H*DIOX 1 and (b)
H*DIOX 2 (surface created about both disordered guests). Circled are spikes due to short O--
(red), H:--H (pink), H---C (orange), and H---Br (green) interactions. The adjoining bar graphs
display the percentage breakdown of the types of non-bonded interactions.
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7.4.4 Guest exchanges.

When H*CYNO is exposed to dioxane vapour, the result is the H*DIOX 2 polymorph which is
not surprising because H*CYNO and H*DIOX 2 are isomorphous. (Figure S7.11 — S7.13). The
H+-PENT compound exchanges PENT for DIOX to form the similar H-DIOX 1 compound (Figure
S7.11, S7.14, S7.15). Interestingly, we found that both single crystals and powders of H-DIOX
1 would slowly transform to H*DIOX 2 over time, if left in mother liquor or exposed to dioxane
vapour, respectively. This again suggests that H*DIOX 2 is the more stable polymorph.

Both polymorphs of the apohost also form H*DIOX 1 upon exposure to dioxane vapour.
Apohost 1 does not form H*CYNO when exposed to the vapour of CYNO according to Toda et
al.,”> however, H*CYNO is formed when apohost 2 is exposed to CYNO vapour for 4 days
(Figure S7.18). Similarly, Toda et al.”# previously found that the host-guest complex with
acetone (XALBUH) is not formed by exposure of the apohost 1 to acetone vapour. Again, we
found that the inclusion compound XALBUH (H*2(ACE)) is formed when apohost 2 is exposed
to acetone vapour for 3 days (Figure S7.20).

We exposed DMSO crystals to gaseous acetone at 40 °C using a simple “two-vial” set-up
(Figure 7.5a). The DSC profile of the H*2(DMSO) compound shows two broad endotherms for
the DMSO desorption peaking at 115 and 180 °C while the third endotherm (256—258 °C) is
associated with the melt of the apohost. As the reaction proceeds the guest profiles change
and after 88 hours at 40 °C the exchanged compound yields a DSC trace almost identical to
that collected from the pure acetone compound H*2(ACE) (Figure 7.5b). We emphasise that
this method does not yield values of rate constants or define the mechanism laws of the
reaction.”??

(a) (b)

Temperature (°C)
30 60 90 120 150 180 210 240 270

— H-2(DMSO)
—0.5hrs
—1.5hrs
=5.5hrs

=20 hrs

=68 hrs
— 88 hrs

H-2(DMSO) XALBUH
crystals <|)| i
acetone /S\ )J\
DMSO ACE

Figure 7.5. guest exchange experiment carried out at 40 °C from H*2(DMSO) (purple) to the
isomorphous acetone structure, H*2(ACE) (blue). a) scheme of the “two vial” experimental
set up, and b) DSC traces at specified times over 88 hours.
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We monitored the kinetics for the exchange reaction:
H+CYNO) + PENT() = H * (XCYNO*(1-x)PENT)(s) = H*PENTq)
by employing a custom in situ sample holder as previously described. 7:16 723

The X-ray powder diffraction spectra of H*CYNO and H*PENT display distinct peaks

The H*CYNO compound has a peak at 20 = 12.12° due to the (20-2) reflection that decreases
with time, while H*PENT has a peak at 26 = 7.35° due to the (101) reflection that increases
correspondingly.

Powder diffraction traces were recorded at room temperature and repeated at intervals of
25 min. The result, shown in Figure 7.6a, displays the traces as time-resolved peaks, whose
colours vary from dark grey (background) through red to yellow (most intense). Overlaid are
the calculated PXRD traces of the H*CYNO (green) and H*PENT (pink) compounds.

The related Figure 7.6b displays time resolved changes in the area measured due to the (101)
reflection of H*CYNO, and the (20-2) reflection of H*PENT. This raw kinetic data for the guest
exchange reaction were normalised to yield the o vs time curve (Figure 7.6¢) which followed

the contracting surface area law R2: 1 —,/(1 - a) = kt (Sharp-Hancock formalism), where a
represents the extent of reaction and k is the rate constant for the exchange reaction (Figure
6d).”2* The rate law held over an a range from 0 to 1.0 with r = 0.996 for the H*CYNO
reflection, and a range from 0 to 0.86 with r = 0.996 for the H*PENT reflection. The kinetic
traces yielded an average rate constant of 0.0069 min-tat 25 °C which corresponds to a half-
life of approximately 42 minutes.

7.5  DISCUSSION AND CONCLUSION

The host compound tetrakis(p-bromophenyl)ethylene forms inclusion compounds with a
series of guests yielding structures which are either chiral (P21 or P212121) or racemic (C2/c).
The compounds with 1,4-dioxane form two distinct polymorphs, H*DIOX 1 (P212121) and
H+DIOX 2 (C2/c), and their kinetics of thermal decomposition at various heating rates has
shown that the activation energy of the H*DIOX 2 polymorph has an activation energy of 90
kJ:-mol?, somewhat higher than that of H*DIOX 1 at 84 kJ-mol*. This suggests that the dioxane
guest is more tightly held by the secondary interactions of the surrounding host molecules
and is supported by the DSC traces of H*DIOX 1 and H*DIOX 2 (Figure S7.3). Structurally this
is backed up by the nonbonded interactions between host and dioxane atoms which are less
than the sum of the van der Waals radii.

The kinetics of guest exchange were carried out by two different methods.

For the exchange of DMSO by acetone in the reaction H*2(DMSO)s) + ACE(g) — H*2(ACE)s),
the kinetics was followed by DSC and showed DMSO peaks decreasing, while those due to
ACE vapour increasing. After 88 minutes the final profile is practically identical to that of the
pure H*2(ACE) compound. The DSC method is only a qualitative method of following the
exchange reaction, but is visually convincing.

The second reaction, H*CYNO) + PENT(g) — H*PENT(5) was followed by the changing X-ray
powder spectra. The intensities of the disappearing peaks of the H*CYNO structure, and the
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growing peaks of the H*PENT structure were measured as a function of time. This allowed the
extent of reaction to be monitored and modelled. The reaction profile fitted the contracting

arealawR2:kt=1-,/(1-a).

Both the DSC and X-ray powder diffraction methods are strongly dependent on two factors,
namely temperature, which governs the vapour pressure of the incoming guest, and the
particle size of the starting inclusion compounds. A narrow size fraction of particles size
ensures that diffusion barriers of the incoming gas ensure are kept constant. Therefore,
sieving of the powder samples for these kinetic experiments is recommended.
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Figure 7.6. Guest exchange of powdered CYNO (green) with 3-pentanone resulting in PENT
(pink). (a)Time-resolved in situ powder X-ray diffractogram for H*CYNO exposed to 3-
pentanone vapour for 3 hours (b) time -resolved changes in relative net area of X-ray
reflection (1 0 1) of H*CYNO and the (2 0 -2) reflection of the product H*PENT (c) alpha vs
time curve with the reaction half-life marked at 42 minutes (d) plot of 1 — /(1 — a) vs. time
indicating that the exchange reaction follows the contracting surface area law.
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Chapter 8

8.1 SUMMARY AND CONCLUSION

This thesis deals with host-guest chemistry and its application to separating organic mixtures.
This is particularly relevant in cases where the individual compounds have similar physical
properties, such as molecular shape, polarities, and boiling points, as can occur with isomers.

This thesis gave rise to five publications in the international literature, focusing on various
aspects of molecular recognition of compounds crystallised from carefully selected hosts and
mixtures of organic guests. Four host compounds were used to prepare 29 new inclusion
compounds. Two of these hosts were similar bulky diols and were synthesised by Weber (H1
and H2). The other two, a Ni-based Werner-type host (H3) and a brominated host (H4), were
synthesised by known methods.

Various analytical techniques were used to analyse the resulting compounds, including single
crystal structure elucidation and refinement, nuclear magnetic resonance spectroscopy, gas
chromatography, thermal analysis, and the measurement of the kinetics of decomposition
and enclathration. A combination of these techniques yielded insight into the intermolecular
interactions within the prepared crystals, and the selectivity displayed by the studied host
compounds.

In chapter 3, eight inclusion compounds were prepared with hosts H1 and H2 and guests
methyl- and dimethylpiperidines (DMP). The selectivity observed by the hosts could be
rationalised by the thermal stability results of inclusion compounds containing single guests,
where both hosts showed a greater preference for guests which formed more thermally
stable inclusion compounds. This was true in all cases, except for the competition experiment
of H1 recrystallised from an equimolar mixture of 2,6- and 3,5-DMP. The resulting crystals
contained only 3,5-DMP. However, the measured thermal stabilities of the H1:3,5-DMP and
H1-2,6-DMP compounds were very similar.

Chapter 4 presents the preparation of two polymorphs of H1 alone, and four inclusion
compounds comprising single guests of three pentanol isomers, and 1-butanol. One of the
apohost polymorphs was recrystallised from 3-methyl-1-butanol at room temperature, and
the other polymorph from 1-butanol at 50 °C. It was found that H1 displays a preference for
the pentanol isomers over 1-butanol in the order: 3PENT > 2PENT > 3MBUT> 1BUT. It was
again noted that the selectivity by the host could be linked to the thermal stability of the pure
inclusion compounds.

In chapter 5, six inclusion compounds containing H1 were prepared with various
combinations of the guests, 2-propanol and tertiary butanol. The results of equimolar
competition studies showed that H1 includes both guests equally at high recrystallisation
temperatures, displaying no selectivity. However, the selectivity displayed by H1 increases
towards tertiary butanol as the temperature of crystallisation is decreased. In addition, it was
observed that the guest/host ratio of the inclusion compounds increases as the crystallisation
temperature decreases, in agreement with observations made by Ibragimov.

In chapter 6, six inclusion compounds were prepared with the host H3 and guests 1- and 2-
methylnaphthalene (MN). A similar investigation has been conducted by Toda et al., but with
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the Werner host’s ligand being 4-methylpyridine (vs 4-phenylpyridine in H3). A polymorphic
pair of inclusion compounds with 1-MN are reported. The less symmetrical (and therefore,
higher entropy, and more thermodynamically stable) polymorph recrystallises second, after
the concentration of 1-MN has been sufficiently increased by the evaporation of co-solvent.
Two inclusion compounds (not polymorphs) were prepared with 2-MN, and their formation
is also dependent on the guest concentration. When recrystallised from an equimolar guest
mixture, the preference by H3 for 1-MN/ 2-MN was 87/13. However, the crystallised
compound has a different structure, with one co-solvent molecule present for every host
molecule. With the evaporation of co-solvent, and the ensuing increase in guest
concentration, a mechanical mixture of inclusion compounds are recrystallised, as indicated
by PXRD, and NMR analysis of the bulk confirmed that both guests were present in equal
amounts.

In chapter 7, the structures of five inclusion compounds were prepared with H4 and guests
containing an oxygen atom. The structures of these compounds were found to contain host
to host bromine interactions, but none had significant contacts from host bromine atoms to
guest oxygen atoms. Two compounds are polymorphic and are formed by recrystallisation of
H4 from liquid 1,4-dioxane. The one polymorph crystallises in a centrosymmetric space group,
and the other crystallises as a mechanical mixture of non-centrosymmetric crystals. These
different polymorphs could easily be prepared by exposing other inclusion compounds to 1,4-
dioxane vapour, where the polymorph formed was the one which maintained the chirality of
the starting inclusion compound. Other inclusion compounds were exposed to gaseous
guests, and the kinetics of guest exchange from the CYNO to the PENT compound was
measured by calculating the area of representative PXRD peaks during the guest-exchange
reaction.

8.2  WHAT OF THE FUTURE?

While many structurally similar isomers share similar properties, they can also sometimes be
remarkably different. For example, there are ten distinct isomers of dimethylnaphthalene,
with melting points ranging from -18 to +112 °C. How does this guest melting point disparity
affect the behaviour of inclusion compounds? It would be interesting to measure the
temperatures that such binary mixtures (with various compositions) freeze. Such a phase
diagram could then be compared with the host selectivity preference measured at different
crystallisation temperatures and from different ratios of guests.

In addition, it is still not possible to accurately predict the crystal structure of multi-
component compounds, and current algorithms do not factor in experimental conditions.
Needed are the development of new methods that consider such factors, like the type and
amount of co-solvent used, and the crystallisation method and temperature. For this to be
possible further studies are needed correlating the structures of polymorphic multi-
component systems with the crystallisation conditions from which they form.
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Appendix A: Timeline of Supramolecular Chemistry

1810 H. Davy prepares a chlorine hydrate A*

M. Faraday confirms Davy’s observation and determines the composition of the chlorine

1823
hydrate A2

1840 A. Damour observes the reversible dehydration of zeolite crystals A3

1841 C. Shafh3utl prepares the graphite intercalates A4

1849 F. Wohler prepares a f-quinol- H,S molecular complex #°

1891 A. Villiers prepares the first cyclodextrin inclusion compounds #®

1893 S. U. Pickering publishes a study of alkylamine hydrates #’

1894 E. Fischer introduces the “lock and key” principle A8

1895 Discovery of X-rays by Rontgen

1897 Preparation of Hofmann’s benzene inclusion compound: Ni(CN)2*NH3:CgHe A°
1903 Preparation of Hofmann’s compound with aniline and phenol A1°

1906 Preparation of inclusion compounds of triphenylmethane A!

1909 Preparation of tri-o-thymotide (TOT) benzene inclusion compound A12

1914 Synthesis of Dianin’s compound: 4-(4-hydroxyphenyl)-2,2,4-trimethylchroman A13

Nobel prize for Physics M.T.F. von Laue for his discovery of the diffraction of x-rays by

1914
crystals

Nobel prize for Physics: W.H. Bragg and W.L. Bragg for their services in the analysis of

1915
crystal structures by means of X-rays

1916 H. Wieland and H. Sorge prepare the first choleic acid inclusion compounds A4

Gas hydrates block natural gas pipelines in USA and USSR at temperatures higher than

1930 . . . . . .
for normal ice formation — this results in a renewed interest in gas hydrates A%

The term “molecular sieve’ is coined to describe the behaviour of some microporous
1932 Ale
charcoals and zeolites

1935 E. Terres and W. Vollmer publish the preparation of phenol molecular complexes A’

1936 O. Kratky and G. Giacomello elucidate the crystal structure of choleic acid A8

1940 M.F. Bengen patents the preparation of urea inclusion compounds?*?
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1972
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Appendix A: Timeline of Supramolecular Chemistry

F.F. Mikus, R.M. Hixon and R.E. Rundle publish the preparation of amylose inclusion
compounds A%0

D. E. Palin and H.M. Powell publish the crystal structures of the S-quinol- H,S inclusion
compound??!, Powell announces the term, “clathrate” A%?

D.J Cram and H. Steinberg publish the synthesis of [2,2]paracyclophane 23

M. von Stackelberg and H.R. Miiller #24; W.F. Claussen”?>; L. Pauling and R.E. Marsh
A2Error! Reference source not found. all propose crystal structures for the two types of
gas hydrates and recognise them as clathrates

W.D. Schaeffer et al. publish an article entitles: “Separation of xylenes, cymenes,
methylnaphthalenes and other isomers by clathration of inorganic complexes”, using
Werner clathrates %7

Publication of “Non Stoichiometric Compounds” by L. Mandelcorn A28
C.J. Pedersen publishes the preparation of crown ethers A2°

J.L. Atwood “accidentally” prepares first liquid clathrates A3°

J.-M. Lehn and co-workers publish the preparation of cryptands A3!

R.J. Argauer and G.R. Landolt describe zeolite ZSM5 #3?

D.J. Cram and J.M. Cram introduce the terms “host”, “guest” and “host-guest
complexation” A33

D.D. MacNicol synthesises first hexa-hosts #34

J.-M. Lehn introduces the concept and term “supramolecular chemistry” A3°

G.D. Andreetti, R. Ungaro and A. Pochini report the crystal structure of p-tert-butyl-
calix[4]arene with toluene included in the cavity A3

J. Lipkowski describes the physical chemistry of Werner clathrates 37

Institute of physical Chemistry of the Polish Academy of Science hosts the First
International Symposium on “Clathrate Compounds and Molecular inclusion
phenomena” in Jachranka, near Warsaw.

First issue of J. of Inclusion Phenomena is published, editors J.L. Atwood and J.E.D. Davies
A38

E. Weber and H.-P. Josel propose nomenclature and classification of host-guest type
compounds A%

First volume of Inclusion Compounds is published by Academic Press, London A4°
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Appendix A: Timeline of Supramolecular Chemistry

Nobel prize for Chemistry: J. Karle and H.A. Hauptman for developing direct phasing
methods to determine X-ray crystal structures

J.F. Stoddart and co-workers publish the synthesis of the first catenanes and rotaxanes
A4l

Nobel prize for Chemistry: D.J. CramA42, J.-M. LehnA43, C.J. Pederson A4* for their
respective work in the field of supramolecular chemistry

First issue of Supramolecular Chemistry is published, editors J.L. Atwood and G.W. Gokel
A45

Herbstein gives classification scheme for binary adducts A4®

First issue of Supramolecular Science is published, editor-in-chief W. Knoll A4’

Publication of Comprehensive Supramolecular Chemistry, Vol. 1-11, Executive editors:
J.L. Atwood, J.E.D. Davies, D.D. MacNicol and F Vogtle, Pergamon Press 42

First issue of Crystal Engineering is published, editors R.D. Rogers and M. Zaworotko A4
First issue of CrystEngComm is published, editor-in-chief Dario Braga **°
J.W. Steed and J.L. Atwood publish Supramolecular Chemistry text A>1

First issue of Crystal Growth and Design is published, editor-in-chief R.D. Rogers #>2

Publication of ‘Encyclopaedia of Supramolecular Chemistry, vols 1-2, Editors J.L. Atwood
and J.W. Steed Error! Reference source not found.

Nobel prize for Chemistry: V. Ramakrishnan, T.A. Steitz, and A.E. Yonath for studied of
the structure and function of the ribosome

Nobel prize for Chemistry: D. Shechtman for the discovery of quasicrystals

Publication of ‘Supramolecular Chemistry: from molecules to nanomaterials’, vols 1-8,
editors-in-chief P.A. Gale and J.W. Steed *>*

Nobel prize for Chemistry: J.-P. Sauvage, F. Stoddard, and B. Feringa for the design and
synthesis of molecular machines

Publication of “Comprehensive Supramolecular Chemistry 11", vols 1-9, editors J.L.
Atwood, G.W. Gokel, and L. BarbourA55
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3.7.1 Table S3.1. Compounds of interest with H1 as listed in the Cambridge Structural
Database in 2017.

Guest REFCODE Reference

2-picoline CISPEA )

3-picoline CISPIE

4-picoline CISPOK

pyridine CISPUQ

ethanol DEZBUG Nassimbeni, L. R.; Ramon, G.; Weber, E. Inclusion
Ethanol and DEZCAN by a Fluorenyl Diol Host with Substituted
acetonitrile Pyridines. J Therm Anal Calorim 2007, 90 (1),
Ethano_l a_nd DIEDEC 31-37.

acetonitrile

Ethano_l a'nd DIEDIG

acetonitrile ]

Acetonitrile DEZBOAOL M

and water

ethanol DEZBUGO1

Acetonitrile DEZCANOL

and water — Roex, T. le; Nassimbeni, L. R.; Weber, E.
Ethano_l a'nd DIFDECO1 Selectivity and Structure of Mixed

acetonitrile Guestclathrates. New J. Chem. 2008, 32 (5), 856—
Ethanoland 1) 1y, o64 863.

acetonitrile

ethanol GlZPOV —

3.7.2 Table S3.2. Compounds of interest with H2 on the Cambridge Structural Database
in 2017.

Guest REFCODE Reference
Aniline EVUGEH
Bourne, S. A.; Corin, K. C.; Nassimbeni, L. R.; Weber,
Benzylamine EVUGIL E. PH Control of Guest Selectivity by
Inclusion. CrystEngComm 2004, 6 (12), 54-55.

2,4-lutidine OBELEM

3,5-lutidine OBELIQ

2,6-lutidine OBELOW Caira, M. R.; Nassimbeni, L. R.; Vujovic, D.; Weber,
2-picoline OTOBOP — E.; Wierig, A. Separation of Lutidine Isomers by
3-picoline OTOBUV Inclusion. Structural Chemistry 1999, 10 (3), 205—
4-picoline OTOCAC 211.

pyridine 0TOCOQ
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3.7.3 Figure S3.1. Hirshfeld surface analysis of inclusion compounds with the hosts
selected as target.
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g) H1+2(3,5DMP)
(cis portion of guest only)

de
di
06 0.8 1.0 1.Z 14 1.6 1.8 20 2Z 24 26 Z8
Out (%)
C H N (o)

0 26.9 0 0
15 625 20 19
0 5.2 0 0

i) H2+2(3,5DMP)+H.0

OIo

de

2.8
2.6|
2.4
2.2
2.0
1.8
1.6
1.4

1.2

1.0
0.8

0.6|

di

06 08 10 1.Z 14 1o 18 20 27 24 Jb 18

Out (%)
C H N (0]

C 0 22.0 0 0
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h) H2-2(2,6DMP)
de
: 0.6 08 1.0 1.2 1.4 16 18 20 27 24 2% JHdJ
Out (%)
C H N
0.8 219 0
7.6 656 15
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3.7.4 m — minteractions in H2.

Ring A: C1, C2, C3, C4, C5, C6
Ring B: C7, C8, C9, C10, C11, C12
Ring C: C14, C15, C16

; T Ring A

Table S3.3. Edge to face m interactions in compounds 3.6 — 3.8

Compound C-H-m Com(A) H--—-m(A) CH-m()
H2-2(2MP) n(A) C32-H3% t(C) 3.822 2.881 171
H2-2(2,6DMP) 1t(B) C10°-H10"-+- 1t(C) 3.888 2.951 169
H2-2(3,5DMP)-H,0  Tt(B) C10%-H10%- 1t(C) 3.732 2.800 167
a1-x, 1-y, 2-z
b.x-1, -y, 1-z
X, 1+y, z

3.7.5 Figure S3.3 TG and DSC traces of inclusion compounds.

a) H1:2(2MP) b) H1-2(3MP)
120 2 120 2
| o0 -1
100 1
L o - 0
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22 5
60 L £ 60 L 3 %
38 ] L 4 O
40 L4 T = 40 T
- -5
20 20 - -6
L -6 - -7
0 -7 0 -8
40 140 240 40 140 240

Temperature (°C) Temperature (°C)
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c) H1-2(4MP)

1
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4.7.1 Table S4.1. CSD analysis of the host (H1), 9,9’-(ethyne-1,2-diyl)-bis(fluoren-9-ol).

Host torsion

Guest

angle (°)
2,6-dimethylpiperidine 180
2-methylpiperidine 180
3,5-methylpiperidine 146
3-methylpiperidine 150
4-methylpiperidine 145
2-picoline 180
3-picoline 180
4-picoline 180
Pyridine 180
Acetonitrile and water 18, 13
Ethanol 5, 180
Ethanol and acetonitrile 4,180
Ethanol and acetonitrile 4,180
Ethanol and acetonitrile 4,180
Acetonitrile and water -
Acetonitrile 1
Ethanol 5, 180
Acetonitrile and water 18, 13
Ethanol and Acetonitrile 4,180
Ethanol and Acetonitrile 4,180
Ethanol 0
1-propanol 96
Cyclohexanol 180
Tetrahydrofuran 94, 180
9H-fluoren-9-one 14, 14
9H-fluoren-9-one 12,14
Caffeine 180
Caffeine and Methanol 43,43, 15
Methanol 4,5,5

REFCODE Reference
CANFUV ™
CANGAC N. M. Sykes, H. Su, E .Weber, S. A.

CANGEG =— Bourne and L. R. Nassimbeni, Cryst.

CANGIK Growth Des., 2017, 17, 819-826.

CANGOQ _J

E:EE:EEA L. R. Nassimbeni, G. Ramon and E.

= Weber, J. Therm. Anal. Cal., 2007,

CISPOK 90, 31-37

CIsPuQ  _ ’ '

DEZBOA

DEZBUG T. le Roux, L. R. Nassimbeni and E.

DEZCAN — Weber, Chem. Commun., 2007,

DIFDEC 1124-1126.

DIFDIG

DEZBOAO1 |

ROBGAR

DEZBUGO1 T. le Roux, L. R. Nassimbeni and E.

DEZCANO1 — Weber, New J. Chem., 2008, 32, 856-

DIFDECO1 863.

DIFDIGO1

Glzpov

:EQEZJ;\/I } E. Weber, S. Nitsche, A. Wierig, .

IEAJAA Csoregh; Eur.J.Org.Chem, 2002, 856
J. Gabriel Garcia, F. R. Fronczek;

QIZLES Private Communication (2014)
Varshni Singh, F. R. Fronczek, S. F.

QIZLESO1 Watkins; Private Communication
(2012)

UPIWAS A. Jacobs, L. Nassimbeni, K. L.

UPIWEW Nohako, G. Ramon, B. K. Sebogisi;

UPIWIA J.Chem.Cryst, 2011, 41, 610

C1
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4.7.2 ORTEP and Packing Figures.

Figure S4.1. The packing of (a) H*2(3MBUT) viewed down [100] (b) H*2(2PENT) and (c)
3H+6(3PENT) viewed down [100], with guest atoms shown in green.

Figure S4.2. ORTEP diagrams of (a) H*2(3MBUT) (b) H*2(2PENT) and (c) 3H*6(3PENT)
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4.7.3 DSC and PXRD traces of Apohost(a) and Apohost(p).

Apohost(a)

150 200 260 LALLK n JLALMJ\ALM\L ——Combination of 70%

aphost (B) and 30%
apohost (a)
Apohost(B) ,
—Host as recieved

Aphost (B)

L w —Aphost (a)

[ary
=
(=]

Heat Flow (W /g)

Host as received

Temperature (°C) 6 8 10 12 14 16 18 20 22 24 26
two theta (°)

Figure S4.3. DSC (left) and PXRD (right) traces of Apohost(a), Apohost(B), and the Host (H1) as
received.

4.7.4 DFT calculation.

Relaxed potential energy scans were computed using density functional theory (DFT),
employing the B3LYP hybrid exchange-correlation functional®! -3 and the def2-SVP basis
set.“® Dispersion effects were taken into account by adding the D3 correction of Grimme,
with Becke-Johnson (BJ) dampening® 6. This level of theory is denoted B3LYP-D3/def2-SVP.
The Gaussian 09 package was used®’.

References

C1 A.D. Becke, Density-functional thermochemistry. lll. The role of exact exchange, J.
Chem. Phys., 1993, 98, 5648-5652.

C2 C. Lee, W. Yang and R. G. Parr, Development of the Colle-Salvetti correlation-energy
formula into a functional of the electron density, Phys. Rev. B, 1988, 37, 785—789.

C3 P.J. Stephens, F. J. Devlin, C. F. Chabalowski and M. J. Frisch, Ab Initio Calculation of
Vibrational Absorption and Circular Dichroism Spectra Using Density Functional Force
Fields, J. Phys. Chem., 1994, 98, 11623-11627.

C4 F. Weigend and R. Ahlrichs, Balanced basis sets of split valence, triple zeta valence and
guadruple zeta valence quality for H to Rn: Design and assessment of accuracy, Phys.
Chem. Chem. Phys., 2005, 7, 3297-3305.

C5 S. Grimme, J. Antony, S. Ehrlich and H. Krieg, A consistent and accurate ab initio
parametrization of density functional dispersion correction (DFT-D) for the 94 elements
H-Pu, J. Chem. Phys., 2010, 132, 154104.
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C6 S. Grimme, S. Ehrlich and L. Goerigk, Effect of the damping function in dispersion
corrected density functional theory, J. Comput. Chem., 2011, 32, 1456—-1465.

C7 Gaussian 09, Revision A.02, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.
Robb, J. R. Cheeseman, G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M.
Caricato, A. Marenich, J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P.
Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L. Sonnenberg, D. Williams-Young, F. Ding, F.
Lipparini, F. Egidi, J. Goings, B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, V. G.
Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota, R. Fukuda,
J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell,
J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N.
Kudin, V. N. Staroverov, T. Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell,
J. C. Burant, S. S. lyengar, J. Tomasi, M. Cossi, J. M. Millam, M. Klene, C. Adamo, R.
Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma, O. Farkas, J. B. Foresman, and D. J.
Fox, Gaussian, Inc., Wallingford CT, 2016.
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& '//:‘/\’, turs'\(zrnagigle: 12 5
I\« 180° g
| o
\—‘T“ 1.5 cis ( ..j'._/\"./ 10 8
L " torsion angle = jea K\ o~ o)
O Dn/?’ﬁoo ] '_, :I’/‘\’. O
E NA 8 0O
~2 ' )
= gauche (&)
: 1 torsion angle = 6 ‘-la
< 60 - 100° °
Q
-
0.5 £
2 c
0 ‘ 0
0 60 120 180 240 300 360

O-C-C-O Torsion Angle (°)
Figure S4.4. The red trace is the gas-phase relative conformational energy plotted as a

function of the host’s O-C-C-O torsion angle. Overlaid in blue is the number of
occurrences on the Cambridge Structural database of the host’s conformations.
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4.7.5 Hirshfeld Analysis (host selected as target).

a) Apohost(a)
Out %
In% |C H (o)
C 6.8 205 |0
H 16.3 469 | 4.2
(0] 0 5.3 0
b) Apohost(B) trans
Out %
In% |C H (o)
C 9.2 18.1 | 0.1
H 8.5 48.9 | 10.2
(o) 0.4 4.6 0
d) H+2(3MBUT)
Out %
In% | C H (0]
C 0 27.2 | 0.1
H 2.5 62.1 | 4.0
(0] 0 4.2 0
e) 3H*6(3PENT) trans
Out %
In% |C H (o)
C 0 264 |0
H 3.7 60.3 | 3.8
(0] 0 53 0

c) Apohost(B) cis
Out %
In% |C H (0]
C 5.2 219 (0.2
H 20.2 46.3 | 1.5
(o) 0 4.8 0
de
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2.6|
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2.2

2.0

1.8

1.6|

1.4

1.2

1.0

0.8
s
0.6|

di
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de

di
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f) 3H*6(3PENT)

Out %
In% |C H (0]
C 0 274 |0
H 2.9 60.7 | 3.9
(o} 0 5.1 0

o di

h) H*2(2PENT) i) H-2(1BUT)

Out % Out %
In% |C H 0) n% |C H o)
C 0 26.8 |0 C 0.8 27.0 |0
H 2.0 62.8 | 3.9 H 7.4 55.8 | 4.4
(0] 0 4.5 0 0 0 4.7 0

4.7.6 Competition experiment results.

H-2(3MBUT)

—H exposed to equimolar
3MBUT/ 3PENT

———3H-6(3PENT)

6 8 0 12 14 16 18 20 22 24 26

two theta (°)

Figure S4.6. Calculated PXRD traces of 3H*6(3PENT) (red) and H*2(3MBUT) (green) compared to
the experimental trace (black) of the material collected from the recrystallisation of H from a
50/50 mixture of 3-methyl-2-butanol and 3-pentanol. The GC result indicated that 3-pentanol
accounted for 80% of the guest contained within the crystals.
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H-2(3MBUT)

H exposed to equimolar
3MBUT/ 2PENT

———H-2(2PENT)

i
-

two theta (°)

Figure S4.7. Calculated PXRD traces of H*2(2PENT) (blue) and H*2(3MBUT) (green) compared
to the experimental trace (black) of the material collected from the recrystallisation of H from a
50/50 mixture of 3-methyl-2-butanol and 2-pentanol. The GC and NMR results indicated that 2-
pentanol accounted for ~71% of the guest contained within the crystals.

= 3H-6(3PENT)

= H exposed to equimolar
3PENT/ 2PENT

——H-2(2PENT)

two theta (°)

Figure S4.7. Calculated PXRD traces of 3H*6(3PENT) (red) and H*2(2PENT) (blue) compared
to the experimental trace (black) of the material collected from the recrystallisation of H
from a 50/50 mixture of 3-pentanol and 2-pentanol. The GC and NMR results indicated that
3-pentanol accounted for 63% of the guest contained within the crystals.
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N H-2(3MBUT)
A‘MAA-'MM =—H exposed to equimolar

3MBUT / 1BUT
J MMMM i

6 & 10 12 14 16 18 20 22 24 26
two theta (°)

Figure S4.8. Calculated PXRD traces of H*2(3MBUT) (green) and H*2(1BUT) (purple)
compared to the experimental trace (black) of the material collected from the
recrystallisation of H from a 50/50 mixture of 3-methyl-butanol-2-ol and 1-butanol. The GC
result indicated 3-methyl-butanol-2-ol accounted for 85% of the guest contained within the
crystals.

= 3H-6(3PENT)

Jl‘l Jﬂk .m e H exposed to equimolar

3PENT/ 1BUT

=== H-2(1BUT) predicted

6 8 10 12 14 16 18 20 22 24 26
two theta (°)

Figure S4.9. Calculated PXRD traces of 3H*6(3PENT) (red) and H*2(1BUT) (purple) compared
to the experimental trace (black) of the material collected from the recrystallisation of H from
a 50/50 mixture of 3-pentanol and 1-butanol. The GC result indicated 3-pentanol accounted
for 98% of the guest contained within the crystals.
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——H-2(2PENT)

= H exposed to equimolar
2PENT/ 1BUT

e H- 2(1BUT) predicted

6 8 10 12 14 16 18 20 22 24 26
two theta (°)

Figure S4.10. Calculated PXRD traces of H*(2PENT) (blue) and H*2(1BUT) (purple) compared
to the experimental trace (black) of the material collected from the recrystallisation of H
from a 50/50 mixture of 2-pentanol and 1-butanol. The GC result indicated 2-pentanol
accounted for 98% of the guest contained within the crystals.
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Table S5.1. Crystallographic data parameters of the Host-Guest complexes studied.

5.7.1
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5.7.2 Table S5.2. Hydrogen bonding.

Compound

5.1

5.2

5.3

54

5.5

5.6

Appendix D: Supplementary Data for Chapter 5

Donor
(0)
016
041
095
013
092
089
069
044
086
072

016
013

016
041
044
013
048

013
020
016

013
062
041
016
065
044
059

016
047
041
043

Acceptor
(0)
041
095
013
092
016
069
044
086
072
089°

013
016°

041
044
013
048
016?

020
016
013

062
041
016
065
044
059
013¢

047
041
043
013

(A)
2.743(2)
2.707(2)
2.761(2)
2.753(2)
2.931(2)
2.891(2)
2.726(2)
2.646(2)
2.744(2)
2.768(2)

2.770(2)
2.668(2)

2.739(2)
2.689(2)
2.766(2)
2.753(2)
2.885(2)

2.680(2)
2.706(2)
2.781(2)

2.674(2)
2.834(1)
2.723(2)
2.753(2)
2.853(2)
2.674(2)
2.719(2)

2.704(2)
2.753(2)
2.672(2)
2.814(2)

O-H
(A)
0.967(5)
0.979(5)
0.969(5)
0.966(5)
0.946(5)
0.955(5)
0.968(5)
0.989(5)
0.969(5)
0.970(5)

0.965(5)
0.971(5)

0.964(5)
0.978(5)
0.967(5)
0.964(5)
0.948(5)

0.977(5)
0.977(5)
0.967(5)

0.976(5)
0.945(5)
0.963(5)
0.964(5)
0.946(5)
0.973(5)
0.964(5)

0.964(5)
0.968(5)
0.975(5)
0.954(5)

(A)
1.785(7)
1.729(6)
1.829(10)
1.787(5)
2.080(15)
2.033(18)
1.770(7)
1.663(7)
1.812(11)
1.802(7)

1.825(8)
1.745(9)

1.781(6)
1.713(6)
1.817(7)
1.792(6)
2.03(15)

1.706(6)
1.736(6)
1.816(6)

1.698(5)
1.895(6)
1.761(5)
1.799(7)
1.913(6)
1.701(5)
1.759(6)

1.748(5)
1.790(6)
1.723(8)
1.869(9)

<O-H---0
(°)
171(2)
177(3)
161(2)
179(3)
149(2)
148(3)
169(2)
172(3)
160(3)
173(3)

165(2)
158(2)

171(2)
176(2)
166(2)
175(2)
148(2)

175(2)
171(2)
176(2)

178(2)
172(2)
177(2)
169(2)
172(2)
176(2)
174(2)

171(2)
174(2)
163(2)
171(4)

Symmetry codes: (a) 1-x, 1-y, -z (a) x-1, y, z (b) x+1, vy, z (c) 1-x, -y, 1-z (d) -x, 1-y, -z (e) x, y-1, z
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5.7.3 Structure diagrams.

Figure S5.1: Structure 5.3, grown at 50 °C from an equimolar guest mixture of 2-PROP and
t-BUT with hydrogen bonding shown in blue. Both 2-PROP and t-BUT are included.

Figure S5.2: Structure 5.5, grown from 2-PROP and CHCl; at -20 °C with hydrogen bonding
shown in blue.

Figure S5.3: Structure 5.6, grown from 2-PROP only at -20 °C, with hydrogen bonding
shown in blue.
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5.7.4 Lattice Energy.

We also computed the lattice energies of the various compounds by employing Gavezzotti’s
programme AA-CLP.PY P2 There are several problems with the calculated lattice energies
firstly because the structures are not isomeric and secondly because some of the guest
molecules suffer from disorder, and Professor Gavezzotti states that such results are strictly
invalid.

However, we normalised the stoichiometries to that of structure 5.2. What is relevant is that
structure 5.2 (phase ll) yielded -357.0 kJ-mol-* while structure 5.3 (phase I) gave -341.6 kJ-mol
!, a difference of 15.4 kJ-mol?, which is not significant.
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Table S5.3. Lattice Energies

Normalised
Calculated Lattice Energy Normalised
Molar mass : .
Structure (g/mol) Lattice Energy  relative to Estructure i Estructure 2
(kJ/mol) structure 2 i =1-6 (kJ/mol)
(kJ/mol)
5.1 1399.74 -906.5 -346.3 +10.7
5.2 534.70 -357.0 -357.0 0
5.3 1427.79 -912.1 -341.6 +15.4
5.4 682.94 -520.5 -407.5 -50.5
5.5 1072.57 -680.4 -339.2 +17.8
5.6 1399.74 -877.8 -335.3 +21.7
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5.7.5 Representative Inclusion Experiments.

-
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28 (7
Figure S5.4. PXRD pattern of structure 5.2 (blue) grown from the single guest at 50 °C and

predicted PXRD of 5.2 (red)

RElative Intensity

26°

Figure S5.5. PXRD pattern of structure 5.1 (blue) grown from the single 2-propanol guest at
30 °C and simulated PXRD pattern of 5.1 (red)

D5



Appendix D: Supplementary Data for Chapter 5
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Figure S5.6. PXRD pattern of structure 5.4 (blue), grown from the single tertiary butanol
guest at 30 °C and predicted PXRD pattern of 5.4 (red)
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Figure S5.7. (a) PXRD pattern of the result of the equimolar competition carried out at 30 °C
(blue), predicted PXRD pattern of 5.3 (red) and PXRD pattern of 5.2 at 50 °C (green) and (b)
CHs region of 'H NMR spectrum showing t-BUT integrating for 1 and 2-PROP integrating for
0.08 indicating 10.7% 2-propanol in the mixture.
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Figure S5.8. (a) PXRD pattern of the result of the equimolar competition carried out at 30 °C
(blue), predicted PXRD pattern of 3 (red) and PXRD pattern of 2 at 50 °C (green) and (b) CHs
region of *H NMR spectrum showing t-BUT integrating for 1 and 2-PROP integrating for 0.14

indicating 17.4% 2-propanol in the mixture.
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Figure S5.9. (a) PXRD pattern of the result of the equimolar competition carried out at 30
°C (blue), predicted PXRD pattern of 3 (red) and PXRD pattern of 2 at 50 °C (green) and (b)
CHs region of 'H NMR spectrum showing t-BUT integrating for 1 and 2-PROP integrating
for 0.016 indicating 19.4% 2-propanol in the mixture. D7
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Figure $5.10. (a) PXRD pattern of the result of the equimolar competition carried out
at 30 °C (blue), predicted PXRD pattern of 3 (red) and PXRD pattern of 2 at 50 °C
(green) and (b) CHs; region of *H NMR spectrum showing t-BUT integrating for 1 and 2-
PROP integrating for 0.07 indicating 9.5% 2-propanol in the mixture.
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Figure S5.11. 'H NMR spectrum of the crystals grown at 30 °C from an equimolar mixture of

2-PROP and t-BUT showing t-BUT integrating for 1 and 2-PROP integrating for 0.45
indicating 40.3% 2-PROP in the mixture.
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Figure $5.12. 'H NMR spectrum of the crystals grown at 30 °C from an equimolar mixture of
2-PROP and t-BUT showing t-BUT integrating for 1 and 2-PROP integrating for 0.27

indicating 28.8% 2-PROP in the mixture. D9
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Figure S5.13. 'H NMR spectrum of the crystals grown at 30 °C from an equimolar
mixture of 2-PROP and t-BUT showing t-BUT integrating for 1 and 2-PROP integrating

for 0.30 indicating 31% 2-PROP in the mixture.
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Figure S5.14. 'H NMR spectrum of the crystals grown at 30 °C from an equimolar
mixture of 2-PROP and t-BUT showing t-BUT integrating for 1 and 2-PROP

integrating for 0.63 indicating 48.6% 2-PROP in the mixture.
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(a)

Figure S5.15. (a) PXRD pattern of the result of the equimolar competition carried out at -61
°C. The blue trace is the resulting powder diffractogram and the purple trace is the
diffractogram collected immediately afterwards. This is compared to the predicted PXRD
pattern of 5.2 (green) and predicted PXRD pattern of 5.3 (red) and (b) CHs region of *H NMR
spectrum showing t-BUT integrating for 1 and 2-PROP integrating for 0.08 indicating 10.7%

2-PROP in the mixture.
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Figure S5.16. 'H NMR spectrum of the crystals grown at 50 °C from an equimolar mixture
of 2-PROP and t-BUT showing t-BUT integrating for 1 and 2-PROP integrating for 0.66
indicating 49.7% 2-PROP in the mixture.

5.7.6 Figure S5.17 Hirshfeld Analysis with host selected as target.

We studied the packing of all the structures using the programme Crystal Explorer.? In each
case we targeted the host molecule and analysed the non-bonded interactions, but the only
significant differences were those between the cis- versus the trans- host molecules. This was
expected and yielded no fresh insights into the mechanism of selectivity.
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(e) Structure 5.3 (major component of disordered guest selected only)
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Structure 5.5
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Structure 5.6 (major component of disordered guests selected only)
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5.7.7 In Situ PXRD Vapour Sorption Experiments.
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Figure S$5.18 Experiment 1 (a) plot of extent of reaction vs time and (b) data fitted to
the contracting volume equation: 1 - (1 — a)'/3 = k t, yielding a rate constant of 3.7 x
103 min, corresponding to a half-life of 55.4 min.
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30
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> 0
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Figure S5.19 (a) Experiment 2: time resolved in situ diffractogram for the reaction of apohost
with t-BUT vapour showing conversion from apohost to phase Ill to phase Il. This was
achieved by adding a smaller amount of guest solvent to grooves. This is analogous to the
crystallisation result from the liquid: at the similar temperature of 30 °C, H1 recrystalised
from liquid t-BUT results in crystalline material of phase Ill (b) Experiment 3: time resolved in
situ diffractogram for the reaction of apohost with an equimolar mixture of 2-PROP and t-
BUT showing conversion to phase Il only. Similarly, when H1 is exposed to an equimolar
mixture of 2-PROP and t-BUT at 5 °C, crystalline material of phase Il results, and phase lll is
only achieved at much lower temperatures.
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6.7.1 List of Werner clathrates
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Table S6.1: A list of Werner clathrates of type M(NCS)2(L)s where M is a transition metal; guests in
bold are aromatic. They have been grouped by ligand. Structures were sourced from the 2019

version of the Cambridge Structural Database.

CONODURWNRL

AR WWWWWWWWWWRNNRNRNNNNRNNNRRREPRRERRRR
P OOV NOUDNWNRPROOONOOCTUDRNWNROONIDTU DN WNIERO

M

Ru
Cu
Cu
Cd
Ni
Ni
Ni
Ni
Ni
Ni
Fe
Fe
Fe
Mn
Mn
Co
Co
Zn
Co
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Co
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Cd
Cd
Cd

L

pyridine
pyridine
pyridine
pyridine
pyridine
pyridine
pyridine
pyridine
pyridine
pyridine
pyridine
pyridine
pyridine
pyridine
pyridine
pyridine
pyridine
pyridine
pyridine
pyridine
pyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine

G

dichloromethane

iodoform
pyridine

methanol, tetraphenylmethane

p-nitrotoluene
m-nitrotoluene
o-nitrotoluene

p-xylene

m-xylene

methanol

naphthalene

p-cymene

p-toluidine

p-toluidine
1-bromonaphthalene
1-bromonaphthalene
azulene

azulene

benzene

benzene
4-methylpyrdine, water
4-methylpyrdine, water
4-methylpyrdine, water

REFCODE

AGOHUZ
AVUIEG
AVUJEGO1
BEVMEV
CNSPYN
CNSPYNO1
CNSPYNO2
CNSPYNO3
CNSPYNO4
CNSPYNO5
FETPYR
FETPYRO1
FETPYRO2
HIQWOU
HIQWOUO01
ITCPCO
ITCPCO02
MAHROD
TCPYCO
TEDWUU
TUNRO!J
BAMSIR
BAMSOX
BAMSUD
BAPZAT
BAPZEX
BAPZIB
BEZCAK
BUJPEB
CECCOC
CECCUI
CULLOK
CULLOK10
CULLUQ
CULLUQO1
DALDEA
DALDEAO1
DEXYIO
DEXYIO10
DEXYIO11

El



No.

42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87

M
Zn
Ni
Mn
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Cu
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Co
Fe
Fe
Fe
Cu
Cu
Mn
Fe
Fe
Co
Co
Zn
Ni
Ni
Ni
Ni
Ni
Ni
Co
Co
Co
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L

4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine

G

4-methylpyrdine, water
unknown

unknown

o-xylene

o-xylene
1-methylnaphthalene
1-methylnaphthalene
2-bromonaphthalene
2-methylnaphthalene
4-methylpyridine
p-terphenyl

p-xylene

furan

tetrahydrofuran
benzene, ethanol
dichloromethane
dichloromethane
methylcellosolve
benzene

m-xylene

p-xylene
4-methylpyridine, water
4-methylpyridine, water
4-methylpyridine, water
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
4-methylpyridine
p-xylene

benzene

benzene

nitroethane
1,4-methanol
1,4-dichlorobenzene
nitrobenzene
nitroethane

benzene

REFCODE
EFESOX
EMEHUA
EQEGEN
ICMPNI
ICMPNIO1
ICMPNIO2
ICMPNIO3
ICMPNIO4
ICMPNIO5
ICMPNIO6
ICNIPX
ICNIPX10
IMPNIN
IMPNIN10
IPNBNP
IPNMNP
LITVEP
MPNITP
QQQGKA
RUDWAO
RUDWES
RUDWIW
RUDWOC
RUDWUI
RUDXAP
VERNUC
VEVKEM
VEVKOW
VEVKUC
VUJBUX
VUJBUXO1
VUJCAE
XIHHAX
XIHHAXO1
XIHHEB
XIHHEBO1
YORHAO
Z77UXE
Z77UXK
Z77UXKO01
Z77UX0
Z77UXQ
ZZZUXS
Z77UXU
ZZ7UXY
Z77ZUY|
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No.
88
89
90
91
92
93
94
95
96

97

98

99
100
101

102

103

104
105
106
107
108
109
110
111
112
113
114
115
116
117
118

119

120

121
122
123
124
125
126
127

Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Co
Co
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
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L

4-phenylpyridine
4-phenylpyridine
4-phenylpyridine
4-phenylpyridine
4-phenylpyridine
4-phenylpyridine
4-phenylpyridine
4-phenylpyridine
4-phenylpyridine

4-phenylpyridine

4-phenylpyridine

4-phenylpyridine
4-phenylpyridine
4-phenylpyridine

4-phenylpyridine

4-phenylpyridine

4-phenylpyridine
4-phenylpyridine
4-phenylpyridine
4-phenylpyridine
4-phenylpyridine
4-vinylpyridine
4-vinylpyridine
4-vinylpyridine
4-vinylpyridine
4-vinylpyridine
4-vinylpyridine
4-vinylpyridine
4-vinylpyridine
4-vinylpyridine
4-vinylpyridine

4-vinylpyridine

4-vinylpyridine

4-vinylpyridine
4-vinylpyridine
4-vinylpyridine
4-vinylpyridine
4-vinylpyridine
4-vinylpyridine
4-vinylpyridine

G

dimethylsulfoxide
dimethylsulfoxide
dimethylsulfoxide
m-xylene

m-xylene

m-xylene

m-xylene

m-xylene

m-xylene
4-phenylpyridine, 2-
methoxyethanol
4-phenylpyridine, 2-
methoxyethanol
o-xylene

p-xylene, dimethylsulfoxide
4-phenypyridine,
dimethylsulfoxide
dimethylsulfoxide,
phenylacetylene
toluene

toluene

benzene

benzene

benzene

p-xylene
m-xylene
o-xylene
chloroform

cyclohexene, tetrahydrofuran
cyclohexene, tetrahydrofuran
1,3-cyclohexadiene
tetrahydrofuran
1,4-cyclohexadiene
tetrahydrofuran

benzene, tetrahydrofuran
benzene

tetrahydrofuran

1lh-indene

naphthalene

azulene

fluorene

REFCODE
CIVIIA
CIVJIA10
CIVIIA20
DUTXAR
DUTXAR10
DUTXAR11
DUTXAR12
DUTXAR13
DUTXAR14

DUTXIZ

DUTXIZ10

FOPREH
FOPRIL
FOPRUX

SAHHAK

SAHHIS

SEZKEP
SEZKEPO1
SEZKOZ
SEZKUF
VANCIW
DOJXOP
DOJXOPO1
FINCOU
FINCUA
FINDAH
FOCDEG
ICVPCO
ICVPCOO1
PIZLOZ
PIZLUF

PIZMAM

PIZMIU

PIZMOA
PIZMUG
PIZNAN

QAKCOX
QAKCUD
QAKDAK
QAKDEO
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No.
128
129
130
131
132
133
134

135

136

137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166

167

168

Ni
Ni
Ni
Ni
Ni
Ni
Ni

Ni
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L

4-vinylpyridine
4-vinylpyridine
4-vinylpyridine
4-vinylpyridine
4-vinylpyridine
4-vinylpyridine
4-vinylpyridine

4-vinylpyridine

4-vinylpyridine

4-ethylpyridine
4-ethylpyridine
4-ethylpyridine
4-ethylpyridine
4-ethylpyridine
4-ethylpyridine
4-ethylpyridine
4-ethylpyridine
4-ethylpyridine
4-ethylpyridine
4-ethylpyridine
4-ethylpyridine
4-ethylpyridine
4-ethylpyridine
4-ethylpyridine
4-ethylpyridine
4-ethylpyridine
4-ethylpyridine
4-ethylpyridine
4-ethylpyridine
4-ethylpyridine
4-ethylpyridine
4-ethylpyridine
4-ethylpyridine
isoquinoline

isoquinoline

isoquinoline

isoquinoline

isoquinoline

isoquinoline

4-methylpyridine, 4-

phenylpyridine

4-methylpyridine, 4-

phenylpyridine

G

fluorene

phenanthrene, benzene
phenanthrene
anthracene

pyrene, methanol
tetrachloromethane
iodoform

iodoform, di-isothiocyanato-
tetrahydrofuran-tris(4-
vinylpyridine-n)-nickel(ii)
1,2,4,5-tetrafluoro-3,6-
diiodobenzene

p-xylene

p-xylene

p-xylene

m-xylene

m-xylene

m-xylene

carbon tetrachloride
carbon tetrachloride
o-xylene

o-xylene

carbon disulphide
carbon disulphide
p-dichlorobenzene
p-dichlorobenzene

1-methylnaphthalene
p-xylene

m-xylene

o-xylene
dichloromethane

2-methoxyethanol

acetylacetone

REFCODE
QAKDIS
QAKDOY
QAKDUE
QAKFAM
QAKFEQ
VAXVAR
VAXVEV

VAXVIZ

WUXZIA

CIVIOG
CIVIOGO1
CIVIOGO02
CIVIUM
ClVviumMmo1
CIViumMO02
FOCXEC
FOCXECO1
FOCXOM
FOCXOMO1
GAJWOD
GAJWODO01
GAJWUI
GAIXAQ
GAJXOE
GAJXOEO1
GAJIXUK
GAJXUKO1
LIDZON
LIDZUT
PEQNAC
PIRROZ
PIRROZ0O1
SOGWEQ
EFOXII
EFOXUU
JOZZUv
JUBBAL
Jusall
YAWSIZ

BUJPAX

VEJHAT
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No.
169

170
171
172
173
174
175
176
177
177
178
179
180
181
182
183
184

185

186

187
188
189
190
191
192
193
194
195
196
197

198

199

200

201

202
203
204

Ni
Ni
Ni
Co
Co
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Co
Ni
Ni
Fe

Fe

Co
Co
Fe
Fe
Co
Ni
Ni
Ni
Fe
Fe
Fe

Co

Co

Co

Co

Co
Co
Ni
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L

4-methylpyridine, 4-
phenylpyridine
3-methylpyridine
3-methylpyridine
3-methylpyridine
3-methylpyridine
3-methylpyridine
3-methylpyridine
3-methylpyridine
3-methylpyridine
3-methylpyridine
3-methylpyridine
isoquinoline, 4-phenylpyridine
isoquinoline, 4-phenylpyridine
isoquinoline, 4-phenylpyridine
4-acetylpyridine
4-acetylpyridine
4-acetylpyridine

4,4'-ethene-1,2-diyldipyridine

4,4'-ethene-1,2-diyldipyridine

4,4'-ethene-1,2-diyldipyridine
trans-4,4'-azopyridine
trans-4,4'-azopyridine
trans-4,4'-azopyridine
trans-4,4'-azopyridine
trans-4,4'-azopyridine
trans-4,4'-azopyridine
trans-4,4'-azopyridine
4,4'-ethylenedipyridine
4,4'-ethylenedipyridine
4,4'-ethylenedipyridine
2,4,6-tris(4-pyridyl)-1,3,5-
triazine
2,4,6-tris(4-pyridyl)-1,3,5-
triazine
2,4,6-tris(4-pyridyl)-1,3,5-
triazine

2,4,6-tris(4-pyridyl)-1,3,5-
triazine
(pyridin-4-yl)methanol
(pyridin-4-yl)methanol
(pyridin-4-yl)methanol

G
1-chlorobutane

chloroform
chloroform

carbon tetrachloride
dibromo-dichloromethane
2,2-dichloropropane
2,2-dichloromethane
chloroform

dichloromethane

p-xylene

m-xylene

o-xylene

p-dichlorobenzene
4,4'-ethene-1,2-diyldipyridine,
ethanol
4,4'-ethene-1,2-diyldipyridine,
ethanol
4,4'-ethene-1,2-diyldipyridine
ethanol, water

ethanol

ethanol

ethanol
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acetone
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4-hydroxydiphenylamine
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diphenylamine

water
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L

(pyridin-4-yl)methanol
2-cyano-n-((pyridin-4-
yl)methyl)acetamide
1,2-bis(4-pyridyl)ethane-N,N'
1,2-bis(4-pyridyl)ethane-N,N'
1,2-bis(4-pyridyl)ethane-N,N'
1-methyl-1-(3-pyridyl)-2-(4-
pyridyl)ethene
u2-4'-(4-(nonyloxy)phenyl)-
4,2":6',4"-terpyridine
2-methylfuro(3,2-c)pyridine
2,3-dimethylfuro(3,2-c)pyridine
4-(n-t-butyl-n-
oxylamino)pyridine-n'
u2-1-methyl-1-(3-pyridyl)-2-(4-
pyrimidyl)ethene
u2-1-methyl-1-(3-pyridyl)-2-(4-
pyrimidyl)ethene
u2-N,N'-bis(pyridin-4-
ylmethylene)ethane-1,2-
diamine
u2-N,N'-bis(pyridin-4-
ylmethylene)ethane-1,2-
diamine

u4-hydrogen tris(3-(4-
pyridyl)pyrazolyl)borato)-
dodecakis(acetonitrile)
u4-hydrogen tris(3-(4-
pyridyl)pyrazolyl)borato)-
dodecakis(acetonitrile)
3-cyanopyridine
3-cyanopyridine
3-cyanopyridine
3-cyanopyridine
(isonicotinamide)-
bis(isothiocyanate)
4-aminopyridine-N
4-aminopyridine-N
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u3-2,4,6-tris(3-pyridyl)-1,3,5-
triazine
u3-2,4,6-tris(3-pyridyl)-1,3,5-
triazine
u3-2,4,6-tris(3-pyridyl)-1,3,5-
triazine

G
unkown

water

acetone
acetone
acetone

methanol, nitromethane

chloroform, methanol

water
water

dichloromethane
methanol, nitromethane

methanol, nitromethane

water

ethanol

triperchlorate, acetonitrile, water

triperchlorate, acetonitrile, water

1,4-dioxane

ethanol
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isonicotinamide, ethanol

acetone, ethanol
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furan

2,3-dihydrofuran

REFCODE
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L
u3-2,4,6-tris(3-pyridyl)-1,3,5-
triazine
u3-2,4,6-tris(3-pyridyl)-1,3,5-
triazine
u3-2,4,6-tris(3-pyridyl)-1,3,5-
triazine
u3-2,4,6-tris(3-pyridyl)-1,3,5-
triazine
m3-2,4,6-tris(3-pyridyl)-1,3,5-
triazine
u3-2,4,6-tris(3-pyridyl)-1,3,5-
triazine

bis(u2-n,n'-bis(4-
pyridylmethylene)-1,5-
naphthalenediamine)-bis(m2-
4,4'-bipyridine
u2-4-pyridinecarbaldehyde 4'-
(2,2":6',2"-terpyridyl)hydrazone-
n,n',n'",n"
4-(4-(3,3,4,4,5,5-hexafluoro-2-
(2-methyl-5-phenylthiophen-3-
yl)cyclopent-1-enyl)-5-
methylthiophen-2-yl)pyridine
benzofuro(3,2-c)pyridine
u2-4'-(4-methoxyphenyl)-
4,2":6',4"-terpyridine
u-1-(4-pyridyl)butane-1,3-
dionato
pyridine-4-carbothioamide
pyridine-4-carbothioamide
4-(n-(4-methoxyphenyl)-N-
oxylamino)pyridine
4-(N-(2,4,6-tris(t-butyl)phenyl)-
N-oxylamino)pyridine
4'-pyridyl)pyridin-4-one-N,O
u2-4,4'-bipyridine

G
diphenyl ether

cyclopentadiene,

tricyclo[5.2.1.02,6]deca-3,8-diene

cyclopentadiene,

tricyclo[5.2.1.02,6]deca-3,8-diene

methylisothiocyanate
cyclopentane

t-butyl acrylate

chloroform, water

ethanol, water, isothiocyanate

dichloromethane, water

water

chloroform, methanol, water

dichloromethane, dichoride

water
methanol

diethylether

diethylether

methanol, water, isothiocyanato
chloroform

REFCODE
LAFRER

LAFRIV

LAFROB

LAXJAX

RIFSOQ

RIVDIL

TALREF

TOPLIU

UFEBUD

YAWSEV
ZUNJOJ

QELXIR

QEMXIS
SEMWUF

MOBGOA

MOMGUG

NERNIH
QAQTOT
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6.7.2 TGA, DSC, and PXRD traces of structures 6.1-6.6 and the apohost H3.
All DSC traces presented are exothermic up.
TGA mass loss percentages were calculated using the following molar mass (g/mol) values:

NCS: 58.08

Ni: 58.69

Methylnaphthalene (MN): 142.20

4-phenylpyridine (4-PhPy):155.20

Monomer host: 795.64 [Ni + 2 (NCS) + 4(4-phenylpyrine)]
Dimer host: 1280.88 [2(Ni) + 4(NCS) + 6(4-phenylpyridne)]

As an example, for structure I: the first mass loss % totals 63.8% and we surmise this is due
to the loss of two 4-PhPy ligands and four 1-MN molecules.

(2xmolar mass 4-PhPy)+(4xmolar mass MN)
molar mass of monomer host+(4 x molar mass MN) 8
(2x155.20)+(4x142.20)
795.64+(4x142.20)

= 64.4%

calculated mass loss

100

Similarly, we can calculate that two 4-PhPy ligands amount to 22.7% of the total mass in
compound 6.1. In each of the compounds 6.1-6.6 and the apohost, the portion of the
compound that remains at 400 °C is Ni(NCS), for structure 6.1 this amounts to 12.8% of the
total compound mass.

Powder X-ray Diffraction (PXRD) data were collected by mounting powders on a flat zero-
background sample holder on a Bruker D8 Advance diffractometer with copper radiation (Cu
Ka, A = 1.5406 A) at 30 kV and 40 mA. Each sample was scanned between 4 and 40° 26 with a
step size of 0.025°. Powders were mounted on a flat zero-background sample holder.
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Figure S6.1. DSC (blue) and TGA (red) traces of structure 6.1, collected at 30 °C/min.

The DSC displays multiple endothermic peaks: 56, 94, 155, 196, 213, 263, and 347 °C.

The TGA displays two broad mass losses of 63.8% and 23.2%. The first likely corresponds to
the loss of the two 4-PhPy ligands and all four 1-MN guest molecules (calc = 64.4%), the
second mass loss is attributed due to the remaining two 4-PhPy ligands (calc = 22.7%).
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Figure S6.2. Calculated PXRD trace (red) and experimental (purple) for structure 6.1.
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Figure S6.3. DSC (blue) and TGA (red) traces of structure 6.2, collected at 30 °C/min.
The DSC displays multiple endothermic peaks: 104, 156, 197, 219, 267, and 347 °C

The TGA displays an initial bumpy mass loss totalling 64.6%, attributed to the loss of two
4-PhPy ligands and four 1-MN molecules (calc = 64.4%). The second mass loss totals
23.3% and could be due to the remaining 4-PhPy ligands (calc = 22.7%).
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Figure S6.4. Calculated PXRD trace (red) and experimental (purple) for structure 6.2.
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Figure S6.5. DSC (blue) and TGA (red) traces of structure 6.3, collected at 30 °C/min. The DSC
displays multiple endothermic peaks: 139, 177, 193, 239, and 345 °C. The TGA displays an
initial bumpy mass loss totalling 59.3%, attributed to the loss of two 4-PhPy ligands and three
2-MN molecules (calc = 60.3%). The second mass loss totals 25.8% and we attribute this to the
loss of the two remaining 4-PhPy ligands (calc = 25.4%).
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Figure S6.6. Calculated PXRD trace (red) and experimental (purple) for structure 6.3.
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Figure S6.7. DSC (blue) and TGA (red) traces of structure 6.4, collected at 30 °C/min. The DSC
displays multiple endothermic peaks (°C): 80 (broad), 176, 226 (broad), 353 °C, and an
exothermic peak at 57 °C. The TGA displays an initial large mass loss totalling 42.9%, attributed
to the loss of two 4-PhPy ligands and three 2-MN molecules (calc = 43.2%). The second mass
loss totals 36.8% and we attribute this to the loss of the four remaining 4-PhPy ligands (calc =
36.4%).
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Figure S6.8. Calculated PXRD trace (red) and experimental (purple) for structure 6.4,
the experimental trace suffered from preferred orientation.
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Figure $6.9. DSC (blue) and TGA (red) traces of structure 6.5, collected at 30 °C/min. The DSC
displays multiple endothermic peaks (°C): 86, 163, 200, 254 (broad), and 356 °C. The TGA
displays a small, broad initial large mass loss totalling 2.6%, attributed to the loss of one
MeOH molecule (calc = 2.9%). The second, large mass loss totals 53.7% and is attributed to
the loss of two 4-PhPy ligands and two methylnaphthalene molecules (calc = 53.4%). The
third mass loss totals 27.8% and we attribute this to the loss of the two remaining 4-PhPy
ligands (calc = 28.7%).
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Figure $6.10. Calculated PXRD trace (red) and experimental (purple) for structure 6.5 collected
4 days after competition experiment was initiated. The NMR result was 87% 1-MN : 13% 2-
MN.
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Figure S6.11. DSC (blue) and TGA (red) traces of bulk crystals from competition experiment
taken 20 days after experiment began and collected at 30 °C/min. The DSC is complex, and the
endothermic peaks occur at 91, 146, 190, 219, 229, 242, 260, 295, and 347 °C. The first, large
mass loss totals 62.2% and is attributed to the loss of two 4-PhPy ligands and either three
methylnaphthalene molecules (calc = 60.3%) or four methylnaphthalene molecules (calc =
64.4%). The second mass loss totals 24.5% and we attribute this to the loss of the two
remaining 4-PhPy ligands (calc = 25.4% for 3 guest molecules or 22.7% for 4 guest molecules).
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Figure S6.12. The experimental (red) PXRD trace was collected 20 days after the competition
experiment was initiated; the NMR result yielded 54% 1-MN: 45% 2-MN. This is compared to
the calculated PXRD traces of structure Il, a 1-MN clathrate (purple trace), and structure 6.3, a 2-
MN clathrate (green trace). A random crystal was selected from the bulk and the structure
collected and named 6.6, which is very similar to 6.3 (see section 4).
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Figure $6.13. DSC (blue) and TGA (red) traces of apohost, recrystallized from MeOH and
airdried, collected at 30 °C/min. The DSC displays multiple endothermic peaks (°C): 95, 229,
278, 366. The TGA displays two mass loss events, the first mass loss totals 37.4% and the
second 39.8%. The calculated mass loss % values for two 4-PhPy ligands is 39.0%.
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Figure S14. Calculated PXRD trace (red) of the apohost (FOPREH) and experimental (purple) for
apohost synthesized in house and recrystallized from methanol.
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6.7.3 'H NMR results from competition experiments.

All TH NMR spectra were collected using CDCls as the solvent, and the CHCl; peak (7.26 ppm)
was used to reference the spectra.

The CHs singlet of the methylnaphthalene guests was integrated to compare the relative
proportions of 1- and 2-methylnapthalene in crystals derived from competition experiments.
The CHs singlet of 1-methylnapthalene occurs more downfield (2.45 ppm) compared to that
of 2-methylnaphthalene (2.35 ppm).

Samples are prepared by removing crystals from mother liquor, then drying on filter paper.
Crystals are crushed and dissolved in CDCls. The host is unstable in chloroform, and after a
short while a light green powder precipitates. The sample is filtered into NMR tubes using a
0.45 um nylon filter attached to a 5 ml syringe and needle.

The NMR spectra from competition experiments contain signals from the host,
methylnapthalenes, and various impurities. The CHs singlets of 1- and 2-methylnaphthalene
shift downfield to 2.70 ppm and 2.52 ppm respectively. Peaks present in the spectra arise due
to ‘grease’ (CHs, m, 0.86 ppm; CH, broad s, 1.26 ppm), silicon grease (CHs, s, 0.07 ppm), and
water, the peak of which is deshielded (broad s, 1.70 ppm) (Table 1, J. Org. Chem. 1997, 62,
21, 7512-7515). In some cases, glycerol (CH2, m 3.52 ppm; CHz, m, 3.64 ppm, m CH 3.85 ppm)
was observed in the spectra, the introduction of which we attribute to the filtration step via
a wet filter.

The relative amount of 1- and 2-methylnaphthalne present in the NMR spectra (and thus in
the crystals resulting from competition experiments) is calculated by integrating their CHs
singlets and obtaining the percentage. For example, in Figure $6.20 the CHs singlet for 1-MN
is calibrated to integrate for 1.00 and the CH3 singlet for 2-MN integrates for 0.15.

% 1-MN = 100

— T %
1.00 + 0.15

= 86.96%

~ 87 %
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Figure $6.15. 'H NMR of host H3, Ni(NCS),(4-phenylpyridine)s, post filtering from a
CDCls solution.
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Figure S6.16. 'H NMR of 4-phenylpyridine in CDCls.
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Figure $6.17. 'H NMR of glycerol in CDCls.
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Figure $6.18. 'H NMR of 1-methylnaphthalene in CDCl; with CHs peak at 2.45 ppm.
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Figure $6.19. 'H NMR of 2-methylnaphthalene with CHs peak at 2.35 ppm.

(oo o M n < N o N o w0 ~
< N @ O in N 0 N N 0 $
[e0) NN Mmom oM NN - - O D
I A4 NN/ Vo — V>~

60 55 50 45 40 35 30 25
f1 (ppm)

Figure $6.20. 'H NMR from competition experiment after 4 days, final concentration of
1-MN : 2-MN =87 : 13.
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Figure $6.21. 'H NMR from competition experiment after 8 days, final concentration of 1-MN
:2-MN =85 : 15.
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Figure $6.22. *H NMR from competition experiment after 11 days, final concentration
of 1-MN : 2-MN =43 : 57.
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Figure $6.23. 'H NMR from competition experiment after 13 days, final concentration

of 1-MN : 2-MN =49 : 51.
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Figure $6.24. 'H NMR from competition experiment after 14 days, final concentration

of 1-MN : 2-MN =55 : 45.
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Figure $6.25. 'H NMR from competition experiment after 20 days, final concentration
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of 1-MN : 2-MN = 54 : 46.

Table $6.2: Summary of *H NMR results

Days after competition % 1-MN measured
experiment initiated in crystals
4 87
8 85
11 43
13 49
14 55
20 54
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6.7.4 Comparison of polymorphs 6.1 and 6.2.

A) Atom-labelled host molecules
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Figure $6.26. Host molecule of structure 6.1 with some atom labels; the Niion is located
on a centre of inversion.
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Figure $6.27. Host molecule of structure 6.2 with some atom labels.
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B) Overlay of host molecules in structures 6.1 (blue) and 6.2 (purple)

Figure $28. Overlay of structure 6.1 (blue) and structure 6.2 (purple) using Mercury’s
‘Automatic Molecule Overlay’. The guest molecules were deleted, and the hydrogen
atoms are omitted for clarity. Note the labelling for both structures are identical for
the N11 and N21 ligands, but is necessarily different for N31 in 6.2, corresponding to
N112in 6.1, and N41 in 6.2 - corresponding to N212 in 6.1, where ? is 1-x, 2-y, 1-z and
refers to the symmetry generated atoms of the apohost in 6.1.

C) Table S6.3: Relevant bond lengths for structures 6.1 and 6.2

Structure 6.1 Structure 6.2
Atom labels  Distance (A)  Distance (A)  Atom labels
Ni1-N1 2.050(2) 2.055(2) Ni1-N1
Ni1-N12 2.050(2) 2.051(2) Ni1-N2
Ni1- N11 2.156(2) 2.152(2) Ni1- N11
Ni1-N21 2.159(2) 2.122(2) Ni1-N21
Ni1-N112 2.156(2) 2.124(2) Ni1-N31
Ni1-N212 2.160(2) 2.130(2) Ni1-N41
a1-x, 2-y, 1-z
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D) Table S6.4: N-Ni-N bond angles for structures 6.1 and 6.2
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6.1 6.2
Atom labels Angle (°) Angle (°) Atom labels
N11 NiN21 85.4(1) 91.0(1) N11 NiN21
N21 NiN11®  94.6(1) 89.3(1) N21 Ni N31
N112 Ni N212 85.4(1) 89.1(1) N31 NiN41
N212NiN11  94.6(1) 90.6(1) N41 Ni N11
N1 NiN11 89.9(1) 90.5(1) N1 NiN11
N1 Ni N21 90.0(1) 89.1(1) N1 Ni N21
N1 Ni N112 90.2(1) 89.0(1) N1 NiN31
N1 Ni N212 90.0(1) 90.7(1) N1 Ni N41
N12 Ni N11 90.2(1) 90.8(1) N2 Ni N11
N12 Ni N21 90.0(1) 89.3(1) N2 Ni N21
N12 Ni N112 89.9(1) 89.7(1) N2 Ni N31
N12 Ni N212 90.0(1) 90.8(1) N2 Ni N41
a1-x, 2-y, 1-z

E) Table S6.5: torsion angles T1-T8 for structures 6.1 and 6.2

Torsion
T1
T2
T3
T4
T5
T6
T7
T8

a1-x, 2-y, 1-z

Structure 6.1
Atom labels
N1-Ni1-N11-C12
C13-C14-C111-C112
N1-Ni1-N21-C22
C23-C24-C211-C212
N12-Ni1-N112-C12°
C132-C14°-C1112-C112°
N12-Ni1-N212-C22°
C232-C242 -C2112-C2162

Angle (°)

-28.2(1)
35.7(4)
33.5(1)
-24.9(1)
28.2(1)
-35.7(4)
-33.5(1)
24.9(1)

Angle (°)
13.6(2)
-36.1(5)
35.7(2)
29.8(5)
35.8(2)
-36.0(5)
22.1(2)
-38.4(5)

Structure 6.2
Atom labels
N1-Ni1-N11-C12
C13-C14-C111-C112
N1-Ni1-N21-C22
C23-C24-C211-C212
N2-Ni1-N31-C36
C35-C34-C311-C316
N2-Nil1-N41-C46
C45-C44-C411-C416
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Figure $6.29. Comparison of torsion angles T1-T8 of 6.1 (blue) and 6.2 (purple)

F) 2D fingerprint plots of Hirshfeld surfaces of structures 6.1 and 6.2

In each case the host molecule was selected as the target and the Hirshfeld surfacef!
generated about the molecule.
Relevant Bondif2 van der Waals radii: H: 1.20 A, C: 1.70 A, S: 1.80 A

References

E1 CrystalExplorer (Version 17.5), S. K. Wolff, D. J. Grimwood, J. J. McKinnon, M. J. Turner, D.
Jayatilaka, M. A. Spackman, University of Western Australia, 2012

E2 A. Bondi, van der Waals Volumes and Radii, J. Phys. Chem., 1964, 68, 441-451
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Figure $6.30. Fingerprint plot of structure I. The spike labelled (1) indicates close H---H
contacts and the wings labelled (2) indicate S:--H and C:--H interactions.
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Table S6.6. Close contacts (less than the sum of the van der Waals radii less 5%) to the host in
structure |. Note that the Ni atom of the host lies on a centre of inversion, so that for each

interaction recorded in the table below there is a corresponding interaction.

Atom labels  Distance (A)

Sum of Bondi van der
Waals Radii less 5%

H116---H6B? 2.08
C116---H1BP 2.69
H113.--C1C 2.72
H114..-C5B°¢ 2.72
C212---H1C* 2.72
S1---H15¢ 2.81
H15---S1¢ 2.81
S1---H11A3 2.75
a1+x,y, Z
b1+x, 1.5-y,z-0.5
c1-x,1-y,1-z
d2-x, 2-y, 1-z
d e

2.8

26

2.4

22

2.0

1.8

1.6

1.4

12

1.0

08

0.6

d |

06 08 TOU T2 T4 16 18 20 272 74 76 28

(A)
2.09
2.76
2.76
2.76
2.76
2.85
2.85
2.85

Host component

Phenyl ring 1
Phenyl ring 1
Phenyl ring 1
Phenyl ring 1
Phenyl ring 2
NCS
Pyridyl ring 1
NCS

Interaction

Minor guest 1
Minor guestl
Minor guest 2
Minor guest 1
Minor guest 2
Host pyridyl ring 1
NCS
Major guest 1

Figure S6.31. Fingerprint plot of structure 6.2. The wings labelled (1) refer to close

S---H and C---H contacts
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Table S6.7. Close contacts (less than the sum of the van der Waals radii less 5%) to the host in
structure 6.2

Sum of Bondi van der

Atom labels  Distance (A) Waals Radii less 5% Host component Interaction
(A)

C112---H3E® 2.71 2.76 Phenyl ring 1 Minor guest 3
S1---H412° 2.66 2.85 NCS Host phenyl ring 4
H412---S1° 2.66 2.85 Phenyl ring 4 NCS

ax, 1+y, z
b1-x, 2-y, -z

6.7.5 Comparison of structures 6.3 and 6.6.

A) Overlay of host molecule in structures 6.3 (orange) and 6.6 (green).

cie
cis

Figure $6.32. Overlay of host molecule in 6.3 (orange) and 6.6 (green) using Mercury’s
‘Automatic Molecule Overlay’. The guest molecules were deleted, and the hydrogen
atoms are omitted for clarity.

E30



Relative Intensity

Appendix E: Supplementary Data for Chapter 6

B) Packing diagrams of structures 6.3 and 6.6

Figure $6.33. packing of a) structure 6.3 and b) structure 6.6. Hydrogen atoms have been omitted
for clarity.

C) Comparison of calculated PXRD traces of 6.3 and 6.6

two theta ()

Figure $6.34. Calculated PXRD traces of structure 6.3 (orange) and 6.6 (green).
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D) Table S6.8: torsion angles T1-T8 for structure 6.3 and 6.6

Structure 6.3 | Structure 6.6
Torsion Atom labels Angle (°) Angle (°) Atom labels
T1 N1-Ni1-N11-C12 39.30 38.27 N1-Ni1-N11-C12
T2 C13-C14-C111-C112 -3.58 -2.16 C13-C14-C111-C112
T3 N1-Ni1-N21-C22 45.30 46.59 N1-Ni1-N21-C22
T4 C23-C24-C211-C212 30.34 32.10 C23-C24-C211-C212
T5 N1-Nil-N11-C12 39.30 38.27 N1-Ni1l-N11-C12
T6 C13-C14-C111-C112 -3.58 -2.16 C13-C14-C111-C112
T7 N1-Nil-N31-C32 29.96 31.13 N1-Nil-N31-C32
T8 C33-C34-C311-C312 22.43 17.32 C33-C34-C311-C312
50
40
30
20
m I
a
T1 IF T3 ™= = lF 7 T2
-10
Bl mV]

Figure $6.35. Comparison of torsion angles T1-T8 of 6.3 (orange) and 6.6 (green),
showing that torsion angles for 6.3 and 6.6 are very similar.
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6.7.6 Structure 6.5: H*2(1-MN)+1(MeOH).

o\
a) b) ‘\ \f\ R
e o2 N b ™

7 7 ™~ 7 2F
o\ o\ § o
Qg N AX B O
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> = x s 7
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S ‘l'(’:" % A Q /ALY
\ 1 & S )
a \ i l
o 7 ‘\ et = \ s &~ \.’
Q Q Q

Figure S6.36. a) Asymmetric unit of structure 6.5 grown to show the full host, two disordered
naphthalene guest molecules and one disordered methanol molecule (located about the diad), and
b) packing diagram of structure 6.5, the naphthalene molecules are in channels parallel to [010].
Hydrogen atoms have been removed for clarity.
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7.7.1 Channels in H-2(DMSO) structure.

Figure S7.1. Void spaces of H*2(DMSO) structure viewed down [100] shows jagged channels
running along this direction.

7.7.2 Torsion angles of Host in inclusion compounds.

Figure $7.2. The host (H) tetrakis(p-bromophenyl)ethylene (left) takes on a
propeller conformation, similar to the blades of a European post millf! (right).

WinGXf? and Platon™ ~ ¢ were used to calculate torsion angles. The symmetry operator
labelled “a@” correspondsto1—x,y, % —z.
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Table S7.1. Torsion angles of host molecules in inclusion compounds

H-DIOX 1

Atom labels
C1-C2-C11-C12
C1-C2-C21-C22
C2-C1-C31-C32
C2-C1-C41-C42

H*PENT

Atom labels
C1A-C2A-C11A-C12A
C1A-C2A-C21A-C22A
C2A-C1A-C31A-C32A
C2A-C1A-C41A-C42A

H-DIOX 2
Angle (°)  Angle (°) Atom labels
46.8(5) 41.0(3) C12-C1-C11-C12
46.8(6) 53.4(3) C12-C1-C21-C22
51.2(6) 41.0(3)  C1-C1?-C11°-C12°
52.3(6) 53.4(3)  C1-C12-C21°-C212

H*CYNO
Angle (°)  Angle (°) Atom labels
55.3(7) 43.5(2)  C1?-C1-C11-C12
55.2(7) 50.7(2)  C1?-C1-C21-C22
50.0(7) 43.5(2) C1-C1*-C11%-C12?
43.8(7) 50.7(2) C1-C1%-C21°-C212

C1B-C2B-C11B-C12B 61.8(7)
C1B-C2B-C21B-C22B 56.2(7)
C2B-C1B-C31B-C32B 51.7(7)
C2B-C1B-C21B-C22B 47.2(8)
H+2(DMSO) H+2(ACE) (XALBUH)F!
Atom labels Angle (°) Angle (°) Atom labels
C1-C2-C11-C12 47.4 45.1 C1-C2-C3-C8
C1-C2-C21-C22 46.9 52.1 C1-C2-Co-C10
C2-C1-C31-C32 47.7 46.5 C2-C1-C21-C26
C2-C1-C41-C42 54.6 55.8 C2-C1-C15-C16

H+2(THF) (XALCAO)F..

Angle (°) Atom labels
50.5 C1-C2-C3-C4
441 C1-C2-C9-C10
46.3 C2-C1-C21-C26
62.5 C2-C1-C15-C16
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°
°
o
0‘ °
°
° e ,
® o
]
.
e
30 40 50 60 70

Torsion angle (°)

Figure S7.3. Narrow range of torsion angles of the host in inclusion compounds. Orange
(H*DIOX 1), light green (H*DIOX 2), pink (H*PENT), dark green (CYNO), purple (DMSO).

7.7.3 DSC comparison between H:DIOX 1 and H-DIOX 2.

30 80 130 180 230 280

H-DIOX1

4 106.4°C H-DIOX2

117.9°C

Heat Flow (W/g)
(exo up)

Temperature (°C)

Figure S7.4. Comparison of DSC traces of H*DIOX 1 (orange) and H*DIOX 2 (green), recorded
at a heating rate of 20 °C/min. Endothermic peaks due to dioxane desorption occur at 106 °C
for H'DIOX 1 and 118°C for H*DIOX 2. The endotherms at 258 °C are due to the host melting.
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7.7.4 Br---Br contacts in Inclusion compounds.

We used the Bondif” van der Waals radii (Br = 1.85 A) to record Br--Br distances less than the
sum of the vDW radii +1% (3.788 A ) for interactions of type |, lla and Ilb (see scheme S7.1).
We note that in most cases the angles 61/62 for type Il interactions deviated from the ideal
values of 90°/180°.

01 . 02
"X=-C (e S
I 01 0: |
Il
C
/
.'X'-
0: & ¢
IIs

Scheme S7.1. Type | interactions are of the van der Waals type. Type lls and
llp interactions are mainly electrostatic and considered attractive. F8~F10

Table $7.2. Br ---Br contacts in inclusion compounds

H<PENT (2 hosts in ASU)

Br Br  Distance (A) 8,°/6,° Type
2A 4/ 3.595(1) 164/164 | trans
4A 2 3.595(1) 164/164 | trans
3A 2Bk 3.723(1) 119/148 Il a
2B 3A" 3.723(1) 119/148 Il a
2A 1B 3.724(1) 69/167 Il a
1B 2A 3.724(1) 69/167 Il a
4A 3B 3.736(1) 91/166 la
3B AA"  3.736(1) 91/166 la
2B 4B 3.788(1) 150/152 | trans
4B 2B 3.788(1) 150/152 | trans
H+2(DMSO)
Br Br  Distance (A) 8,°/6,° Type
1 2 3.785 113/129 b
2 1 3.785 113/129 b
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Table $7.3. Table of symmetry operators

H-DIOX 1
Br Br  Distance (A) 8,°/8,° Type
1 3b 3.677(1) 143/145 | trans
3 1¢ 3.677(1) 143/145 | trans
1 4¢ 3.691(1) 109/142 | cis
4 1d 3.691(1) 109/142 | cis
H-DIOX 2
Br Br  Distance (A) 8,°/6,° Type
1 1f 3.487(1) 151/151 | trans
12 18 3.487(1) 151/151 | trans
H-CYNO
Br Br  Distance (A) 8,°/6,° Type
1 1@ 3.541(1) 154/154 | trans
1@ 18 3.541(1) 154/154 | trans
28 1 3.768(1) 76/158 Ila
1 2h 3.768(1) 76/158 la
2 1h 3.768(1) 76/158 la
1@ 2i 3.768(1) 76/158 Ila

label

Q o o

0]

Symmetry operator
1-xvy,%—1z
x,y—1,z2
1-x,y—%,%—1z2
1—-x,%+y,%—12
x,1+y,z
1-xvy,%—2
X y,z—1

Symmetry operator
SH—X,Ya—Yy,1—12z
X—=",%—Yy,2—"
x—1,y,2
1-x,y—%,1-1z2
1+xvy,z2
XY, 1+z

1-x,%+yl-z

label
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7.7.5 Void spaces of dioxane polymorphs.

(b)

Figure $7.5. Void spaces displayed of a) H*DIOX 1 and b) H-DIOX2 using the Mercury
settings of: probe radius = 1 A and grid spacing = 0.1 A.

7.7.6 Hirshfeld fingerprint plots of H-DIOX 2 major and minor guest components

(a) (b)

K LA € 0--Br 1.7%
iy " H-Br12.4% H---Br 16.4%
2.4 - 24

s i 0---H 16.1% - 0--H 11.4%
2.0 i x 20

18 : H---C 20.1% 18 H--C 18.1%
1.6] k 1

14 14

1.2 1.2

1.0 1.0

08 H---H 51.3% 038 H---H 52.2%
0.6 06

d i
06 08 1.0 T.Z TA 16 1.8 20 272 2% 2t 28 06 08 TUO T2 T4 16 18 20 27 24 726 28

Figure $7.6. Hirshfeld fingerprint plots with dioxane selected as target in (a) H*DIOX 2 major
component (63%) and (b) H*DIOX 2 minor component (37%). Circled are spikes due to short O---H
(red), H---H (pink), H:--C (orange), and H---Br (green) interactions. The adjoining bar graphs display
the percentage breakdown of the types of non-bonded interactions.
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7.7.7 Thermal data and PXRD traces for:
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Figure S7.7. H*CYNO a) TGA and DSC trace recorded at 20 °C /min, and b) Calculated (bottom)

and experimental (top) PXRD traces.
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(b) H*PENT.
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Figure S7.8. H*PENT a) TGA and DSC trace recorded at 20 °C /min, and b) Calculated (bottom)

and experimental (top) PXRD traces.
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(c) H-2(DMSO).

130 180 230

280
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Heat Flow (W/g)

Relative Intensity

9

14 19 24 29
two theta (°)

Figure S7.9. H-2(DMSO) a) TGA and DSC trace recorded at 20 °C /min, and b) Calculated
(bottom) and experimental (top) PXRD traces.
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(d) H-2(ACE).
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Figure S7.10. H*2(ACE) a) TGA and DSC trace recorded at 20 °C /min, and b) Calculated of
CIF refcode XALBUH (bottom) and experimental (top) PXRD traces.
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7.7.8 Summary of thermal data of relevant inclusion compounds.

Table S7.4. TG and DSC data of relevant inclusion compounds.

DSC DSC DSC TG TG
Inclusion TooilOf  Tpeak Of guest  Tpeak- Tpeakof  calculated experimental
compound guest desorption Thoil host melt mass loss mass loss
(°C) (°C) (°C) (°C) (%) (%)
109, 126
H+-2(DMSO) 189 (broad), 161  —-80 256, 258 20.9 19.4
(broad)
H-CYNO 156 94 —62 255 13.1 13.2
H*PENT 102 93 -9 256, 258 11.4 11.7
H+2(ACE) 56 57 +1 252 13.6 15.2
H'DIOX 1 101 105 +4 258 11.7 12.0

H-DIOX 2 101 117 +16 259 11.7 12.0
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7.7.9 Comparison of calculated PXRD patterns.

Relative Intensity

—H-2(ACE)

N

JL J\WM —H-2(THF)
A

M

A

lJA.quw —H-2(DMSO)
W

—H-PENT
p, ™ “ —H-DIOX 1
—J\_J\ M_LMJA_A ‘ | } JJL,J L —H-DIOX 2
A ' —H-PENT
ﬂ! — MALGOVO1
J\A:\ M"" ' —MALGOV
—OGEMAR

5 7 9 11 13 15 17 19 21 23 25
two theta (°)

Figure S7.11. Comparison of calculated PXRD traces of relevant inclusion compounds, the
two apohost structures (CIF refcode MALGOV ! and MALGOVO01™) and the starting
material tetraphenylethylene (CIF refcode OGEMAR2).
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7.7.10 Guest exchange H-CYNO to H-DIOX 2.

N N A A | —H-DIOX 2 calculated

H-CYNO exposed to dioxane
vapour for 44 hours

A\ JV'\,./\_M.______'N —H-CYNO start

JL J\‘—A—/\_/H ——H-CYNO calculated

Relative Intensity

8 9 10 11 12 13 14 15
two theta (°)
Figure $7.12. H-CYNO powder was exposed to dioxane vapour for 44 hours

2

D O
]
N O
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]
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Figure $7.13. H*CYNO powder was exposed to DIOX vapour for 44 hours in a two-vial experiment,
after which the 'H NMR spectrum of the powder was recorded in CDCls (referenced CHCls at & =
7.26 ppm). The doublet at 6 = 6.83-6.86 ppm is due to 8 x C-H aromatic host protons and is
calibrated to 8, representing one host molecule. The overall ratio of products is 1 host: 0.85
dioxane : 0.36 cyclohexanone.The singlet at 6 = 3.70 ppm corresponds to the 4 x CH; protons of
DIOX, however the peak integrates for 6.8 H - giving 0.85 DIOX molecules per host. Approximately
0.36 molecules of CYNO per host remain: § = 2.32-2.36 ppm corresponds to 2 x CH, protons of
CYNO, and integrates for 1.3 H. Similarly, 6 = 1.72-1.87 corresponds to 3 x CH; protons of CYNO,
but integrates for only 2.4 H. The peak at § = 1.53 ppm is water in the CDCls, and the singlet at 6 =
1.26 ppm is uncertain, but possibly results from greasy rubber caps leaching into solution.

L |
8.0 7.5 7.
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7.7.11 Guest exchange H-PENT to H-DIOX 1.

A “ " A A A ——H.DIOX 1 calculated

H.PENT exposed to
dioxane vapour for 24
hours

H.PENT experimental

A A ‘l A A, A A ——H.PENT calculated

Relative Intensity

5 6 7 8 9 10 11 12 13 14 15 16
two theta (°)

Figure $7.14. H-PENT powder was exposed to dioxane vapour for 24 hours in a two-vial
experiment.
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Figure S7.15. H°PENT powder was exposed to DIOX vapour for 24 hours in a two-vial
experiment, after which the *H NMR spectrum of the powder was recorded in CDCls
(referenced CHClz at § = 7.26 ppm). The overall ratio of products is 1 host: 0.89 dioxane : 0.08
3-pentanone.The doublet at § = 6.82 - 6.85 ppm is due to 8 x C-H aromatic host protons, and
is calibrated to 8, representing one host molecule. The singlet at 6 = 3.71 ppm corresponds
to the 4 x CH; protons of DIOX, however the peak integrates for 7.1 - giving 0.89 DIOX
molecules per host. Approximately 0.08 PENT molecules per host are still present: 6 =1.03 -
1.08 ppm corresponds to 2 x CHs3 protons and & = 2.39 - 2.47 ppm corresponds to 2 x CH;

protons. The peak at 6 = 1.57 ppm is water in the CDCls.
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7.7.12 Guest exchange H-2(DMSO) to H-DIOX 1.

——H.DIOX 1 calculated

H.2(DMSO) exposed to
dioxane vapour for 24 hours

H.2(DMSO) start

Relative Intensity
\

——H.2(DMSO0) calculated

5 7 9 11 13 15 17 19 21 23 25
two theta (°)

Figure $7.16. H-2(DMSO) powder was exposed to dioxane vapour for 24 hours in a two-vial
experiment.

7.7.13 Guest exchange MALGOVO01 to H-DIOX 1.

l LA_._A_J\_M ——H.DIOX 1 calculated

MALGOVO01 exposed to
dioxane vapour for 43 hours

MALGOVO01 experimental

Relative Intensity

MALGOVO01 calculated

5 6 7 8 9 10 11 12 13 14 15 16 17 18
two theta (°)

Figure $7.17. MALGOVO01 powder was exposed to dioxane vapour for 43
hours in a two-vial experiment.
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7.7.14 Guest exchange MALGOVO01 to H-CYNO.

H.CYNO calculated

________,,A.__.,\J\/\JL,\_A.._J\&\-
—— MALGOVO01 exposed to

cyclohexanone vapour for 96 hours

MALGOVO01 experimental

Relative Intensity

MALGOVO01 calculated

5 6 7 8 9 10 11 12 13 14 15 16 17 18
two theta (°)

Figure $S7.18. MALGOVO01 powder was exposed to cyclohexanone vapour for 96 hours in a
two-vial experiment.

7.7.15 Guest exchange MALGOVO01 to H-PENT.

——H.PENT calculated

MALGOVO01 exposed to 3-
pentanone vapour for 72 hours

MALGOV01 experimental

Relative Intensity

MALGOVO01 calculated

5 6 7 8 9 10 11 12 13 14 15 16 17 18
two theta (°)

Figure $7.19. MALGOVO01 powder was exposed to 3-pentanone vapour for 72 hours in a
two-vial experiment.
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7.7.16 Guest exchange MALGOVOL1 to H-2(ACE).

H.2(ACE) calculated

MALGOVO01 exposed to acetone
vapour for 72 hours vapour

MALGOVO01 experimental

Relative Intensity

MALGOVO01 calculated

5 6 7 8 9 10 11 12 13 14
two theta (°)

Figure $7.20. MALGOVO01 powder was exposed to acetone vapour for 72 hours in a two-vial
experiment.
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