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Abstract

In this work, the relationship between the solid-state photoreactivity of
10,12-pentacosadiynoic acid (PCDA) and its X-ray structure has been established. The
characterisation of PCDA was used to elucidate the structures of the different forms
of a lithium salt of PCDA (Li-PCDA) as the single-crystal X-ray structures could not
be obtained. Li-PCDA is currently used in radiochromic films due to its impressive
colour change from colourless to blue upon irradiation. In addition to Li-PCDA, a
lithium salt of 5,7-hexadecadiynoic acid was synthesised and displays greater
photoreactivity than Li-PCDA upon UV irradiation. Additionally, a sodium salt of
PCDA was crystallised and reveals the salt is outside of the topochemical postulate
for reactivity and is, therefore, unreactive. Furthermore, a bismuth complex of PCDA
was also synthesised, however, further work is required to fully understand the

photoresponsive material.

To investigate how PCDA would behave as a cocrystal with organic coformers, model
compounds of short-chain n-alkyl carboxylic acids cocrystallised with dipyridyl
derivatives and were synthesised in solution and by grinding to give new materials.
When PCDA was combined with the same dipyridyl coformers, the resulting
cocrystals do not respond to UV irradiation. Additionally, when PCDA is combined
with an aliphatic bifunctional compound, similar in structure to the bipyridyl
coformers, a PCDA cocrystal salt is formed that is also unreactive to radiation. Further
PCDA cocrystal salts are synthesised when combined with aliphatic monofunctional
coformers that produce a range of colourful powders before and after UV exposure.
The enhanced reactivity of the monofunctional cocrystal salts is reinforced by the
X-ray structures which confirm that the structures adhere to the topochemical
postulate, further emphasising the importance of the criteria to predict the
photopolymerisation of diacetylene systems. These photosensitive materials

contribute to the improvement of radiochromic materials, such as dosimetric films.
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1. Introduction

1.1.  Multicomponent Solid Forms

There are numerous ways in which molecules can be arranged in the solid state. For
example, in crystalline and amorphous materials, which involve long-range and only
local order, respectively. Crystalline multicomponent solid forms in stoichiometric
ratios involve the formation of a cocrystal (two or more different neutral molecules in
a crystal lattice joined by noncovalent interactions) or a salt (consists of two or more
oppositely charged molecules in a crystal lattice). 2 If one or more neutral molecules
are crystallised with a solvent, they are named ‘solvates’, though if the solvent is water,
the term ‘hydrate’ is used. However, crossovers exist between cocrystals and salts, for
instance, cocrystal solvates, salt cocrystals, salt solvates, and cocrystal salt solvates.®
This suggests that cocrystals and salts exist in the same continuum.*® Multicomponent
forms that do not have a defined stoichiometry involve inclusion compounds,
clathrates, and solid solutions.® For non-crystalline solids, amorphous and glass states
exist, though if two or more low molecular weight coformers are combined and have
a single glass-transition temperature, then coamorphous materials are formed. The
relationships between these various solid forms are illustrated in Figure 1.1.
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quasi-crystal
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Figure 1.1. A summary of the relationship between different solid forms, reproduced

with permission from reference 7.



Cocrystals and salts in particular are of significant interest to the pharmaceutical
industry due to their potential to improve drug solubility, stability, and processing
characteristics, compared to the pure active pharmaceutical ingredient (API) itself.®
The Food and Drug Administration (FDA) classifies cocrystals as crystalline materials
composed of two or more different molecules, typically APIs and approved, non-toxic
cocrystal former (coformer), in the same crystal lattice.® The definition of a cocrystal
extends further to include the coformers must be solids at room temperature, which
actively excludes solvates and hydrates (pseudopolymorphs) and solid-state
host-guest compounds.! However, this narrowing definition would mean that some
materials (i.e. low melting solids) may be regarded as cocrystals in some laboratories
and not others.? 1% 11 Additionally, the important difference between a cocrystal and a
salt is the proton transfer from an acid to a base, however, depending on the
temperature salts and cocrystals can interconvert.* " 2 13 Also, all types of
multicomponent solid forms can exhibit polymorphism, which is defined by McCrone
as “a solid crystalline phase of a given compound resulting from the possibility of at
least two different arrangements of the molecules of that compound in the solid
state”.!* Out of all the different multicomponent solid forms, cocrystals are perhaps
the most studied in terms of their polymorphic behaviour.'>° A 2007 study found that
from 254 polymorph screens, 90 % gave rise to multiple solid forms, while more than
50 % of these forms exhibited polymorphism,? thus reinforcing the importance of

polymorph screens for multicomponent forms.

1.2.  Crystallisation Mechanisms

1.2.1. Crystal Nucleation and Growth

The formation of crystals in solution occurs by two principle steps, crystal nucleation
and crystal growth. Nucleation involves the aggregation of molecules into an ordered
cluster under non-equilibrium conditions. When the cluster reaches a critical size,
supersaturation is achieved, and the nuclei will no longer re-dissolve and can form a
stable nucleus.?! The more supersaturated the solution, the smaller the size of the stable
nucleus to result in more nuclei.?" 22 Crystal nucleation can either be primary or
secondary. Primary nucleation involves homogenous (spontaneous nucleation, though

rare due to the large energy barrier) and heterogeneous (nucleation is induced by



external stimuli e.g. a foreign additive such as glass, hair, or dust).? Secondary
nucleation is induced by the presence of crystalline material acting as a seed in the
solution. Primary nucleation can be described by classical nucleation theory.?* This
theory states that all nuclei are formed by the combination of individual molecules
until the critical nucleus radius is achieved, however, nucleation has to overcome an
energy barrier in the supersaturated phase.?* Although, numerous evidence has proved
that nucleation behaves differently, the classical nucleation theory ignores the
possibility that multiple sub-critical clusters may combine to form a nucleus.® In
response to this, the non-classical (i.e. two-step) nucleation theory was hypothesised
and provides a more comprehensive overview where the molecules aggregate as
disordered and dense liquid clusters opposed to the defined clusters involved in
classical nucleation theory.?® 26 The two models of crystal nucleation are outlined in

Figure 1.2.

a b c d e
Disordered atoms l
or molecules
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precursor
v
& & ©
8 & ‘ 888 voly’
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Figure 1.2. The classical and non-classical nucleation theories. a) Atoms or molecules
in the classical nucleation theory organise into nuclei at a specific shape and size with
defined edges. b) Non-classical nucleation theory describes the formation of
disordered clusters that are more concentrated than the starting phase. ¢) Only one or
a few atoms can act as a nucleus. d) Nuclei can adapt the lattice shape of the emerging
crystal. e) Non-classical nucleation theory also describes the possibility that nuclei
have diffuse edges and adopt non-equilibrium shapes. Figure reproduced with

permission from reference 24.



Once a stable nucleus has formed from a supersaturated solution, crystal growth occurs
to form a macroscopic material with well-defined faces. The crystal growth process is
influenced by conditions such as temperature, pressure, degree of supersaturation, and
presence of impurities.?? To understand the kinetics and mechanisms involved in the
process, different theories of crystal growth have been developed that include surface
energy, adsorption at the growth surface, and rate of diffusion to explain how a crystal
develops.?? The surface energy theory (Gibbs-Curie-Wulff growth law) is based on
thermodynamic equilibrium principles and suggests that the morphology of the
resulting macroscopic crystal can be controlled by the most energetically unstable
crystal faces forming the fastest and being replaced by the more stable, lower surface
energy crystal faces to grow the crystal.?” 2 However, this theory is limited as factors
such as supersaturation are not considered.?’” Adsorption theories such as the
terrace-ledge-kink theory are based on two-dimensional models that focus on the
reversible placement of a growth unit (a cube in this instance) on a growing crystal at
either flat surfaces (terrace), kinks, or step (ledge) sites.?® A terrace involves contact
at only one side of the growth unit and is likely to dissociate, while ledge sites provide
two attachment surfaces of the growth unit, and kink sites provide three attachment
surfaces and are, therefore, a favoured site.®® Lastly, diffusion theories of crystal
growth focus on the continual deposition of a solute from solution onto the growing
crystal face caused by the concentration gradient.3 Supersaturation is the driving force

while diffusion is the limiting factor.

1.2.2. Crystallisation Methods

In crystallisation experiments from solution, the desired compound(s) goes through a
series of stages to form a macroscopic crystal, Figure 1.3. Firstly, an undersaturated
solution is created by dissolving the compound in a suitable solvent, either by excess
solvent or at elevated temperature (A). Once the solvent begins to evaporate or cool,
the system becomes supersaturated and exists in a metastable zone (B-D). The
metastable zone can be divided into the dead zone (B) which marks primary
heterogeneous crystallisation in unseeded crystallisations, while zone C represents the
growth region only, and zone D marks crystal proliferation.®> Increasing
supersaturation gives rise to spontaneous primary nucleation (E) and is often referred
to as the liable zone. In practice, many crystallisation techniques are possible, though

the most popular methods are slow evaporation, slow cooling, vapour diffusion, and



the layering technique. The slow evaporation of an undersaturated solution (containing
approximately 10 mg of the desired compound) occurs when the crystallisation
container is exposed to the ambient conditions in the laboratory, though with the
opening covered by a loose-fitting or pierced 1id.3® The covering of the container
allows the solvent vapour to dissipate and keeps the crystallisation free from impurities
such as dust and hair which will affect how the crystals nucleate and grow. In contrast,
slow cooling requires a saturated solution to be exposed to heat until all of the material
has dissolved and is then placed in a hot environment (e.g. temperature-controlled
oven, water, oil bath) and allowed to cool to room temperature over a long period.**
The vapour diffusion technique involves an inner container with approximately 4 mg
of the desired compound dissolved in a solvent, with the outer container containing an
antisolvent which is more volatile than the solvent used to dissolve the compound in
the inner container.>® Examples of recommended solvents for the vapour diffusion
technique are present in Table 1.1. Lastly, the layering (liquid diffusion) technique
requires the desired compound to be dissolved in a dense solvent to give a concentrated
solution. A miscible antisolvent that is less dense than the lower layer is layered on
top with the use of a pipette.3® For insoluble compounds, a buffer layer can be used
between the solution and antisolvent to lower the solubility of the system and result in
crystallisation.®® This technique is especially effective when a thin glass container such
as an NMR tube is used due to the small surface area of the solution.®®
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Concentration
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limit

solubility

A
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Figure 1.3. A generalised solution crystallisation diagram depicting the temperature
and concentration-dependent regions as a solution is cooled from zones A-E. A is the
undersaturated solution, while B, C, and D represent the metastable region. E is the
region of spontaneous nucleation. The figure is reproduced with permission from

reference 32.

Solvent Antisolvent
Acetonitrile Tetrahydrofuran
Acetone Chloroform
Ethanol Cyclohexane
Methanol Hexane or tetrahydrofuran
Tetrahydrofuran Cyclohexane
Water Dioxane

Table 1.1. Recommended solvents and antisolvents for the vapour diffusion

crystallisation technique for small molecules.®®

1.3.  Crystal Engineering

1.3.1. Characteristics of Intermolecular Interactions

Crystal engineering is defined as the understanding of intermolecular interactions (in
the context of crystal packing) and its utilisation in the design and synthesis of new

solids with the desired composition, structure, and physical properties.® 3 In the
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1960s and 1970s, Schmidt and coworkers used crystal engineering principles to
describe the photodimerisation of crystalline cinnamic acids in the solid state, which
largely intertwines with the field of supramolecular chemistry through the
incorporation of noncovalent interactions.®#! Desired interactions can be synthesised
by combining specific functional groups to give rise to a precise set of structural units
that act as molecular building blocks, termed supramolecular synthons.*?
Supramolecular synthons, therefore, provide key interactions that are mostly governed
by their distance from one molecule to another and the directionality of the
interaction.*® The combination of supramolecular synthons contribute to the formation
of a supermolecule. Examples of common homo- (interactions of the same functional
groups) and heterosynthons (interactions between different functional groups) are
shown in Figure 1.4. Supramolecular synthons can be divided into four different
classifications: discrete (infinite intermolecular pattern) (D), chains (C), rings (R), or
intramolecular hydrogen bonds (S).** These motifs can be further described by a
useful, universal nomenclature (based on graph set analysis) to explain the number of
hydrogen bond donors and acceptors.**#¢ For example, the carboxylic acid
homosynthon can be described as a R3(8) hydrogen-bonded dimers, which
corresponds to an eight-membered ring motif with two hydrogen bond donor atoms

and two hydrogen-bond acceptor atoms.
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Figure 1.4. Common supramolecular synthons that may be used to predict and

engineer crystal structures, reproduced with permission from reference 47.

The key noncovalent intermolecular interactions involved in crystal engineering are
predominantly long-range forces such as hydrogen bonding, halogen bonding, and n-n
interactions, though short-range forces such as van der Waals forces are not to be
forgotten.® #’ Firstly, the hydrogen bond is defined by the International Union of Pure
and Applied Chemistry (IUPAC) as “an attractive interaction between a hydrogen
atom from a molecule or a molecular fragment, X-H, in which X is more
electronegative than H, and an atom or a group of atoms in the same or a different
molecule, in which there is evidence of bond formation”.*® The hydrogen bond can be
divided into either strong, medium, or weak interactions, and their behaviour can be
described as strongly covalent, moderately electrostaticc, and mostly
electrostatic/dispersion interactions, respectively.*® 5 Hydrogen bond lengths from
the hydrogen bond donor to hydrogen bond acceptor are typically classified as
2.2-2.5 A for strong interactions, 2.5-3.2 A for moderate interactions, and >3.2 A for
weak interactions.*® 5! In addition to hydrogen bonding, halogen bonding interactions
also influence crystal engineering. The halogen bond is defined IUPAC as “a net
attractive interaction between an electrophilic region associated with a halogen atom

in a molecular entity, and a nucleophilic region in another, or the same, molecular



entity”.>> %3 However, Desiraju and coworkers believe that the IUPAC definition only
satisfies the symmetrical (type 1) halogen bond, as bent (type 1) bonds also exist.>*
Halogen bond interactions involve halogen---halogen and halogen---heteroatom
interactions.>® The hydrogen-bonded and halogen bonded supramolecular synthons
are structurally similar and are therefore relatively predictable in crystal
engineering.>* %¢ Aside from hydrogen and halogen bonds, n-stacking interactions are
important in crystal engineering, especially due to their ability to stabilise cocrystal
systems that contain an aromatic coformer.>” n-n Interactions involve face-to-face
stacking of aromatic units (C---C) and edge-to-face stacking (weak CH:--z
interactions).® %° For both types of m-stacking interactions, the distance between ring
centroids must be within 3.3-3.8 A.%° Additionally, short-range forces, such as van der
Waals interactions, contribute to the overall stability of a crystal structure,

predominantly by the close packing of alkyl chains.*

1.3.2. The Role of Mechanochemistry in Cocrystal Formation

The role of mechanochemistry in crystal engineering is not to be understated. Since
the beginning of the 21 Century, mechanochemistry has become an important method
for solid state synthesis and has proven to be a viable and clean alternative to solution
chemistry where vast amounts of solvent and equipment are required.’! ©2
Additionally, mechanochemistry has shown to be effective in the synthesis of new
solid forms (amorphous and crystalline, single and multicomponent forms, and as a
route to polymorphs) especially cocrystals.%® New solid forms can be obtained by
either the grinding of dry powders, or with a drop of solvent to facilitate liquid assisted
grinding (LAG).%* Mechanochemistry (specifically the breaking or formation of
chemical bonds) can be achieved through the simple grinding of powders by a pestle
and mortar, or through mechanical methods such as the use of a ball mill (e.g.
shaker/mixer mills or planetary mills).®®> Manual and mechanical grinding to form a
new material are reliant upon the molecular movement and migration in crystalline

solids, which suggests the solid state is a mobile environment.5®

One of the first examples of pharmaceutical cocrystals synthesised by mechanical
methods was in 1993 and involved the neat grinding of sulfadimidine and a variety of
carboxylic acids (including aspirin).®” The resulting cocrystals were also the same
when synthesised by solution-based methods. Another important example of

mechanochemical synthesis to obtain cocrystals is the polymorphic 2:1 aspirin and
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4,4’-bipyridyl cocrystal — Form | (Form 11 is synthesised by the rapid cooling of
solvent).®® The cocrystal was synthesised by the dry grinding of components and the
formation of a cocrystal was confirmed by Powder X-ray Diffraction (PXRD)
analysis.®® This cocrystal was originally synthesised by Zaworotko and coworkers but
as a hexane solvate.®® Therefore, the dry grinding of coformers to give a non-solvated
cocrystal is of particular interest when synthesising pharmaceutical solids,”® though
the applications of mechanochemistry stretch beyond the use of small organic

molecules.’”t 72

1.4.  Diacetylene Topochemistry

Diacetylenes are a well-studied class of photoactive compound, with
10,12-pentacosadiynoic acid (PCDA, Figure 1.5) as a common example.” Irradiation
of PCDA with ultraviolet, X-ray, or y-radiation results in photopolymerisation to give
a polydiacetylene with an alternating ene-yne backbone.”® ™ This monomer-to-
polymer conversion is accompanied by a visible colour change from colourless to blue,
with additional perturbations further changing the colour of the polydiacetylene from
blue, to purple, to red, to yellow, and sometimes green depending on the polymer
conformation and ordering, and hence extent of delocalisation of the conjugated
backbone.”®"® Diacetylenes undergo topochemical photopolymerisation not only as
crystalline solids but also in semi-ordered media such as liquid crystals,”®%! thin
films, 228 vesicles,%% and gels.?*" The chromic properties of the resulting
polydiacetylenes are typically exploited in dosimeters, biosensors, and

chemosensors.?>%

Y OH
=Z

Figure 1.5. The structure of monomeric PCDA.

The first report of topochemical reactivity in the solid state was in 1964 by Schmidt
and coworkers who investigated the [2+2] cycloaddition of trans-cinnamic acid
polymorphs.®: %97 From extensive crystallographic and photochemical studies,

Schmidt formulated the topochemical postulate which states that the carbon-carbon
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double bonds must be separated by a maximum distance of 4.2 A for polymerisation
to be successful.*® Five years after the topochemical postulate was described for alkene
systems, Wegner reported the first example of diacetylene polymerisation in the solid
state,3 % with Enkelmann proposing strict criteria for diacetylene reactivity in 1984
(Scheme 1.1).1%° Enkelmann’s conditions suggest that adjacent diacetylene monomers
react at a distance less than or equal to the van der Waals contact distance (d) of 3.8 A,
with a translational period repeat spacing (r) of 4.9 A or less, along with the monomers
at an orientation angle (0) to the crystal axis at 45 °.1%° These parameters for
diacetylene polymerisation aid in understanding the importance of molecular
organisation in the topochemical reaction.*®? 192 There are two possible mechanisms
responsible for the topochemical polymerisation of a diacetylene, known as the
‘turnstile’ and ‘swinging gate’ mechanisms, outlined in Figure 1.6. In the turnstile
mechanism, when the monomers are exposed to radiation or heat, they pivot
approximately 1 A around the centroid of the diacetylene at 30 ° to bring carbon atoms
C1 and C4’ together to create a new bond.!® This mechanism is most favoured for
disubstituted diacetylenes,'%1% while the swinging gate mechanism is typical for
terminal diacetylenes.'%” In the swinging gate mechanism, the monomers pivot at C4’
(with the R-group remaining stationary) allowing the C1 to move approximately 3 A

to join the rest of the polymer.103 104

Translation axis

0 R
]
>
/d Radiation
R R (e.g. UV, X-Ray, v)
r “Zrc,
yZ
R™ Cy

Scheme 1.1. Parameters required for the topochemical polymerisation of diacetylene
monomers to result in a polydiacetylene. The C1-C4’ distance (d) of the monomers
must be <3.8 A, and within the translational repeat distance (r) of <4.9 A, with a tilt

angle (0) of 45 °.
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Figure 1.6. A simplified illustration of the two possible mechanisms of diacetylene

polymerisation.

Diacetylene crystal structures are abundant in the literature, with some of the earlier
structures arising from work by Enkelmann, that includes two bis(N-phenylcarbamate)
diacetylene (DA-mPhC) structures that only differ by an methylene spacer length (m)
of one methylene group in DA-1PhC (Figure 1.7) and four methylene groups in
DA-4PhC.1% Both structures photopolymerise, as the inter-alkyne distances are 3.65
and 3.53 A 1% respectively, and are within the topochemical postulate of 3.8 A 1%
Monomer crystals of bis(N-phenylcarbamate) with five (DA-5PhC) and six
(DA-6PhC) methylene spacer groups have also been structurally characterised, with
inter-alkyne distances of 5.20 A and 3.57 A, respectively.'® The large carbon-carbon
distance of DA-5PhC is out of the range for topochemical reactivity, and as a result,
the compound does not polymerise.’® The topochemical parameters of DA-5PhC
indicate that methylene spacer length has an impact on how the diacetylenes react in
the solid state. It has been reported that the physical properties of similar compounds
can be dictated by whether there is an odd or an even number of methylene groups in
the spacer.%® 1% The angle between the diacetylene and stacking axis in DA-5PhC is
also vastly different from the topochemical criteria for diacetylene reactivity, at an
angle of 69.3 °.10°

Figure 1.7. The X-ray structure of DA-1PhC in the crystallographic (010) plane.

12



A different diacetylene crystal structure of 4-(hexadeca-1,3-diyn-1-yl)benzoic acid
that has no methylene spacer between the diacetylene moiety and the benzoic acid
head group, proves to be outside of Enkelmann’s parameters for topochemical
reactivity, however, still photopolymerises (Figure 1.8).1'' The C1-C4 contact
distance on adjacent diacetylene moieties is reported to be 4.41 A,*! although a
C2-C3’ contact distance of 4.03 A was identified. These observations show that
exceptions to the postulate are possible.X%% 111 112 polydiacetylene crystal structures
have also been reported in the literature, including a polymer structure of poly(1,2-
bis(phenylaminomethyl)-but-1-en-3-ynyl) (Figure 1.9), with complete monomer-to-
polymer conversion obtained by thermal annealing at temperatures below the

monomer melting point (no monomer crystal structure is available).**®

Figure 1.8. The X-ray structure of 4-(hexadeca-1,3-diyn-1-yl)benzoic acid in the
crystallographic (100) plane, with adjacent reactive groups outside of the range for

topochemical reactivity, though still photopolymerises in response to radiation.

Figure 1.9. The structure of the polydiacetylene poly(1,2-bis(phenylaminomethyl)-
but-1-en-3-ynyl).

The solid state structure and hence crystal engineering also plays a large role in
diacetylene reactivity.''* Salt formation and cocrystallisation of pharmaceutical drugs
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can significantly change their properties,® this concept can also be applied to how
diacetylenes respond to external stimuli. For instance, diacetylene ammonium salts
such as 1-naphthylmethylammonium octa-2,4-diynoate contain a network of NH---O
hydrogen bonds (Figure 1.10).*°> However, this salt does not meet the criteria for
topochemical polymerisation as the closest inter-alkyne distance is 4.97 A, the
translational distance is 7.72 A and the tilt angle is only 31 °.1'°> However, a derivative
of this material, 1-naphthylmethylammonium nona-2,4-diynoate, readily undergoes
polymerisation in the solid-state in response to UV and y-radiation.!’® The
topochemical parameters for this salt are ideal for polymerisation as the inter-dialkyne
distance is 3.66 A, the translational distance is 4.88 A, and the tilt angle is 47 °.*1°

e s A

-4

Figure 1.10. The X-ray structure of 1-naphthylmethylammonium octa-2,4-diynoate.

The solid-state polymerisation of 4,4'-putadiynedibenzylammonium
dihexa-2,4-dienoate has also been described.''® 1" However, the diacetylene portion
of the salt does not polymerise, rather it is the diene moieties that are separated by 5.33
A, with a monomer repeat distance of 4.88 A and a tilt angle of 60 ° that react. These
parameters are within the diene reactivity criteria (Figure 1.11).11% 118 The X-ray
structure of the 4,4'-butadiynedibenzylammonium dihexa-2,4-dienoate polymer
shows polymerisation of the diene units as expected, with a shortened repeat distance

when compared to the monomer, at a distance of 4.82 A (Figure 1.12).6
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Figure 1.11. The X-ray structure of 4,4'-butadiynedibenzylammonium

dihexa-2,4-dienoate.

Figure 1.12. The X-ray structure of poly(4,4'-butadiynedibenzylammonium

dihexa-2,4-dienoate).

In terms of diacetylene cocrystals, acetylene gas itself has been cocrystallised with a
wide-range of small molecule coformers by condensing acetylene into quartz
capillaries that already contain the coformer.!'® Diacetylenes have also been
cocrystallised in more complex systems. For instance, a host-guest cocrystal approach
has been used to design a hydrogen bonded network of a ureylene dicarboxylic acid
host with 1,6-bis(4-pyridylcarboxylato)hexa-2,4-diyne guests (Figure 1.13).12° The
host molecules can control the intermolecular spacing of the substituted diacetylene
guest through the utilisation of the strong pyridine-carboxylic acid OH---N and
amino-carboxylic acid NH---O hydrogen bond synthons.** In this cocrystal system,
the carbon-carbon triple bonds of the diacetylenes are separated by a distance of
3.94 A with an orientation angle of 56.3 °, which is outside the values for topochemical
polymerisation, however, the translational period repeat spacing is within the
polymerisation range, at 4.71 A.*?° Though this system is not topochemically reactive,

the host molecule can be fine-tuned to design a system that allows the diacetylenes to
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be within the distance for reactivity. Another host-guest cocrystal system involves a
1,5-bis(4'-pyridyl)ureylene host with a deca-4,6-diyne-1,10-dicarboxylic acid guest in
a hydrogen-bonded network (Figure 1.14).1%0 In this system, the adjacent diacetylenes
stack with a reactive inter-alkyne distance of 4.06 A and an orientation angle relative
to the translation axis of 61.0 °. These values are outside of the range for
polymerisation, though the translation repeat distance is within the criteria at 4.63 A.
Even though polymerisation does not occur, a host-guest strategy for cocrystallisation
is a creative way to control and manipulate the reactivity of a diacetylene

systems. 120 121

Figure 1.13. The X-ray structure of a ureylene dicarboxylic acid molecule interacting

with 1,6-bis(4-pyridylcarboxylato)hexa-2,4-diyne by OH---N hydrogen bonds, with
intermolecular NH---O hydrogen bonds forming urea tapes from the ureylene

dicarboxylic acid portion of the cocrystal.

Figure 1.14. The X-ray structure of 1,5-bis(4'-pyridyl)ureylene and deca-4,6-diyne-
1,10-dicarboxylic acid, joined by OH---N hydrogen bonds, with intermolecular
NH---O hydrogen bonds forming urea tapes between 1,5-bis(4'-pyridyl)ureylene

molecules.
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Other examples of diacetylenes cocrystallised in a host-guest matrix involve the ability
of N,N’-bis(pyridine-4-ylmethyl)oxalamide to control the reactivity of the terminal
diacetylene penta-2,4-diynyl 3,5-dihydroxybenzoate (Figure 1.15A).1°7 The resulting
structure is a triple helix of alternating diacetylene and oxalamide molecules, with the
diacetylene motif in the centre of the helix.!%” The acetylenic C1-C4’ intermolecular
distance is 3.64 A and conforms to the topochemical postulate for reactivity.*?” As a
result, after heating at 150 °C for 24 hours, the diacetylene cocrystal polymerises to
give a cocrystal polydiacetylene structure, with the translational repeat distance
shortening from 5.09 A to 4.93 A in the polymer (Figure 1.15B).1%

Figure 1.15. A) The X-ray structure of the terminal diacetylene penta-2,4-diynyl 3,5-
dihydroxybenzoate cocrystallised with a oxalamide host, N,N’-bis(pyridine-4-
ylmethyl)oxalamide. B) The polymerised cocrystal of penta-2,4-diynyl
3,5-dihydroxybenzoate and N,N’-bis(pyridine-4-ylmethyl)oxalamide, showing the

ene-yne bonds of adjacent reactive groups.

In addition to host-guest systems, bispyridyl diacetylenes have been cocrystallised
with oxalamide derivatives with different length spacer chains. Eight such cocrystal
structures were reported in a single publication by Curtis and coworkers.*?? The two
bispyridyl diacetylenes are 1,4-bis(3-pyridyl)buta-1,3-diyne?® and 1,4-bis(4-
pyridyl)buta-1,3-diyne’®* and before cocrystallisation, their closest C1-C4’
intermolecular distances are 4.48 A and 4.52 A, which are outside the ranges for
topochemical reactivity.’?> When the diacetylene hosts are combined with varying
oxalamide guests such as N,N'-oxalyldiglycine, oxalamide-N,N'-bis(3-propionic
acid), oxalamide-N,N'-bis(5-pentanoic acid), and oxalamide-N,N'-bis(6-hexanoic

17



acid), only the cocrystal of 1,4-bis(4-pyridyl)buta-1,3-diyne and N,N'-oxalyldiglycine
can polymerise (Figure 1.16).2% In this instance, the inter-alkyne distance is 3.62 A,
with a repeat distance of 4.93 A and an orientation angle of 47.7 °.*?2 No other
combination of the bispyridyl diacetylene and oxalamide cocrystal underwent

122

polymerisation.

Figure 1.16. The X-ray crystal structure of 1,4-bis(4-pyridyl)buta-1,3-diyne and N,N'-
oxalyldiglycine.

The importance of topochemistry has been shown by Goroff and coworkers through
1,4-di-iodobuta-1,3-diyne cocrystals with bis(3-pyridylmethyl)oxalamide (Figure
1.17).® A hydrogen bond network is formed between neighbouring oxalamide
molecules, consisting of O---NH hydrogen bonds and N---1 halogen bonds between
the pyridyl nitrogen of the oxalamide, and the iodine atom of the diiodoalkyne at a
distance of 2.83 A. Both hydrogen bonds and halogen bonds contribute to the control
of the alignment of the diacetylene moiety. However, the intramolecular C1-C4’
distance is greater than the desired value, at 3.90 A, along with a greater value for the
repeat distance of the diacetylene units, at 5.11 A, and a tilt axis of 51 °. All of these
values contribute to the fact that the diacetylene monomer units do not topochemically
react when exposed to radiation.>® A para derivative of bipyridyl oxalamide was also
synthesised, bis(4-pyridylmethyl)oxalamide, and cocrystallised with diiodobutadiyne,
though still, the parameters for topochemical polymerisation remain outside of the

necessary range.>®
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Figure 1.17. The halogen-bonded cocrystal of 1,4-di-iodobuta-1,3-diyne and bis(3-
pyridylmethyl)oxalamide.

Other diiodobutadiyne cocrystals involve N,N’-bis(4-cyano)oxalamides with different
length spacer groups in a further attempt to customise the topochemical reactivity. For
example, N,N’-bis(4-cyanopropyl)oxalamide and 1,4-di-iodobuta-1,3-diyne forms a
cocrystal that becomes dark and decomposes at room temperature without any
evidence of polymerisation (Figure 1.18).1% However, bis(4-cyanobutyl)oxalamide
does polymerise,'?® even though the C1-C4’ distance is slightly greater than the
distances suggested by the topochemical postulate, at 3.88 A (Figure 1.19).1% In the
monomeric cocrystal structure, the iodine atoms of 1,4-di-iodobuta-1,3-diyne are
either halogen bonded to nitrile nitrogen atoms or oxygen atoms belonging to the
oxalamide group.!® Hydrogen bonds also form between molecules of
bis(4-cyanobutyl)oxalamide, via the NH---O supramolecular synthon.'?® Cocrystals of
bis(4-cyanopentyl)oxalamide and 1,4-di-iodobuta-1,3-diyne also polymerise, though
the X-ray coordinates could not be determined for both the monomeric and polymeric
structures.!® In conclusion, the effect of different length alkyl spacer groups can
drastically change the topochemical parameters for diacetylene cocrystal
polymerisation. In this instance, the main difference between the cocrystals that do
and do not polymerise are the number of hydrogen bonding interactions, which

contribute to the control of the diacetylene units.
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Figure 1.18. The X-ray structure of N,N’-bis(4-cyanopropyl)oxalamide and

1,4-di-iodobuta-1,3-diyne which does not undergo topochemical polymerisation.

Figure 1.19. The X-ray structure of N,N’-bis(4-cyanobutyl)oxalamide and
1,4-di-iodobuta-1,3-diyne, which is able to topochemically polymerise.

Additional cocrystal systems involve the use of light-stable host molecules and
light-sensitive guest molecules that crystallise as two different isomers that dimerise
upon UV irradiation. An example is the cocrystallisation of 1,1,6,6-tetraphenyl-2,4-
hexadiyne-1,6-diol and bis(isoquinolin-3(2H)-one, which crystallises in a monoclinic
C2/c polymorph 1 (Figure 1.20A) and in an orthorhombic Pbcn polymorph 2 (Figure
1.20B).*?” Though the diacetylene hosts in the cocrystals are separated by too great a
distance to polymerise, the isoquinolone guest is able to dimerise upon exposure to
irradiation, as the carbon double bonds are separated by 3.71 A (Schmitt’s postulate
suggests <4.2 A).%% 12" polymorph 1 yields two identical isoquinolone isomers, while
polymorph 2 also yields the same isomer as polymorph 1, and an additional isomer,

which is related by an inversion centre.*?’
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Figure 1.20. The X-ray structures of A) polymorph 1 B) polymorph 2 of
1,1,6,6-tetraphenyl-2,4-hexadiyne-1,6-diol and bis(isoquinolin-3(2H)-one. Both
structures displayed perpendicular to the b-axis.

Another PCDA cocrystal system involves the successful cocrystallisation with
melamine (MA).*?® The cocrystals were synthesised in a two-step process involving
the co-assembly of PCDA and MA in water by a non-covalently connected micelle
method (NCCM), and the annealing of the co-assembly at the melting point of PCDA
(approx. 65 °C) for six hours but lower than the melting point of the cocrystals (87 °C)
(Figure 1.21).1?8 The hydrogen bond in the cocrystal is between the carboxylic acid
O-H group of PCDA and an amine nitrogen atom of MA. Aromatic stacking is also
present between neighbouring layers of MA.1?8 It is hypothesised that the numerous
noncovalent interactions within the polymerised cocrystal stabilise it and allow for the

reversible thermochromism that is displayed when heated from 25 — 90 °C.1?®

PDA/MA nanocomposite nanoribbons
with thermochromic reversibility

Bl X At65°C % . & . Polymerization . ‘- § ¥ -
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DA/MANCCM DA/MA nanocomposite nanoribbons
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Figure 1.21. The preparation process for PCDA-MA cocrystals. Reproduced with

permission from reference 128.
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Aside from multicomponent forms of diacetylenes, simple diacetylenes have also been
used as models to show anisotropic thermal expansion in single-crystal studies. In this
case, a structure of a simple eight-carbon diyn-diol, (S,S)-octa-3,5-diyn-2,7-diol
(Figure 1.22), has shown that with decreasing temperature from 330 K to 225 K, the
a-axis contracts while the b- and c-axes expand, which is reversible in this temperature
range.'?® The changes in cell axes with decreasing temperature gives examples of both
uniaxial positive and biaxial negative linear thermal expansion and is due to the
diacetylene molecules altering their tilt angles in opposing directions.!?® This
rearrangement of molecules allows the diacetylene to maintain its anti-clockwise
helical hydrogen bonding chain network whilst providing efficient packing of the
structure and, therefore, the maximisation of interaction energies.!? Interestingly, an
enantiotropic polymorph of the same diyn-diol structure does not exhibit anisotropic
linear thermal expansion as the hydrogen-bonded diacetylene chains exist in a
clockwise helix, opposite to the polymorph mentioned above.*® The difference in
helicity of the hydrogen-bonded chains is a result of a 10 ° stacking angle change,**°
though no work has been undertaken on the topochemical reactivity of either of the
polymorphs. A similar diyn-diol to (S,S)-octa-3,5-diyn-2,7-diol has been used as a host

molecule for inclusion compounds with solvent molecules as a guest (Figure 1.23).1%

Figure 1.22. The structure of (S,S)-octa-3,5-diyn-2,7-diol.
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Figure 1.23. 2,7-Dimethyl-octa-3,5-diyne-2,7-diol showing solvent channels occupied
by CCl..

1.5.  Optical and Electronic Properties of Diacetylenes

The monomer-to-polymer transition of diacetylenes is accompanied by a colour
change from colourless to blue, due to the formation of a conjugated ene-yne
chromophore. The blue colour arises from n-* transitions in the ordered, conjugated
chain with the efficiency of the reorganisation controlling the degree of polymerisation
of the diacetylene monomers.'® The colour of the photoproduct can be further
influenced by factors such as extended heating, pH change, mechanical stress,
ligand-receptor interactions, and treatment with organic solvents. Additional stimuli
upon the polydiacetylene applies strain to the structure, causing it to distort and give
a blue (absorption maxima ~640 nm) to red (absorption maxima ~500 nm) chromic
shift, which corresponds to different chain conformations and ordering.'*® The
different chain conformations are caused by segmental rearrangement within the
polydiacetylene assembly to alleviate strain through rotations around the C-C
bonds.'3* These C-C rotations break the planarity of the backbone, which disrupt the
delocalisation of the 7 electrons of the conjugated chain, and therefore, reduces the
orbital overlap so that the HOMO-LUMO energy gap is widened to allow the
polydiacetylene to absorb light at a higher energy.®*>1*® Calculations suggest that

rotation of only five degrees is required to change the m orbital overlap and shift the
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colour of the polydiacetylene from blue to red, which correlates to a planar structure
adopting a non-planar conformation with rotated and/or distorted side chains.!3%-142
Figure 1.24 shows the chromic properties of the blue-to-red chromic shift in response
to a difference in the conjugation of the polydiacetylene chain.'*?

Blue to Red color shift Q

(— —

Qererd

Figure 1.24. The chromic properties of polydiacetylenes caused by the rotations

R

;

around the C-C bonds. Figure adapted with permission from reference 133.

Understanding the mechanism of the chromic changes of polydiacetylenes is
imperative to control polydiacetylene-based colourimetric sensors. The control and
interfacial properties of the order-disorder transition of PCDA vesicles when irradiated
has been explored, through the adsorption behaviour of probe material
((4-(4-diethylaminostyry)-1-methylpyridinium iodide) on the vesicle surface.l*3
Surface-specific second harmonic generation and zeta potential measurements show
that the order-disorder transition largely involves the gradual distortion of the carboxyl
terminated chains driven by backbone perturbation (Figure 1.25).24% Additionally, as
UV irradiation time increases, the adsorption and chain-chain interactions between the
probe molecule and the surface of the vesicles become weaker, resulting in a decrease
in adsorption density of the probe molecules as UV irradiation increases.!* This
finding suggests that as the duration of UV irradiation increases, structural changes
occur that reduce conjugation and the planarity of the polydiacetylene through

distorted side chains.
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UV irradiation time

Monomer Blue phase Purple phase Red phase

Figure 1.25. A model illustrating the movement of the carboxyl terminated chains
from monomer to polymer forms, in the presence of probe materials on the PCDA

vesicle surface. Figure reproduced with permission from reference 143.

1.6.  The Effect of External Stimuli on Diacetylenes

1.6.1. The Effect of Extended Heating

Since the first report of the colour-changing properties of polydiacetylenes in response
to heat in 1976, thermochromism has become an important property for many
functional materials, with thermochromic liquid crystals and leuco dyes as some of
the more popular examples.’*> 146 Thermochromism in diacetylenes, especially
PCDA, has been extensively studied and potential sensing applications include
electrothermochromic  displays,**’ counterfeiting detection,'*® printable'*® and
microfluidic®® thermal sensors, and smart textiles.’>! PCDA itself exhibits irreversible
thermochromism, though if monomeric or polymeric PCDA is modified in any way,
this can dramatically influence the colour exhibited and the reversibility of its colour
changes. Vesicles containing only polymeric PCDA were heated to above 55 °C, an
absorption band at approx. 540 nm (red) grows while the band at approx. 620 nm
(blue) simultaneously decreases.® When the PCDA vesicles were heated to around
65 °C, only the red species is observed (Figure 1.26).2°> 153 The thermochromic
transition temperatures of polymeric PCDA are very close to the melting temperature

of monomeric PCDA, which is also around 65 °C.152
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Figure 1.26. The UV-Vis absorbance spectra of PCDA heated from 21.2 — 65.8 °C.

Figure adapted with permission from reference 152.

An example of the thermochromic properties of PCDA changing when in a modified
environment is illustrated in a study involving the nanocomposites of PCDA
intercalated with low molecular weight (10,000 g/mol) polyvinylpyrrolidone
(PVP).™®* This nanocomposite system provides a reversible blue-to-purple colour
change up to temperatures of 90 °C, with the colour transition occurring at around
85°C.® The PCDA colour transition temperature is high compared to
polydiacetylenes with shorter alkyl chains to PCDA, which illustrates greater
interactions within the PCDA nanocomposite system.°2 154155 Similar findings were
found in films of PCDA and PVP that were heated to temperatures of 30, 50, 65 and
85 °C.15¢ Differential scanning calorimetry (DSC) themograms of the heated films
suggest that the films heated to 30 °C and 50 °C melt at 52 and 54 °C, respectively
and do not display reversible thermochromism as PCDA is unable to reach its melting
point (~ 65 °C) and diffuse into the surrounding PVP chains. However, the film heated
to 65 °C has a high melting point of 75 °C and exhibits reversible thermochromism
due to the intercalation of PCDA and PVP by hydrogen bonding in a “bricks and
mortar” fashion (Figure 1.27). Surprisingly, the film heated to 85 °C melts at only
47 °C which suggests poor crystalline packing and an insight into its lack of its
photoreactivity, as the 85 °C heated film was unresponsive to 254 nm of UV exposure,

unlike the other films which polymerised without resistance.>®
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Figure 1.27. An illustration of the “bricks and mortar” analogy to explain the
differences between reversible and irreversible thermochromism shown by films of
PCDA and PVP. Polydiacetylene is abbreviated to ‘PDA’. Reprinted with permission
from reference 156. Copyright 2020 American Chemical Society.

Changes in the environment of PCDA also alters its thermochromic behaviour. The
colour-change properties of films consisting of layers of PCDA monomer crystals
intercalated with metals ions, in response to heating and cooling studies have been
explored.’® When the films were heated to 60 °C, thermal motion of the alkyl portion
of PCDA is observed, regardless of the type of guest used.'>” However, when further
heat (150 °C and 200 °C) is applied to the PCDA films containing divalent nickel and
zinc respectively, a range of colours are observed, from an irreversible blue-to-yellow
thermochromism with films of PCDA-Ni(ll) (Figure 1.28c), and a reversible blue-to-
purple-to-red thermochromism exhibited by PCDA-Zn(11) (Figure 1.28d).%’
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Figure 1.28. The temperature control (a) of the temperature-induced colour changes

(b) PCDA

of films containing PCDA (a colour transition temperature (Tws) of 65.4 °C) (b) and
PCDA-Ni(II) from 25 °C — 150 °C (Tys 77.9°C) (c), and PCDA-Zn(Il) from 25 °C —
200 °C (Tus 113.7 °C) (d). Figure adapted with permission from reference 157.

In situ powder X-ray diffraction measurements were undertaken to assess the
differences in crystallinity of the metal ion films before and after heat treatment. The
PXRD patterns of PCDA-Ni(Il) changed considerably when heated above 100 °C and
the original pattern could not be obtained on cooling, suggesting a strong link between
visual irreversible thermochromism and the internal structure of the film.%" In
contrast, PCDA-Zn(ll) visually exhibits reversible thermochromism, and the in situ
PXRD pattern displays no differences before and after heating, suggesting that the
internal structure has not become strained to a high degree and subsequently allows
for the electronic properties of the polydiacetylene backbone to be regained.®™’ In
summary, the PXRD experiments reveal that the PCDA films with intercalated metal
ions within the layers change in three stages. Firstly, in both PCDA-NiI(ll) and
PCDA-Zn(Il), there is evidence of the thermal motion of the alkyl chains when the
films are heated to 60 °C. Secondly, only the PCDA-Zn(1) film displays torsion of the
polydiacetylene backbone to show a colour change above 100 °C. Finally, both
PCDA-Ni(Il) and PCDA-Zn(ll) films become deformed with conformational
changes, resulting in a lower crystallinity when heated to above 140 °C.1%" The
differences in the behaviour of the two films can be attributed to the different metal
ions present between the organic layers changing the behaviour of PCDA through the
rigidity of the ions in the layered structure.®® Additional work on PCDA films
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involves the effect of PCDA derivatives on their thermochromic properties.’*® By
incorporating aromatic head groups to PCDA such as the 3-aminobenzoic acid
derivative (PCDA-mBzA) and 6-amino-2-naphthoic acid compound (PCDA-NPA),
the polydiacetylenes exhibit reversible thermochromism rather than the typical
observed irreversible process.'® The increasing size of the PCDA derivatives also
affects how the monomers pack in the solid state, and as a result, their colour and the
response time of the film to heat.’*® The morphology of the polydiacetylenes also
changes with the different head groups. When PCDA is structured as a vesicle, it
obtains a spherical morphology, while PCDA-mBzA exhibits large rod-like shape
assemblies (suggesting high molecular order), in contrast to PCDA-NPA which exists
in large irregularly shaped particles.!® These findings suggest that an increase in the
head group size changes the packing parameter of the surfactant molecules, which
dictates the morphology of polydiacetylene assemblies.** 158 The addition of aromatic
groups to PCDA enhances the inter- and intramolecular interactions between
polymerised layers to allow reversible thermochromism up to temperatures of 220 °C
for PCDA-mBzA and 180 °C for PCDA-NPA. The polydiacetylene films ranged in
colour from blue, to purple, to red, until the films became yellow and exhibited
irreversible thermochromism at higher temperatures (230 °C for PCDA-mBzA and
190 °C for PCDA-NPA).1% [t was also found that dried films containing the different
polydiacetylenes gave an enhanced colourimetric response compared to the same

polydiacetylenes suspended in aqueous solution.**®

1.6.2. The Importance of Hydrogen Bonds in Reversible Thermochromism

The process of reversible thermochromism is largely dependent on non-covalent
interactions, such as hydrogen bonding, van der Waals forces, and m-n
stacking.'! 15°-162 However, hydrogen bond interactions are the strongest and most
important type of non-covalent interaction for thermochromic reversibility, as they
allow the material to exhibit reversible thermochromism in a wider temperature
range.'%31% Monomeric PCDA displays irreversible thermochromism at temperatures
above 65 °C due to the increased thermal motion and consequent weakening of the
hydrogen bond as temperature increases. Modification of the PCDA carboxylic acid
head group can result in reversibility due to enhanced hydrogen-bonding interactions
by incorporating amine groups or changing the position of the carboxylic acid group

on an aromatic ring to allow for intermolecular hydrogen bonding.1!t 135 162,166 A
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study involving vesicles containing polymeric PCDA derivatives prove that hydrogen
bonding is important for thermochromic reversibility and exhibits blue-red and red-
blue colour transitions.'®® The PCDA derivative that exhibited the strongest
reversibility to 100 °C heat for three minutes in this study was a diacetylene with a
terminal mBzA group. The link between hydrogen bonding and reversible
thermochromism exists due to strong head group interactions reducing the strain on
the conjugated backbone when exposed to heat, which ultimately prevents the
permanent distortion of the chain when the polydiacetylene is cooled.*®” Figure 1.29
illustrates the n-w stacking and carboxylic acid and amide hydrogen bonding in PCDA-
mBzA that allow the polydiacetylene to adopt its original blue colouration before heat
treatment.!®®  Although PCDA-mBzA shows thermochromic reversibility when
compared to PCDA, the mBzA derivative of another diacetylene, 10,12-tricosadiynoic
acid (TCDA) displayed enhanced reversibility when compared to PCDA-mBzA.1%
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Figure 1.29. The intermolecular forces of PCDA-mBzA. Black dashed lines indicate

hydrogen bonding, while red hashed lines indicate n-n stacking. R = C12H2.

Another study focusing on the thermochromic reversibility of PCDA-mBzA also
investigated the importance of hydrogen bonds in the PCDA-mBzA films upon
heating by the adsorption and desorption of cadmium(ll) ions. % The adsorption of
Cd(I1) onto the film surface breaks the outer carboxylic O-H---O hydrogen bonds
while keeping the amide N-H---O hydrogen bonds intact.'®® The removal of the
carboxylic hydrogen bonds is due to the formation of a carboxylate salt of
PCDA-mBzA which results in the film displaying irreversible thermochromism.68
The desorption of Cd(Il) allows the PCDA-mBzA film to partially regain its

thermochromic reversibility through the recovery of the carboxyl hydrogen bonds,
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which is displayed by a visible blue-to-red transition upon heating and a red-to-blue
transition on cooling.®® Therefore, the use of metal ions in polydiacetylene films is a

useful way to adjust the thermochromic properties for the required application.

A well-known class of molecules known for their hydrogen bond forming capabilities
are ureas, and when incorporated into a PCDA analogue, 10,12-docosadiynoic acid
(DCDA) can provide excellent reversible thermochromic properties up to
temperatures of 200 °C when appended with hydrophilic polyethyleneglycidyl
moieties (Figure 1.30).2*° The reason for the impressive thermoreversibility is due to
the bisurea tape formation that forms hydrogen-bonded networks throughout the
polydiacetylene.!*® The substituted DCDA monomer can be transferred to paper
substrates as ink and will photopolymerise from clear to blue when irradiated.
Moreover, the system exhibits a range of colours from blue, purple, red and yellow
upon heating to different temperatures.’*® A system with PCDA and a combined
acetylurea group displays thermochromic reversibility up to temperatures of 150 °C.16°
The melting temperature of the polydiacetylene plays a large role in the
thermochromic reversibility. In reversible thermochromic systems, if the sample is
heated to greater than its melting temperature, then it is likely that the transition from

reversible to irreversible thermochromism will occur.16% 170
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Figure 1.30. The hydrogen-bonded networks of a DCDA urea polyethyleneglycidyl
derivative. The green box shows the region responsible for polymerisation, while the
urea tapes in the blue box enhance self-assembly, and the region in the red box

increases the water compatibility of the molecule.

Thermochromism has also been observed in conductive fibres comprised of aligned
carbon nanotubes dip-coated with a PCDA derivative and an attached alternating

glycine-alanine peptide segment with a terminal tyrosine group (GAGAGAGY,
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Figure 1.31).1"' However, unlike most thermochromic studies with PCDA, the
apparent thermochromism was not observed by direct heat, but through the application
of electrical current to the fibres.1”* Milliseconds after the application of the electric
current, a blue-to-red colour change was observed and then a red-to-purple transition.
The response time of the fibre is correlated with the applied current.!”* Upon cooling
for only 20 seconds, the fibres returned to their original blue colour, and even after
1000 cycles of current, scanning electron microscopy revealed that the fibres remained
unchanged.!™ The impressive reversible thermochromism of the fibres are due to the
multiple hydrogen bonds that are able to form from the peptide portion of the

polydiacetylene between adjacent molecules.*’
(o] H (o] H (o] H o H o
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OH

Figure 1.31. The molecular structure of monomeric PCDA modified with a peptide

sequence.

Thermochromism has also been recognised in cyclic dipeptides (CDP) containing a
PCDA derivative in which the PCDA is covalently bonded to (3S)-3-(hydroxymethyl)-
piperazine-2,5-dione via an ester linkage.'’? The CDPs have a cis-amide functionality
consisting of two hydrogen bonding acceptors and donors which allows for strong
intermolecular bonding with adjacent CDPs.1"2 Additionally, the chiral centre of the
head group allows helical packing to self-assemble into bilayers which transform into
either single-wall or multiwall structures (Figure 1.32).1> These hydrogen-bonded
supramolecular assemblies exhibit blue-to-red reversible thermochromism even after
ten consecutive heat cycles from 25 — 90 °C, thereby adding to the list of thermally

responsive functional materials that contain PCDA."
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Figure 1.32. The self-assembly of cyclic dipeptide nanotubes of PCDA into bilayers
leading to tubular structures of either single wall structures or multi-wall nanotubes.
Reprinted with permission from reference 172. Copyright 2020 American Chemical

Society.

1.6.3. The Effect of pH

The stability of PCDA films in response to pH changes can be modified, depending
on the temperature at which the film was polymerised. Research into multi-layered
Langmuir-Schaefer films of polymerised PCDA has been prepared at the air/water
interface by exposure to 254 nm of UV radiation at 25 °C and 50 °C.}"® The
polymerised films were treated with different pH levels ranging from pH 2-11, to
investigate the chromic stability (blue-to-red transition) of the films in response to a
change in pH.*”® The results show that the PCDA films polymerised at 50 °C display
considerable chromatic stability against pH changes when compared to the 25 °C film
equivalent, which was shown to be more sensitive to external stimuli due to its shorter
intermolecular packing distance.!”® In contrast to polymerised PCDA films,
polymerised PCDA vesicles also change colour with increasing pH.1"® At pH 4-8.8,
the carboxylic acid protons of PCDA are deprotonated, which causes the breakage of
the hydrogen bonds at the vesicle surface and allows a partial rearrangement of the
polydiacetylene segments.'”® This partial rearrangement is accompanied by growth in
the absorbance spectra at 650 nm to observe a blue colour.!™ At pH 8.9-10, the

absorption spectra display a sharp increase at 500 nm, to exhibit a blue to red colour
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transition. The red phase is due to a segmental rearrangement in the entire polymerised
PCDA vesicles, opposed to only partial rearrangement at pH 4-8.8.1%2 Additional work
on the effect of pH on PCDA vesicles involves synthesising PCDA with a
1,4-bis(octyloxy)-2,3-diaminobenzene headgroup.®” When the vesicle was irradiated,
the colour changed from blue to red, and exhibited an irreversible red-yellow transition
when exposed to a pH of 1. No colourimetric change occurred when the PCDA

derivative was further exposed to a pH range of 2-13.%7

An interesting application of the colourimetric response of PCDA to pH changes is
the detection of Escherichia coli bacteria through electrospun fibres containing
polymerised PCDA and a supporting polymer, either poly(ethylene oxide) (PEO) or
polyurethane (PU).1" 1> PCDA and polymer fibre composites that are blue in colour
were immersed in E. coli culture and instantly changed from blue to red, indicating
that the proteins secreted by the bacteria initiated the colour change.*’® There is also a
positive correlation between a clearer colour change of the fibres and the increasing
pH and concentration of bacteria, due to the concentration of the hydroxide ion at pH
11-13, which disrupts the hydrogen bonding of the polydiacetylene head groups. This
colourimetric sensing system has the capabilities to be applied to medical textiles such
as wound dressings and bandages to detect the presence of E. coli.!”® Also, a
polydiacetylene-pH sensing system has been developed for the detection of the
virulence-factor enzyme urease.!’” Ureolytic activity is catalysed by urease and is used
in the diagnosis of a Helicobacter sp. infection,*’® and so a pH-sensitive colourimetric
system has been designed for urease sensing, through the use of polymeric PCDA
vesicles in different solutions.!”” As the pH increased, the PCDA vesicles gradually
changed from blue, to purple, to red, with each colour indicating a specific pH value
(blue = pH < 7, purple = pH of 7.5-8, red = pH of > 8.5). The colour transitions
corresponding to the level of deprotonation of the polydiacetylene vesicles in basic
solutions, which is also enhanced formation of ammonia in the urease-catalysed
hydrolysis of urea, which increases the pH of the system.*”” The concentration of alkali
ions can also be determined by polymerised PCDA when it is combined with
nanoporous rice husk silica to form a pH indicator with a sensitivity that can detect
alkali ions at concentrations less than 122 um and can distinguish pH ranges from pH
9.9 to pH 11.4.1° When this nanocomposite material is coated onto paper for mobile
purposes, it forms the basis of a convenient colourimetric detector that changes colour
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in the presence of OH" ions from blue-to-red (Figure 1.33).17° The paper detector is
quick and simple to use, making the pH sensor useful for a primary water testing kit
for relevant applications, with future work on amending the paper detectors so they
are capable of detecting specific heavy metals.”®

Figure 1.33. The colour change of the paper pH-sensor as the alkali concentration

increases. Figure adapted with permission from reference 179.

1.6.4. The Effect of Organic Solvents

Many different approaches have been used to demonstrate that PCDA is capable of
recognising various organic solvents, with some systems able to specifically identify
individual solvents.*® 8 Splvatochromic materials have been developed that can
distinguish between different organic solvents, mainly through the use of polymer
films.182 18 Sensors have been designed to consist of hydrogen-bonded alternating
layers of polystyrene, a mixture of poly(4-vinylpyridine), and PCDA which are
transparent until exposed to UV radiation, and subsequently become blue.8® Upon the
addition of tetrahydrofuran, dichloromethane, chloroform, ethyl acetate, or toluene,
the film elicits a blue-to-red transition along with the generation of fluorescence, while
acetone, ethanol, isopropanol, and hexane do not affect the PCDA/copolymer film.183
These results suggest that the solvents have a weak affinity for the polystyrene layer
of the film which results in the inability to penetrate the PCDA layer and therefore,
the failure to interact and change colour or generate fluorescence (Figure 1.34).1 The
ability of the PCDA/copolymer films to change colour to specific solvents makes for

a simple but effective solvatochromic and fluorescence sensor.

Control TH CH,Cl, CHCl; Acetone Ethanol EA Toluene Hexane
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Figure 1.34. Images of different solvents on the PCDA/copolymer films (top) and their
fluorescent microscopy images (bottom). Figure adapted with permission from

reference 183.

Interaction of linear alcohols (methanol, ethanol, 1-propanol, 1-butanol, 1-pentanol)
with polymerised PCDA vesicles shows a typical blue-to-red colour transition after
exposure, though the longer the alkyl length of the alcohol, the greater the
colourimetric response.*®* This is due to the swelling of the alcohols into the inner
layers of the vesicles which weakens the hydrogen bond interactions and results in the
rearrangement of the PCDA side chains and conjugated backbone to absorb different
wavelengths of light.*3* The polarity of the alcohol also plays an important part in the
penetration ability to the inner layers of the polydiacetylene vesicles, as less polar
alcohol promotes the penetration into the hydrophobic layer of the vesicle, thus,
induces a colour transition easier than solvents of higher polarity.'® The degree of
penetration of the solvent is also influenced by the position of the —OH group within
the alcohol molecule; a higher concentration of 2-propanol is required to induce a
colour transition, compared to 1-propanol, and branched alcohols result in a steric
effect that hinders the penetration of the polydiacetylene vesicle.’3* However, when
PCDA is modified with an ethylenediamine head group, the polydiacetylene can
distinguish between 1-propanol and 2-propanol, or 1-propanol and ethanol, which
provides an important structure-specific insight into the chemical sensing properties
of polydiacetylene-based materials.!3* The presence of ethanol to PCDA vesicles
results in swelling and increases in size with increasing ethanol concentrations.*®® The
swelling of the vesicle results in the hydrogen bonds between the PCDA head groups
breaking and weakens the dispersion interactions between the polydiacetylene side
chains.'®? Low concentrations of ethanol do not result in a typical blue-to-red colour
change, however, when the ethanol concentration is 60 % v/v or above, the colour
transition occurs. This result suggests that a high degree of ethanol penetration is
required to overcome the interactions of the PCDA head groups and side chains to
yield segmental rearrangement of the chains.'®? A similar result was also found with

acetone.186

An investigation of the behaviour of polymerised PCDA and PCDA derivatives in
vesicles in water vs. heavy water produces interesting results.’®” PCDA derivatives
include 2-(2-aminoethoxyl)ethanol (HEEPCDA) and p-phenylenediamine (APPCDA)
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which are attached to the carboxylic acid group of PCDA (Figure 1.35).18 For PCDA,
there is no difference to the thermochromic properties in D20 or H20 as the colour of
the vesicles remain red and does not revert to the initial blue colouration on cooling,
opposed to HEEPCDA that shows reversible thermochromism with D>O but not in
H20 in the temperature range of 25-70 °C.*®” The preference of HEEPCDA for D20
in the colour reversibility may be due to stronger hydrogen bond interactions present
with D20 than in H20.'®" For the case of vesicles of APPCDA, the vesicles are
thermochromically reversible in H20 but not in DO from 25-90 °C, which is the
opposite behaviour to that observed for HEEPCDA. For APPCDA, the greater number
of non-covalent interactions contributes to the reversibility of APPCDA to heating and
cooling cycles.!®” Therefore, it is important what solvent is used in PCDA systems as
a small change in the molecular composition of solvent can have vast changes in the
observed chromic properties of the system.

o
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Figure 1.35. Structures of monomeric PCDA derivatives, HEEPCDA and APPCDA.

1.6.5. The Effect of Metal lons

Materials containing PCDA and PCDA derivatives have been successful at the
detection of different metal ions including alkali metals (lithium,*®8 sodium,!8%1% and
caesium®®® 192) transition metals (chromium(l1),1** manganese(ll),}%* nickel(11),1%
copper(11),*% zinc(11),1%5-204 silver(1),1** 2% cadmium(11),%68 194 206 jridium(111),2%
gold(111),2%¢ and mercury(11),1% 1% 209 and post-transition metals and metalloids
(aluminium(111),2% arsenic(111),1%% 2% tin(1V),1% and lead(11)1% 20% 210-212) "and  the
lanthanide element terbium(111).2*3 214 Many PCDA systems incorporating metal ions
exhibit reversible thermochromism due to the enhanced electrostatic interactions
between the cations and the carboxylate head group of PCDA, allowing the structural
recovery of the conjugated backbone after the heat stimulus is removed.'®’
Nanocomposites comprising of the intercalation of zinc oxide nanoparticles into

PCDA assemblies have been studied by powder X-ray diffraction to investigate the
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effect of metal ions on the interlamellar d-spacing of PCDA.X®" The interlamellar
d-spacing of polymerised PCDA itself in the blue phase is 4.50 nm compared to
4.45 nm in the red phase (achieved by annealing the nanocomposites to 200 °C),
however, when ZnO is incorporated into the PCDA assemblies, the blue phase
d-spacing increases to 5.22 nm and the red phase of the nanocomposite has an
interlamellar d-spacing of 5.54 nm.'%" Therefore suggesting that when the PCDA-ZnO
nanocomposites are heated, the PCDA polymer side chains rearrange to incorporate
the strain on the system.®” Additional work on PCDA-Zn(11) nanocomposites includes
the behaviour of monocarboxylic polydiacetylenes with different alkyl chain lengths,
with the polydiacetylenes nanocomposites combined with zinc(ll) ions and zinc
oxide.1%: 215216 ghortening the length of the alkyl chain and the alkyl segment between
the reactive alkyne moiety and the carboxyl head group in these nanocomposites
drastically changes and their colour transition properties when heated, even though all
polydiacetylene nanocomposites in this study exhibit reversible thermochromism.%
When only the terminal alkyl chain is shortened by two methylene units, the
colour-transition temperature of blue-to-purple is reduced by approximately 20 °C due
to the weakening of dispersion interactions in the polydiacetylene nanocomposite
layers.?>? 1% However, when the alkyl segment adjacent to the carboxyl head group is
reduced, the colour-changing temperature trend is unpredictable in the Zn(I1)/ZnO

nanocomposites.%

Iridium complexes situated on the surface of PCDA vesicles can provide long
fluorescence lifetime properties and when combined with a polydiacetylene, can also
exhibit responsive blue-red properties.?’” Polymerised PCDA itself is fluorescent,
though only in the red form, while the blue polymer form is non-emissive.?%® 27 The
PCDA vesicles modulate the emission properties of the iridium complex through the
blue-to-red colour transition, which enhances the fluorescence lifetime of the
polydiacetylene system and allows a simpler way to spectrally differentiate the blue
and red phases of the PCDA vesicles.?’” The fluorescence properties of PCDA can
also be changed by heat. A structurally modified polymerised PCDA derivative,
PCDA-EDEA that was blue in colouration and was placed in a microfluidic
temperature sensor and was heated until the polydiacetylene became red and emitted
fluorescence (Figure 1.36).1° It was observed that the fluorescence of the red phase
became more intense with increasing temperature (40-60 °C) until the polydiacetylene
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is exposed to excessive heat (70-78 °C), where the fluorescence is then quenched and
cannot be reversed.®® 1 The sensing properties of PCDA vesicles have also been
explored with the lanthanides, specifically though the use of PCDA-functionalised
thiacalix[4]arene vesicles.?'® Calixarenes are three-dimensional host molecules that
can be easily modified to act as supramolecular receptors for molecular recognition
and sensing applications. In this case, the calixarene-PCDA vesicles display a
colourimetric response to metal ions in the lanthanide series of elements (with a 10
mol % content of calixarene), with an enhanced blue-to-red colour change influenced
by lanthanum(lll) ions in particular. The transition is not observed when the two
components are individually exposed to lanthanide ions.?® The structure of the
functional thiacalix[4]arene-PCDA vesicles are shown in Figure 1.37, with the
PCDA-1 combination displaying an increased colourimetric response to
lanthanum(I11) when compared to PCDA-2.2%8 The colour transition of the vesicles
when in contact with lanthanide ions is due to the distortion of the calixarene cavity
which ultimately disturbs the polydiacetylene backbone, alongside metal-induced
aggregation and sedimentation of the vesicles.?'® An additional lanthanide ion that has
been used in combination with PCDA is terbium(lll) with bilayers of PCDA
intercalated with terbium(111) ions positioned at the carboxyl head group of PCDA.?%4
The nanosheets of PCDA-Tb(I11) exhibited reversible thermochromism and reversible

fluorescence up to temperatures of 90 °C.2
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Figure 1.36. Structure of the PCDA diacetylene derivative, PCDA-EDEA.
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Figure 1.37. A schematic representation of functional thiacalix[4]arene-PCDA

vesicles. Figure reproduced with permission from reference 218.

1.6.6. The Effect of Mechanical Stress

The first observation of mechanochromism in PCDA films at the nanometre scale was
reported by Carpick and coworkers by atomic force microscopy (AFM) and near-field
scanning optical microscopy (NSOM) accompanied by interfacial force
microscopy.?*® It was observed that structural changes in PCDA films result in a
blue-to-red colour change of the PCDA polymers caused by the shear forces between
the cantilever/scanning tip of the AFM and NSOM experiments.?'® The blue-to-red
transition will only occur if the AFM scan direction is perpendicular to the backbone
direction, as the colour will not change if the film is scanned in a direction parallel to
the polydiacetylene backbone.?”® The chromic transition exists even without the
excitation laser present and without any heating of the contact zone.?*® It was found
that the strongly anisotropic red polymer propagates along the backbone direction of
the polydiacetylene by the red domains nucleating at film defects.?*® Once the red
phase is established, additional tip-induced mechanochromism does not affect the red

phase of polymerised PCDA.?°

Films of PCDA and perfluorotetradecanoic acid (PF) in a 1:2 ratio respectively, were
characterised by dual atomic force and fluorescence microscopy (AFM-FM) and were
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irradiated by lasers with wavelengths of 532 nm and 254 nm.® Upon irradiation, all
the PCDA was polymerised, with around 80 % of the polymer existing in the red phase
(which is fluorescent), with the remaining ~20 % in the blue polymer phase.®? The
presence of PCDA polymer can also be determined by AFM height differences when
compared to the underlying bare glass substrate the polymer is placed on, with a height
difference of approximately 5 nm.??* The addition of PF to PCDA films compresses
the films to give a 1 A? reduction in film area, as PF induces mechanical stress which
results in the formation of the irreversible red polymer phase of PCDA upon
irradiation.??? Figure 1.38A and Figure 1.38B show AFM images of a polymerised
PCDA derivative at the blue-to-red interface adjacent to a silicon dioxide defect in the
film, with the heights of the blue and red phases to the substrate are approximately 22
and 9 A, respectively.??® Figure 1.38C shows a schematic representation of the two
coloured polydiacetylene forms, with the planar “blue” form to the right of the image,
becoming twisted and distorting the conjugation of the backbone, to result in the “red”

form.220

Height Friction

Figure 1.38. The AFM images of a region of polymerised N-(-2-ethanol)-10,12-
pentacosadinamide film that was transformed under shear forces on a silicon dioxide
substrate, with the fast scan direction along the x-axis. A) The blue phase = brightest,
red phase = darkest. B) The blue phase = darkest, red phase = brightest, with the arrows
indicating the backbone direction. C) A schematic of the blue-to-red transition of the

polymer. Figure reproduced with permission from reference 220.

Conductive carbon nanotubes (CNT) coated in polymerised PCDA readily exhibit a
blue-to-red colour change when exposed to an electric current. Unlike other PCDA
systems, the PCDA-CNT composites are reversible with the colour change retained
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when exposed to current cycles lower than 30 mA, with the CNTSs reversing to the
original blue state after only two seconds from the removal of the current.??® The
colour transition is reversible at 30 mA as the polydiacetylene backbone only
temporarily deforms through the polarisation of the carbonyl group in the PCDA side
chains, which decreases the conjugation of the backbone while the CNTSs are exposed
to the applied current.?? 22 At higher current values, it is expected that the
polydiacetylene will permanently deform, resulting in irreversible chromism of the
PCDA-CNTs.?2 It was discovered that when the PCDA-CNTs are exposed to
mechanical stress, the colour of the CNTSs is dependent on the applied tensile stress to
the CNT. A CNT fibre was exposed to a tensile strain of 0.55 GPa and remained blue,
while at tensile stress values below 0.48 GPa, the PCDA-CNT fibres immediately
became red.?* However, if the applied tensile stress reached the range of 0.48-0.51
GPa and the mechanical stress was removed, the colour transition reversed from

223 Electrochromic and mechanochromic PCDA-CNTs make for

red-to-blue.
impressive functional materials with sensing properties that can be applied to many

fields.

Powders of polymerised PCDA intercalated with guest organic amines reveal a
mechano-responsive colour change that is clearly visible to the naked eye, with the
responsiveness of the powders tuned by the type of alkyl amine or diamine used (with
varying alkyl lengths from 4-16 carbon atoms long).??®> PXRD of the composites
revealed that PCDA was no longer dimerised by O-H---O hydrogen bonds at the
carbonyl head groups, and instead exist as ammonium salts.?® The responsivity of the
PCDA-powders to heat and mechanical stress were similar, as both stimuli resulted in
an irreversible blue-to-red colour change, however, the colour change after rubbing
the powder was found to be caused by shear stress, rather than by the frictional heat
caused by rubbing.??® As the effects of mechanical stress and heating were similar on
the powders, the effect of rubbing the powders must have the same internal mechanism
of accumulated torsion on the polydiacetylene backbone, which dictates the observed
colourimetric changes. These stimuli-responsive powders have the potential to be

applied to a variety of sensing and diagnostic materials.??®
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1.7.  Applications of Diacetylenes
1.7.1. Dosimetry Technology

Dosimeters are typically two-dimensional films that work on the premise that when
irradiated, the colour of the film changes from clear to blue, with the intensity of blue
colour proportional to the amount of irradiation the film has received. This correlates
with the degree of polymerisation of the diacetylenes present in the film. One of the
most commonly used diacetylene based radiochromic sensors for therapeutic purposes
are Gafchromic films, which are comprised of a lithium salt of PCDA.*® The most
used radiochromic film, Gafchromic EBT®, comprises of an active layer which is
surrounded by a polyester cover (Figure 1.39) and is intended for recording radiation
doses between 1 cGy and 40 Gy (with 1 cGy equivalent to 1 rad).??® Alternative
models of Gafchromic films can detect different dosage ranges than the EBT model
due to changes in their chemical composition and thicknesses of the active layer in the
films, with the different models detecting doses from 0.2 cGy-1000 Gy.??’ Previous
discontinued radiochromic films models such as MD-55 contained PCDA as the
diacetylene in the active layer, however, the MD-55 film was only useful at doses
greater than 5 Gy.?? 229 Additionally, PCDA has also been incorporated into films
using polyvinyl alcohol (PVA)® and polyvinyl butyral (PVB)?* as the polymer layer,
compared to polyester in the Gafchromic films. The PCDA-PVA film exhibits a colour
change from clear to dark blue at a dose range of 100 Gy-6000 Gy,% while the PVB
film displays a dose range of 5-4000 Gy, though the range is dependent on the PCDA
content within the films.Z*° An important application of radiochromic films is their use
on blood bags to indicate if the blood has been irradiated with gamma radiation before
the blood is transferred between patients.?3! Once the film has been irradiated, the film
will change colour from transparent red with the word “NOT” across the film, to
opaque, which makes it clear to the handler which blood is safe to use (Figure 1.40).2%2
This irradiation process prevents the spread of transfusion-associated graft-versus-host
disease which is rare but can be fatal if an immunocompromised patient is exposed to
the disease.?! An alternative to 2D radiochromic films is the utilisation of 3D PCDA
gel dosimeters which display a linear irradiation response in the dose range of
2-100 Gy.?* The gel dosimeters are prepared through the dispersion of self-assembled
nanovesicles of PCDA into a gel matrix, Figure 1.41. When compared to existing 3D

dosimeters,?3* 2% the PCDA gel system provides excellent tissue equivalence, has high

43



spatial resolution and dose accuracy, and does not exhibit any dose rate, energy or

temperature-dependent effects.?3

2
Clear polyester cover 125 pum
30um Active layer )
Clear polyester cover 125 um

Figure 1.39. The composition of Gafchromic EBT3 film. Figure adapted with

permission from reference 226.
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Figure 1.40. Radiochromic film labels used for irradiation detection on blood bags.

Figure reproduced from reference 232.

Z

X-rays

Gel

—
o ——
O ——

¥
o/

Irradiation

LC0EK
ok
e

i

Figure 1.41. The preparation and application of PCDA vesicles to create a gel

dosimeter. Reproduced with permission from reference 233.

1.7.2. Biosensors
Polydiacetylenes have the potential to produce a colourimetric response to a wide

range of biomolecules such as proteins/enzymes,t’” 2623 yijruses,240-242

174, 243-245 246-248

bacteria, sugars, and active ingredients.?*® A recent review on

polydiacetylene-based sensors categorises the sensor application by the type of
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chromism that is used e.g. thermochromism, solvatochromism, or electrochromism.?>°

Polydiacetylene biosensors have real-world applications within the field of food
safety, with PCDA vesicles able to detect the presence of Salmonella bacteria,?! along
with the detection of eight commonly used sanitisers and surfactants used in the food
industry.?? Recent work on treating bacterial infections includes the detection of
pore-forming toxins by PCDA.?*3 A polymerised PCDA nanoparticle-functionalised
microgel has been designed to manage topical bacterial infections, with the specific
nanoparticle morphology prepared by a 3D bioprinting process.?*® The 3D
nanoparticle gel diffuses and neutralises the pore-forming toxins released from
bacteria and has shown in mouse models that the microgel promotes tissue recovery
after bacterial infection, and, therefore, has the potential to be developed into a
larger-scale treatment in the future.?** PCDA has also been extensively studied for its
chromic properties when combined with biomolecules, for example, nucleic acids
have been detected by modifying the head group of PCDA with an antibiotic,
neomycin, which inhibits bacterial protein synthesis through binding to the 30S
subunit of the bacterial ribosome.?*32® Therefore, the neomycin head group of PCDA
will act as a binding site for RNA resulting in a conformational change of the
polymerised PCDA-neomycin complex and hence a blue-to-purple colourimetric
change.?*® The detection of the veterinary fluoroquinolone antibiotic, enrofloxacin,
has also been achieved through the synthesis of a nanoblend consisting of polymerised
PCDA, triblock copolymer (poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide)), and sodium dodecyl sulfate (SDS).2*® The detection of
enrofloxacin residues are important for human health, especially in terms of food
safety and antimicrobial resistance. The colourimetric response of enrofloxacin to the
nanoblend depends on the SDS concentration suggesting that the surfactant is as
important as PCDA in the detection of enrofloxacin residues.?*® Alongside antibiotics,
PCDA has also been used in enzyme-free systems to amplify the presence of miRNA
in human serum at ultralow concentrations, as miRNA expression is dysregulated in
human cancer and therefore, can serve as a potential biomarker for cancer
diagnosis.?>” 2% The presence of DNA has also been detected through the utilisation
of a p-tert-butyl thaicalix[4]arene with PCDA moieties on either side of the
macrocyclic cavity.?® When the PCDA residues are polymerised by UV exposure and
the calixarene is in contact with calf thymus DNA, the macrocycle intercalates to form
a lipoplex and displays a typical blue-to-red colour change from concentrations as low
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as 20 pumol/L.>® Polymerised PCDA has been incorporated into a microtube
waveguide system whereby single-stranded miRNA is attracted to the surface of the
PCDA microtube which facilitates an amplification reaction within the surface of the
PCDA microtube, ultimately able to distinguish between cancer patients and healthy
humans.?®" The detection of specific proteins is also possible when combining

2% phospholipase D, and alkaline

enzymes such as glutathione S-transferase,
phosphatase®® to PCDA head groups which elicits a colourimetric response.
Interestingly, polymerised PCDA vesicles have also been combined with
phospholipids (1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC),
1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DMPG), and stearamide) to
tune the surface potentials of vesicles designed for gene therapy (Figure 1.42A).%’
When model gene vectors Lipofectamine 2000, Entranster TM-H4000, and
polyethylenimine are added to the phospholipid/polydiacetylene vesicles, a colour
change is observed in less than five minutes from blue-to-red (Figure 1.42B).%%" From
the UV-Vis data, the affinity constant was calculated to determine the sensitivity of
each type of phospholipid/polydiacetylene vesicle combination used and revealed that
the vesicles consisting of DMPC/PDA show the highest sensitivity towards gene
vectors.?®” This polydiacetylene biosensing system demonstrates a rapid visualisation
technique of gene vectors that has the potential for screening of carrier molecules for

237

drug delivery.
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Figure 1.42. A) An illustration of the incorporation of different phospholipids into the
polydiacetylene (PDA) nanovesicles. B) The rapid colour change of the
phospholipid/polydiacetylene vesicles when in contact with gene vectors and the
quantification of the colour change by UV-Vis analysis. Reprinted with permission

from reference 237. Copyright 2020 American Chemical Society.

Research has been conducted for the colourimetric detection of the influenza A virus
(pPH1N1), through the modification of PCDA materials.?® For instance, a recent study
involves designing paper chips that contain a polymerised PCDA-imide derivative that
detects the pH1N1 influenza strain with high sensitivity by an obvious blue-to-red
colour change, ultimately for quick and easy point-of-care testing of the influenza A
virus.2 The PCDA derivative was mixed with PCDA and DMPC and a
polyvinylidene difluoride (PVDC) membrane, with PCDA secured to the PVDC
membrane through UV irradiation for one minute.?*® A colourimetric change occurs
on the chip due to the binding events of the pH1N1 virus by the interaction of the
influenza A virus nucleoprotein and nucleoprotein antibodies on the surface of the
chip, and to intensify the colour change, the chip can be incubated or physically
touched to enhance the thermochromic properties of the polydiacetylene system.?4
Though the sensitivities of the polydiacetylene-paper chip are too low for clinical
applications, a smartphone application has been designed to visually detect a high
concentration of viruses based on the colourimetric response of the paper chip

results.240
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1.7.3. Chemosensors

The detection of specific chemicals that pose a risk to human health and environmental
welfare is of high importance, and multiple polydiacetylene systems have been
developed to combat the issues. A World Health Organization 1990 review of the
impact of pesticides on human health, estimated that over 3 million cases of severe
acute poisoning were due to pesticides, and of these around 220,000 were the cause of
death, indicating the need for a practical pesticide detection system.?® A recent study
uses a commonly used organophosphate insecticide, malathion, that can be detected
by PCDA with pralidoxime (PAM) functionalised terminal group, enabling PCDA to
bind to organophosphates and which would inhibit the pesticides’ mechanism of
action through the binding of acetylcholinesterases present in the synaptic cleft.5?
When polymerised PCDA/PAM binds to malathion, a blue-to-purple-to-red colour
change is observed within seconds of binding and can be observed by the naked eye
and quantified by electronic absorption studies.?®? Polymerised PCDA also can detect
the presence of trinitrotoluene (TNT) when coupled with a TNT recognition motif
comprised of a trimer peptide of tryptophan-histidine-tryptophan (Trp-His-Trp).23
The binding of TNT to the peptide region results in a conformational change which

alters the conjugated backbone of PCDA, resulting in a blue-to-red colour change.?®3

Polydiacetylene-based sensors are also helpful in the food industry, with the
development of low-cost films that can detect the early release of gases due to food
spoilage and are suitable for food packaging labels.?®* The ammonia-sensitive films
consist of PCDA as the sensing material, cellulose nanocrystals (CNC) as the
stabilising agent, and chitosan to provide a matrix. The components help to fabricate
strong but flexible free-standing films that display a blue-to-red colour change when

in the presence of ammonia over a wide temperature range of —20 to 24 °C.2%4

An impressive dual-stimuli responsive dendritic diacetylene has been designed with
an aromatic head group and a PCDA tail that forms a tetraphenylmethane core capable
of forming pores in the tight packing structure (Figure 1.43).2%° Once polymerised, the
tetrahedral structure (TePDA) exhibits cross-linking to give the typical ene-yne carbon
backbone and displays reversible blue-red-blue thermochromism at temperatures up
to 134 °C.?®® The main application of TePDA is the detection of volatile organic
compounds in the vapour phase. Paper strips were coated with TePDA and exposed to

the vapours of dichloromethane, tetrahydrofuran, chloroform, benzene, toluene,
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xylene in different concentrations (0.05 %-1.0 %) for one hour. Chloroform provided
the greatest colourimetric response with a colour change from blue to light brown,
while PCDA alone shows an indistinct colour transition at the maximum concentration
of chloroform.?® This intrinsically porous self-assembled material has the potential to
be used in multi-disciplinary fields that require a system that is sensitive to more than

one stimulus at a time.
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Figure 1.43. The formation of the self-assembled tetrahedral diacetylene in monomeric
and polymeric forms. Reprinted with permission from reference 265. Copyright 2020

American Chemical Society.

The combination of PCDA and polymers have also been shown to enhance the sensing
properties of the diacetylene. For instance, monomeric PCDA has been embedded in
poly-e-caprolactone polymer matrix through electrospinning and irradiated by UV
exposure, which allows the polymer matrix to detect the presence of organic solvent
additives in gasoline, through a visible blue-to-red colour change.?®® Another polymer
matrix system involves electrodes coated with polymerised PCDA which are

embedded in a porous polymer matrix containing PVP by a spin coating technique.?®’
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The PCDA/PVP electrode acts as a vapour-sensing system, or an “artificial nose” for
detecting different organic solvents, with each vapour determining a different
capacitance transformation, which is fully reversible when the vapour is no longer in
contact with the electrode.?®” Figure 1.44 summarises the capacitance responses of
polydiacetylene/PVP thin films containing TCDA and PCDA to different solvents,
with the responses colour coded to the degree of capacitance change.?®” These results
illustrate the vapour selectivity for two different diacetylenes as the capacitance
changes depending on the exposure of different vapours, with PCDA showing higher
capacitance values in more solvents than TCDA.?%" A different study that involves
electrical conductivity rather than the storage of electrical charge has focused on the
effect of PCDA sulfonic acid derivatives as dopants to increase the thermal stability
and maintain the electrical conductivity of polyaniline.?%® The PCDA derivatives were
synthesised by derivatising the carboxylic acid group with either a
2-aminoethanesulfonic acid group or a 4-aminobenzenesulfonic acid (pBzS) group.?®
Upon polymerisation of the diacetylene dopants with polyaniline, the thermal stability
was observed in the range 250-600 °C, with the sheet resistance of polymerised
dopants maintained, when compared to polyaniline with dodecylbenzenesulfonic acid,
which has the same functional group as PCDA-pBzS, though without the

photoreactive diacetylene functionality.?®
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Figure 1.44. The capacitance responses of thin PVVP composite films containing TCDA
and PCDA to different gases, with the colour coded to the degree of capacitance
change scale on the right. Figure adapted with permission from reference 267.
Copyright 2020 American Chemical Society.
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1.8.  Project Aims and Overview

This work aims to further understand the relationship between the solid state
photoreactivity of 10,12-pentacosadiynoic acid and its crystal structure, as there is no
single-crystal X-ray structure of PCDA currently in the literature. Further to the full
characterisation of PCDA, the diacetylene will be combined with various organic and
inorganic compounds to investigate PCDA as different multicomponent solid state
forms by the implementation of topochemical and crystal engineering principles.'®
122,269,210 These principles will be used to systematically design different cocrystals
and salts of PCDA to explicitly tailor the reactive moieties of PCDA which will
optimise the resulting photosensitivity when the material is exposed to UV and X-ray
radiation. The multicomponent forms will be synthesised in solution and by the
application of mechanical grinding. The new PCDA cocrystals and salts will attempt
to rival the active ingredient in marketed GAFchromic films which incorporates the
lithium salt of PCDA.*® As a result, this work will contribute to the improvement of

radiochromic materials for dosimetric purposes.
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2. Lithium and Sodium Salts of 10,12-Pentacosadiynoic Acid

2.1.  Introduction

Long aliphatic unsaturated chains of carboxylic acids can be photoreactive when
exposed to certain stimuli. For example, when PCDA is in optimal conditions for
reactivity and exposed to radiation or heat, 1,4-addition polymerisation occurs to give
a coloured polydiacetylene.! For this reason, PCDA has been incorporated into
radiochromic films in the past for dosimetry purposes, however, more recently,
sensitive films such as GAFchromic™ have been developed that are based on the
lithium salt of PCDA (Li-PCDA). Therefore, the continued research and discovery of
metal salts with tunable reactivity is very important to improve dosimetry technologies
for different therapeutic uses. In this chapter, we highlight the characterisation of
PCDA and its lithium and sodium salts, and the lithium salt of a PCDA analogue
5,7-hexadecadiynoic acid (Li-HDDA) and compare their photoreactivity.

To understand the solid-state packing of long-chain aliphatic carboxylates, an
extensive literature survey of related structures was undertaken. There are a range of
reports of X-ray structural characterisation of saturated n-alkyl carboxylic acids and
these systems exhibit significant polymorphic tendency.>® The n-alkyl carboxylic
acids from one to twenty carbon atoms in length have all been structurally
characterised either by single-crystal X-ray diffraction (SC-XRD) or PXRD
methods.5*® Although, the n-alkyl acids are increasingly difficult to crystallise as the
chain length increases, partly due to the flexibility of the chain. This is evident by the
lack of structural information for heneicosanoic acid, for example, in the Cambridge
Structural Database (CSD),” only the unit cell parameters are available for docosanoic
acid, tetracosanoic acid, and hexacosanoic acid.'® ¥ Of the structures with CSD
entries, all n-alkyl carboxylic acids dimerise in a RZ(8) hydrogen-bonded motif.?° The
X-ray structures of saturated short and long-chain carboxylic acid as ligands to metal
cations are also abundant in the literature,22* though the complexes with n-alkyl
carboxylates consisting of >10 carbon atoms in length are less common.?® In order to
undertake a systematic analysis, a CSD search with criteria involving an ‘any metal’
centre joined to at least two n-alkyl carboxyl ligands by ‘any bond type’ to at least one
of the carboxylate oxygen atoms of each ligand, ranging from one to 22 carbon atoms
in length was performed (Figure 2.1). This search resulted in 1449 entries, though not

all are fully determined X-ray structures, as some entries only represent unit cell
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parameters. The distribution of results separated into their respective alkyl carbon
chain length are summarised in Figure 2.2. The metal centres are varied though largely
consist of transition metals, with copper as the most common metal in these set of
results at 344 hits (24 % of the total hits). Of these 344 hits, only 45 hits (13 %) consist
of Cu(l), while the remaining 299 hits (87 %) involve Cu(ll), consistent with the

tendency of copper(l) to be stabilised by soft ligand donor atoms.?5 2/

O O

)Lo”x“o)k (CH,)H

H(HZC)n n

Figure 2.1. The search criteria for metal n-alkyl carboxylates in the CSD, bound to the
metal ion (X) by at least two ‘any bond types’ denoted by a dashed line. The CH> chain

ranges from zero to 22 carbon atoms in length.
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Figure 2.2. The number of results that matched the search criteria, and the carboxylic
acid carbon chain length in each structure. Though carboxylate chains with 17 to 22
carbon atoms were searched for, they did not return any hits and therefore were not

included in the figure.
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An example of a typical Cu(ll) complex is the X-ray structure of
diammonia-bis(decanoato)copper(11) monohydrate (Figure 2.3). The Cu(ll) ionisin a
square planar geometry and is joined to two ammine nitrogen atoms at Cu-N distances
of 1.95 and 2.06 A.?8 Additionally, the central metal atom is also bound to two oxygen
atoms of the carboxylate ligand, at Cu-O distances of 1.98 and 1.99 A. The carbonyl
oxygen atoms of the carboxylates also interact with the Cu(Il) atom at long distances
of 2.59 and 2.76 A that arise from a Jahn Teller distortion. The decanoate chains adopt
anti-conformations with C-C-C-C torsion angles ranging from 140-179 °.28 Hydrogen
bonding also occurs in the structure. The hydrogen atoms from the water molecule
join to the carboxyl oxygen atom of the decanoate ligand at a moderate O---O distance
of 2.83 A, and to the nitrogen atoms at a slightly longer O---N distances of 3.02 and
3.08A%

Figure 2.3. The X-ray structure of diammonia-bis(decanoato)copper(ll) monohydrate
(water molecule omitted). The positions of the three hydrogen atoms for each ammine

ligand were not determined.?®

The only CSD entry for a metal carboxylate with ligands of eleven carbon atoms in
length is a structure derived from synchrotron PXRD analysis, consisting of a
tetrahedral Zn(11) centre joined to two bridging and two bidentate undecanoate ligands,
with two chains that are crystallographically independent (Figure 2.4).2°> The Zn-O
distances range between 1.93 and 2.04 A. The packing structure displays a lamellar
stacking of polymeric sheets of the metal carboxylate that run parallel to (001).2° The
alkyl chains of the carboxylate ligands are in an all-trans conformation. This structure
crystallises in the orthorhombic Pna2; space group. Two other polymorphs of this
structure are known from unit cell data in the monoclinic space groups P2:/c and Cc

and are likely to differ in packing of the carboxylate alkyl chains.?
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Figure 2.4. The X-ray structure of catena-(bis(u2-undecanoato-O,0")-zinc(l1)). The

hydrogen atoms were not located in the structure determination.?

A metal structure containing dodecanoate chains is a cobalt(Il) dodecanoate complex
which was serendipitously crystallised from a 1:3:1 mixture of a
cobalt(I1)-bis(trimethylsiyl)amide, dodecanoic acid, and hexadecylamine in
methoxybenzene, respectively, and was heated to 60 °C to form a gel. After cooling,
pink crystals formed consisting of diammine-bis(dodecanoato-O)-cobalt(ll) that
crystallised in C2/c (Figure 2.5).%° The Co-O distances are 1.98 A and the Co-N
distances are 2.04 A. The aliphatic chains of the decanoate ligands are in an all-trans
conformation. Each amine N-H forms intermolecular hydrogen bonds to neighbouring
carbonyl oxygen atoms and the oxygen atoms involved in Co(ll) coordination, at
N---O distances ranging between 2.93 and 3.04 A.

65



Figure 2.5. The X-ray structure of diammine-bis(dodecanoato-O)-cobalt(l1), displayed
in the crystallographic a) (010) and b) (001) axes.?®

An additional diamine structure with two n-alkyl carboxylate ligands consists of a
platinum(ll) carboxylate complex with two monodentate pentadecanoate ligands and
a homopiperazine ligand in a boat conformation, forming a chelate ring with
platinum(11).3° The metal centre is in a slightly distorted square planar geometry, with
Pt-N distances of 2.00 and 2.01 A, and Pt-O distances of 2.00 and 2.04 A (Figure 2.6).
The long aliphatic carboxylate ligands display variations in conformation. For
instance, chain 1 is in an all-trans conformation until C11 where the chain shows a
74.6 ° gauche twist and continues to C15 in a trans conformation, whereas chain 2
displays a 44.1 ° twist in the chain at C2, indicative of a gauche conformation, with
the remainder of the alkyl chain in an all-trans conformation. Intramolecular hydrogen
bonds occur from the amine hydrogen atoms of the homopiperazine to the carbonyl

oxygen atoms of the pentadecanoate ligands, at N---O distances of 2.80 and 2.83 A.
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Chain 1 Chain 2

c15

Figure 2.6. The X-ray structure of (homopiperazine)-bis(pentadecanoato)-
platinum(Il), with both pentadecanoate chains displaying both trans and gauche

conformations.*°

The structure in the CSD with the longest n-alkyl carbon chains in this set of results is
a structure of a copper(Il) centre bound to hexadecanoate and 2,2’-bipyridyl ligands
with methanol solvent molecules. The copper(Il) ion is in a square pyramidal geometry
and is bridged by two monodentate centrosymmetric hexadecanoate ligands.3! These
carboxylate ligands are arranged in an all-trans conformation. The Cu(ll) centre is also
bound to two nitrogen atoms from a 2,2’-bipyridyl ligand, which take part in z-z
stacking interactions in the structure, with a centroid-centroid separation distance of
the bipyridyl rings at 3.77 A.3! Hydrogen bonds occur from the methanol O-H to the
carbonyl oxygen atom of the hexadecanoate ligands, at an O---O distances of 2.73 A.
Weak CH:--O interactions also occur from the aromatic rings of 2,2’-bipyridyl ligands
to nearby oxygen atoms of the carboxylate ligands, at C---O distances ranging between
3.09and 3.26 A%
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Figure 2.7. The X-ray structure of bis(u-hexadecanoato-k?0:0)bis[(2,2’-bipyridine-

«?N,N”)(hexadecanoato-xO)-copper(I1)] methanol disolvate.3

In contrast to coordinate bonding of one metal to two carboxylate ligands, metal
n-alkyl carboxylates also involve coordinate bonding from at least two metal centres
to one carboxylate ligand and are more abundant in the literature by comparison. The
search criteria outlined in Figure 2.8 resulted in 10,943 hits, with the number of hits
decreasing as the n-alkyl chain increases from zero to twenty-two carbon atoms in
length. An important structure to illustrate this coordination mode of to the metal ion
is the structure of lithium pentanoate (Figure 2.9).32 The pentanoate ligands display
both chelating and bridging bidentate coordination to the lithium(l) ion, with the metal
centre in a tetrahedral coordination environment. The distances from the carboxyl
oxygen atom to the lithium ion vary between 1.90 and 2.0 A. The structure forms a
bilayer and packs in a tail-to-tail arrangement, with the pentanoate ligands in an
all-trans conformation. Temperature-dependant polymorphism also occurs in this

structure and in the related lithium propanoate.?

x\(x

CHZ)n

Figure 2.8. The search criteria to search the CSD of one carboxylate ligand coordinated
to two metal ions. The dashed double bond denotes ‘any bond type’, while the ‘X

indicates ‘any metal atom’.
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Figure 2.9. The X-ray structure of catena-[(us-pentanoato)-lithium(l)] viewed in the

crystallographic (010) axis.*?

A silver(l) complex with ligands consisting of twenty-two carbon atoms has been
described in the literature (Figure 2.10).2® The structure crystallises in the P1 space
group, with a long c-axis of 58.34 A. The carboxylate head groups form an
eight-membered dimer with Ag-O bond distances of 2.06 and 2.29 A. Opposite silver
atoms are at an Ag-Ag distance of 2.81 A. Additional carboxylate ligands join to the
silver atom in the dimer, at an Ag-O distance of 2.41 A forming a four-membered ring
and a polymeric network, with opposite Ag* ions at a distance of 3.29 A.*® The

structure packs in a tail-to-tail arrangement.

C22.
C1

) ° o o s °

..
-,
..

?

Figure 2.10. The X-ray structure of catena-[(u-docosanoato)-silver(l)] viewed in the
crystallographic (010) axis. Alkyl chains are in an all-trans conformation (note there

are incorrectly placed hydrogen atoms of the C18 and C19 CH> groups).*

The CSD results display varied long n-alkyl chain carboxylate structures bound to
different metal ions, either by two oxygen atoms of different carboxylate ligands or
by one carboxylate ligand bound to two metal ions by the oxygen atoms of the ligand.

These structures provide important insights into the possible coordination of the
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carboxylate groups of PCDA to lithium(l) metal centres, with lithium pentanoate

(Figure 2.9) of particular relevance.

2.2.  Results and Discussion
2.2.1. PCDA

PCDA Structure

The commercially important diacetylene PCDA is used to provide a colourimetric

change in practical chemosensors,®-3' biosensors,*®*! and dosimeters.*?*> However,
the preparation of single crystals of such surfactant-like compounds is generally
regarded as difficult. Preliminary PXRD analysis indicated that PCDA supplied by
Ashland is crystalline with a lamellar structure, evident by the progression of
low-angle peaks from 1.9-17.1 °, all correlating to reflections of (00I) type (Figure
2.11).4647 Additionally, the PXRD pattern of PCDA from Ashland is comparable to
the PCDA obtained from Sigma Aldrich with the two samples exhibiting almost
identical diffraction patterns (Figure 2.11). Slow evaporation of an acetone solution of
PCDA (obtained from Ashland) gave a high-quality sample suitable for analysis at the
119 beamline at the Diamond Light Source, Oxfordshire. Some decay of
photosensitive PCDA in the high-intensity synchrotron X-ray beam was noted,
however, a structure determination was successfully carried out. The X-ray structure
of PCDA revealed a centrosymmetric structure (P1 space group) based on the
well-known OH---O R2(8) ring hydrogen-bonded carboxylic acid dimer synthon
(Figure 2.12).%% 4% The O---O distance of the dimer is 2.6581(9) A which is typical
length when compared to other long-chain n-alkyl acids in the literature.!*® The
structure is based on a head-to-head bilayer arrangement of molecules and the aliphatic
substituents at either end of the dialkyne unit adopt an anti-conformation. The
crystallographic c-axis of 46.647(3) A is long which is also reflected by the lamellar
progression of low-angle peaks in the PXRD pattern. The structure conforms to the
topochemical postulate for dialkyne photoreactivity with a translational repeat
distance of <4.9 A, at 4.574(1) A, along with a tilt angle of 44.7 ° that is very close to
the optimal value of 45 °. The inter-alkyne C1-C4’ distance between adjacent
molecules of PCDA is 3.712(1) A, which is close to the upper limit of the

topochemical postulate for alkyne reactivity (a maximum distance of 3.8 A).%
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Figure 2.11. The experimental and calculated PXRD patterns of PCDA obtained from
Ashland and Sigma Aldrich, highlighting the initial (00I) reflections. The experimental
data was collected at room temperature (approx. 293 K), while the single crystal data
underlying the calculated pattern was collected at 100 K. The calculated pattern
highlights the preferred orientation present in the experimental patterns (due to the
needle morphology of the PCDA crystals) and is noted in the relative high intensity of

the low angle peaks.

Figure 2.12. The X-ray structure of PCDA showing the carboxylic acid dimer (O---O
distance of 2.6581(9) A) and the anti-conformation of the diacetylene substituents.
The C1-C4’ distance and intermolecular repeat distance are denoted by d and r,

respectively.

The solid state Fourier-transform Infrared (FTIR) spectrum of PCDA supplied by
Ashland displays bands in the range of 3000-2800 cm* which represent the v(CHz)asym

71



and v(CHz)asym and v(CHz)symm stretches (Figure 2.13). The band at 1692 cm™ is
indicative of a v(C=0) stretch of the free acid. An intense band at 1467 cm
corresponds to a CH2 bending mode, along with multiple CH> wagging bands between
1350 cm™ and 1194 cm™*. Additionally, the sharp band at 722 cm™ is attributable to
the CH: rocking mode of PCDA. As observed in the PXRD patterns, the PCDA
supplied by Sigma Aldrich displays an almost identical spectrum to the PCDA
supplied by Ashland, which are consistent with FTIR spectra of PCDA in the
literature. 47 5154

——— PCDA, Sigma Aldrich
—— PCDA, Ashland

200
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Figure 2.13. The FTIR spectra of PCDA supplied by Ashland and Sigma Aldrich.

The CP-MAS 3C solid-state NMR (ssNMR) spectrum of PCDA supplied by Ashland
displays a peak in the carboxylate region of the spectrum at 182.4 ppm with an
additional peak at 181.9 ppm, while PCDA supplied by Sigma Aldrich displays an
intense single peak at 182.5 ppm (Figure 2.14). The additional carboxylate peak in the
Ashland sample may correlate with defects or an additional polymorph, though as
there is minimal evidence in the PXRD pattern and FTIR spectra for an additional
polymorph, the former is more likely. Distinct peaks in the alkyne region of the
spectrum for the PCDA supplied by Ashland and Sigma Aldrich are present at the
same chemical shifts at 77.5 ppm (with a small shoulder at 79.2 ppm) and 65.3 ppm

(with a less-intense shoulder at 66.1 ppm), representative of two different alkyne
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environments. Also for PCDA from different suppliers, the intense peak (with multiple
shoulders) at 34.2 ppm is the result of an accumulation of CH; peaks with slightly
different chemical environments, which are followed by two distinct CH> peaks at
26.1 ppm and 21.7 ppm. The peaks assignable to the CHs group in both samples are
at 16.1 ppm with a small shoulder at 15.1 ppm. Therefore, as the main difference
between PCDA from Ashland and Sigma Aldrich is in the carboxylate region due to
defects, it can be hypothesised at this stage that PCDA is not polymorphic.

200 —— PCDA, Sigma Aldrich
—— PCDA, Ashland

I

100

O_JLMJ”

I\\I ! v I ' I ' I ! I

185 180 5 30 25 20 15
Chemical Shift (ppm)

Normalised Intensity (a.u.)

Figure 2.14. The ssNMR spectra of PCDA supplied by Ashland and Sigma Aldrich.
The carboxylate region is 180-190 ppm, while alkyne peaks are shown in the
60-80 ppm region, and the alkane peaks are between 10-40 ppm. Breaks are added in

the x-axis to increase the intensity of the peaks for comparative purposes.

Additionally, DSC was employed to characterise PCDA supplied by Ashland in a
heat-cool-heat cycle, heated from room temperature to 200 °C and cooled to room
temperature and then heated to 200 °C for the second heating cycle (Figure 2.15). The
thermogram revealed a single peak with a melting onset endotherm at 62.3 °C,
consistent with literature reports.*” 51 52558 On the cooling to room temperature
cycle, a crystallisation exotherm is displayed in the thermogram with an onset
temperature of 60.0 °C, and on the final heat cycle, an endotherm at an onset

temperature of 61.4 °C. Small impurity peaks of an unknown nature are present at
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80.4 °C in the first heat cycle, 70.8 °C on the cooling cycle, and 82.7 °C on the second
heat cycle. No additional peaks were present after 100 °C after heating to 200 °C, and

so only the temperature range of 25 — 100 °C are shown in the thermogram.
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Figure 2.15. The DSC thermogram of PCDA supplied by Ashland in a heat-cool-heat
cycle. The thermogram only displays the temperature range of 30 — 100 °C, as the

thermogram remained unchanged from 100 — 200 °C.

PCDA Photoreactivity and Thermochromism

The structural parameters for PCDA are within the range of values for
photopolymerisation according to the topochemical postulate. This photosensitivity is
reflected by the change in colour from light blue to dark blue upon exposure to UV
radiation at 254 nm (Figure 2.16). However, as the topochemical parameters for PCDA
are at the upper limit of the postulate, limited solid state photoreactivity is observed in
the PXRD pattern (Figure 2.17) and FTIR spectra (Figure 2.18) of PCDA before and
after irradiation; the diffraction pattern and FTIR spectrum remain essentially
unchanged. The lack of change with irradiation is also established in the sSNMR
spectra of PCDA, evident by the absence of peaks that can be assigned to the alkene
functionalities expected in the photoproduct (in the 100-135 ppm region of the
spectrum) (Figure 2.19). The lack of alkene peaks in the sSNMR spectra of irradiated
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PCDA implies that there is less than 1 % conversion even upon prolonged exposure

which is surprising given the profound colour change. Therefore, the dramatic colour

@

Original 1 min 5mins 10mins 30mins 1hour 2 hours

change suggests a surface effect.

Figure 2.16. Photographs of PCDA before and after exposure to 254 nm of UV
radiation for different durations. The blue surface colouration of the powder before
irradiation is not representative of the bulk material as there is no spectroscopic

evidence of polymerisation.
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Figure 2.17. The experimental PXRD patterns of PCDA irradiated with 254 nm of UV
radiation for one hour and one day. Preferred orientation occurs in the original PCDA
pattern and in the irradiated patterns and is apparent when compared to the calculated
pattern of PCDA in Figure 2.11.
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Figure 2.18. The FTIR spectra of PCDA exposed to UV radiation (254 nm) for one
hour and one day.
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Figure 2.19. The ssSNMR spectra of PCDA exposed to UV radiation (254 nm) for
different durations. The carboxylate region is 180-190 ppm, while the presence of any

polymer alkene peaks should occur in the 100-130 ppm region. Alkyne peaks are
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shown in the 60-80 ppm region, and the alkane peaks are between 10-40 ppm. Breaks

in the x-axis are added to compact the spectra.

In addition to UV irradiation, PCDA was also exposed to 100 Gy of X-rays. X-ray
irradiated PCDA was analysed by Raman spectroscopy in collaboration with Dr. Larry
Senak at Ashland. Unirradiated PCDA exhibits a monomeric alkyne band at
2256 cm™, and surprisingly, a photopolymer (ene-yne) alkyne band at 2100 cm™,
along with an alkene band at 1444 cm™, revealing the presence of photopolymer even
before any X-ray irradiation (Figure 2.20). When PCDA is irradiated with 100 Gy of
X-ray radiation, the C-H stretching bands (3000-2800 cm) and the monomeric alkyne
band (2256 cm™) in the spectrum appear reduced relative to the intensity of the
photopolymer alkyne and alkene bands at 2100 cm™ and 1444 cm™. This observation
can be explained by a marked enhancement of the intensity of the alkyne and alkene
photopolymer chromophore bands by a pre-resonance Raman effect. This arises
because the excitation wavelength of the laser (754 nm) slightly overlaps with the
absorption band of the photopolymer. The presence of the photopolymer bands in the
Raman spectrum of the unirradiated sample, the lack of alkene bands in the solid state
NMR spectrum, accompanied by the faint blue colouration of the PCDA powder
before irradiation indicates a low degree of surface polymerisation of the material that

does not represent the bulk of the sample.
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Figure 2.20. The Raman spectra of PCDA and PCDA irradiated with 100 Gy of X-ray
radiation. Even before irradiation, the PCDA sample displays bands for both
monomeric (2256 cm™) and polymeric (2100 cm™ and 1444 cm™) PCDA because of
traces of photopolymer, while the irradiated sample is dominated by the photopolymer
bands which experience considerable intensity enhancement as a result of pre-

resonance Raman effects.

PCDA undergoes irreversible thermochromism above 65 °C due to increased thermal
motion of the alkyl chains and the consequent weakening of the hydrogen-bonded
dimers as temperature increases.>® Reversible thermochromism can be achieved by
increasing the capabilities for hydrogen bonding in the structure, such as introducing
a peptide sequence at the PCDA headgroup.®® To further understand the irreversible
thermochromic nature of PCDA, and whether PCDA responds to heat in the same way
as UV or X-ray irradiation, PCDA was exposed to elevated temperature in solvents

that it is soluble in and without solvent, for varying durations, outlined in Table 2.1.
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PCDA (mg) | Temperature (°C) | Duration Solvent (mL)
500 58 1 day Acetone, 100
Reflux
n-Butanol, methanol
(R) 500 72 7 days
(1:1), 100

100 65 1 hour n/a

Oven (O) 100 85 5 minutes n/a

100 100 5 minutes n/a

Table 2.1. The conditions PCDA supplied by Ashland was exposed to for the different
heating experiments. The solvents were chosen due to their differences in polarity.

PCDA readily dissolved in acetone and n-butanol and methanol (1:1).

The samples produced under the conditions listed in Table 2.1 reveal that refluxing
monomeric PCDA at 58 °C in acetone for one day and removing the solvent by
exposure to vacuum does not change the structure, evidenced by the unchanged nature
of the PXRD diffractogram, with characteristic peaks at 5.7, 7.6, 9.4, and 13.2 °. This
is likely because 58 °C is below the melting temperature of 62.3 °C for PCDA.
However, refluxing PCDA at 72 °C for seven days in a mixture of n-butanol and
methanol results in the same pattern with additional peaks of low intensity at 5.9, 9.9,
and 13.8 ° (Figure 2.21), indicating the partial transformation to a new material.
Although, when the oven was used to heat solid PCDA at a constant temperature at 65
°C for one hour, 85 °C and 100 °C for five minutes, peaks of an increased intensity
compared to the patterns of refluxed PCDA are observed at 5.7, 5.9, 7.6, 7.9, 9.5, 9.9,
13.2, and 13.8 °. The new peaks that arise are likely due to the presence of a new
polymorph and are not due to the polymerisation of PCDA, which is clear from the
absence of resonances attributable to alkene functionality in the range of 100-135 ppm
in the sSNMR spectra of each product (Figure 2.22). The ssSNMR spectra of the
different products also display differences in the carboxylate region (180-185 ppm).
PCDA supplied by Ashland displays peaks in the carboxylate region of the sSNMR
spectra at 182.4 ppm and 181.9 ppm, consistent with the reflux experiment at 58 °C,
suggesting that PCDA remains unchanged unless it is heated at or above its melting
temperature of 62.3 °C. This is also evident from the PCDA heating experiments when
PCDA is refluxed at 72 °C, and when heated as a solid in the oven at 65 °C, 85 °C,
and 100 °C, as an additional carboxylate peak at 181.1 ppm is observed in the sSSNMR
spectra. Additionally, when PCDA is heated to 100 °C, a small peak also is present at
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181.4 ppm. Therefore, when PCDA is exposed to temperatures >65 °C regardless of
duration, distinct changes occur in the PXRD pattern and ssSNMR spectra that are
consistent with the presence of a second polymorph. A second potentially metastable
polymorph of PCDA would not necessarily be observed in the DSC thermogram if the
phase transition occurred due to the cooling of the melt, as only the recrystallisation
endotherm would be observed. However, additional thermal and PXRD analyses are

required to fully understand the changes in PCDA with heat.
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Figure 2.21. The PXRD patterns of PCDA supplied by Ashland heated to different
temperatures for different durations, with or without solvent. ‘R’ and ‘O’ in the figure
legend suggests whether the experiment was heated by refluxing PCDA in solution
(R) or by heating PCDA as a solid in the oven (O).
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Figure 2.22. The ssNMR spectra of PCDA heated to different temperatures for
different durations. ‘R’ and ‘O’ in the figure legend suggests whether the experiment
was heated by refluxing PCDA in solution (R) or by heating PCDA as a solid in the
oven (O). A break in the x-axis was included to compact the spectra.

2.2.2. The Lithium Salt of PCDA

Li-PCDA Model Compounds
Neither the lithium salt of PCDA nor any long-chain lithium carboxylate salts have

been structurally characterised and so model compounds of Li-PCDA were
synthesised to try to gain insight into the lithium environment of the salt. Short-chain
n-carboxylic acids butanoic acid, pentanoic acid, and hexanoic acid were combined
with lithium hydroxide monohydrate (LiOH-H-0) in 1:1 ratios in acetone and ethanol
(1:1) and stirred for 24 hours with the product isolated under vacuum. This resulted in
the preparation of lithium butanoate (Li-but), lithium pentanoate (Li-pent, which is
already known in the literature),3 and lithium hexanoate (Li-hex). The PXRD pattern
of each salt displays intense low angle peaks at 7.3, 6.2, and 5.3 °, for Li-but, Li-pent
and Li-hex, respectively, with smaller 26 values corresponding to larger unit cells
(Figure 2.23). The calculated PXRD patterns of Li-propanoate (Li-prop) and Li-pent
from the literature are also shown for comparison and display intense low angle peaks

at 9.2 and 6.3 °, respectively.®
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Figure 2.23. The experimental PXRD patterns of Li-but, Li-pent, and Li-hex, and the

calculated patterns of Li-prop and Li-pent.®2

The crystal structures of Li-prop and Li-pent (Figure 2.9) display a chelating bridging
bidentate coordination of the carboxylate to the lithium ion. This coordination mode
is, therefore, also expected for the structures of Li-but, Li-pent, and Li-hex, and is
consistent with the FTIR data of the short n-alkyl chain lithium salts (Figure 2.24). A
summary of the peak assignments for each salt are displayed in Table 2.2 which also
state the presence unreacted residual acid present in the salts, as the FTIR spectrum of
Li-pent in the literature shows no evidence of a free carboxylic acid C=0 peak.*?
Although, the elemental analyses of the salts suggest the materials are pure. The
asymmetric and symmetric stretch bands of the COO™ group of the salts are split, which
suggests reduced carboxyl symmetry due to the coordination with the lithium ion.3% 6!
The FTIR spectra are sensitive to coordination mode of each salt, evident by the
difference in wavenumber of the asymmetric and symmetric stretching bands,
Av = v(COO0)asym — V(COO)symm.?> 8 If Av > 200 cm™*, monodentate binding is likely
to occur.%? 54 However, if Av is between 170 and 150 cm™, then bridging coordination
is likely, compared to a Ay of approximately 100 cm™ for chelating
coordination.®? ®8 The experimental Av for Li-but (1579 — 1434 cm™) is 145 cm

while the Av for Li-pent (1577 — 1440 cm™) and Li-hex (1578 — 1441 cm™) is 137 cm”
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1. As all Av values are greater than for chelating bonding and lower than the range for
bridging coordination, a combination of chelating bridging bidentate coordination of
the carboxylate to the lithium ion is likely given the structure of Li-pent. Additionally,
the CH_ bending modes groups between 750 cm™ and 650 cm™ are split for each salt,
suggesting a monoclinic or orthorhombic space group,®® which is in agreement with
the P21/c space group of Li-pent.3 The ssNMR spectra of the short-chain lithium salts
all display a single carboxyl carbon peak at 187.4 ppm (Figure 2.25), compared to the
carboxylate peaks of PCDA at 182.4 and 181.1 ppm. The remainder of the sSNMR
spectra of the salts reveals distinct peaks corresponding to the carbon atoms of the
methylene groups ranging from 41.7-19.8 ppm. The peaks assigned to the terminal
methyl group carbon atoms occur at 15.2 ppm in each case.
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Figure 2.24. The FTIR spectra of Li-but, Li-pent, and Li-hex.
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Frequency (cm™)
Vibrational assignment
Li-but Li-pent Li-hex
V(CH3)asym 2964 2955 2953
Vv(CH2)asym 2934 2930 2929
v(CH2)symm 2873 2873 2872
v(C=0) (residual acid) 1697 1712 1711
v(COO)asym 1579, 1557 1577, 1557 1578, 1558
3(CH>) 1461 1463 1461
v(COO)symm 1434, 1415 1440, 1409 1441, 1413
o(CH>) 1353-1219 1360-1208 1343-1230
v(C-C) 1105 1108 1110
vC-C(COO0) 901 928 850
p(CH2) 756, 710 732,704 768, 726

Table 2.2. The assigned wavenumbers for each peak present in the FTIR spectra of Li-
but, Li-pent, and Li-hex. Vibrational modes: v = stretching; 6 = bending; o = wagging;

p = rocking.
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Figure 2.25. The ssNMR spectra of Li-but, Li-pent, and Li-hex. The carboxylate

region is 180-190 ppm while alkane peaks appear between 10-45 ppm. A break is

present in the x-axis to compact the spectra.
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Li-PCDA Structure

The active ingredient in GAFchromic EBT3 dosimetric films is the lithium salt of

PCDA.* % The preparation of Li-PCDA is described in a European patent
application.”® The formulation is synthesised by dissolving PCDA in a basic solution
(e.g. aqueous tetraethylammonium hydroxide) at elevated temperatures. When PCDA
is dissolved, 30 wt. % aqueous solution of lithium hydroxide is added to form nuclei
that are then ripened by Ostwald ripening. Scanning electron microscopy (SEM)
micrographs show a platelet morphology of the particles before ripening (Figure
2.26a). After ripening, the resulting hair-like filaments are typically greater than
100 pum in length and because of this, the filaments entangle and agglomerate and
therefore, cannot form uniform coatings for films (Figure 2.26b). This material is
known as the “long hair” morphology. As a result, the “long hairs” are sonicated to
produce a smooth, uniform coating, consisting of particles less than 50 um in length
known as “short hairs” (Figure 2.26¢). The “short hairs” are then ripened at
temperatures at 62 °C for 18 hours to ensure all of the material has converted to the
“short hair” morphology (Figure 2.26d). Gafchromic EBT3 films currently use the
“short hairs” due to their smoother coating properties, although the “long hair”

morphology seems to be more radiation-sensitive.

B
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Figure 2.26. SEM micrographs of Li-PCDA a) as a platelet morphology before
ripening in the oven b) the “long hairs” after ripening c¢) the “long hairs” after
sonication to give “short hairs” and d) the ripened “short hairs” the oven for 18 hours

at 63 °C. Micrographs courtesy of Ashland LLC.
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The PXRD pattern of the initial platelet morphology shows that it is, in fact, unreacted
PCDA, though with additional small peaks at 5.9, 7.9, and 9.9 ° (Figure 2.27) that
correspond to peaks in the PXRD pattern of heated PCDA (page 80). The FTIR spectra
of PCDA and the material with platelet morphology are almost identical (Figure 2.28).
It is particularly noteworthy that this plate-like material exhibits a free carboxylic acid
carbonyl band at 1691 cm™ confirming that this initial material is unreacted PCDA.
The material with platelet morphology is also very similar to PCDA by ssSNMR,
though with a low intensity additional peak in the carboxylate region, with a chemical
shift of 181.0 ppm (Figure 2.29).
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Figure 2.27. The PXRD patterns of the platelet morphology of Li-PCDA and PCDA,
highlighting that the platelet morphology is unreacted PCDA.
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Figure 2.28. The FTIR spectra of PCDA and the initial platelet material formed during
the synthesis of Li-PCDA.
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Figure 2.29. The ssSNMR spectra of PCDA and the initial platelet morphology product
formed in the synthesis of Li-PCDA. The carboxylate region is 180-190 ppm while
alkyne peaks are shown in the 60-80 ppm region, and the alkane peaks are between

10-40 ppm. Added breaks are included in the x-axis to compact the spectra.
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The PXRD patterns of the “short hair” and “long hair” morphologies show that
Li-PCDA exists as two different polymorphic or solvate forms (Figure 2.30). The
“short hairs” comprise a metastable form termed Form A. The “long hairs” are a
mixture of Form A, and a second form termed Form B. Form B was isolated by heating
the “long hairs” to either 80 °C for one hour, or 60 °C for one day implying that Form
B may be the most thermodynamically stable form under ambient conditions. The
different heating experiments are outlined in Table 2.3. Form A is quite similar in
structure in terms of lamellar spacing to PCDA itself with the first three peaks in the
PXRD pattern at essentially the same 26 values. This implies that Form A of Li-PCDA
may exhibit similar photoreactivity to PCDA. The positions of the low angle PXRD
peaks for PCDA, the initial platelet morphology material formed on the preparation of
Li-PCDA, Form A/“short hairs”, the “long hairs” mixed material, and Form B are
summarised in Table 2.4. The thermodynamic Form B appears to have a slightly larger
unit cell compared to metastable Form A and PCDA itself, exemplified by the lowest
angle PXRD peak at 5.0 ° compared to 5.7 °. As with PCDA, the two Li-PCDA forms
also show a progression of (001) peaks, indicating a lamellar structure. In a similar way
to the Li-PCDA forms, a silver(l) complex with docosanoate ligands (Ag-doco, P1
space group, Figure 2.10) has a chelating bidentate coordinate bonding and displays a
(00I) lamellar progression, with the initial peaks at 4.5 ° (003), 6.1 ° (004), 7.6 ° (005),
and 9.1 ° (006), implying a similar unit cell length to the Li-PCDA forms along the
c-axis (Figure 2.31).% The c-axis of Ag-doco (22 carbon atoms) is 58.34 A compared
to the c-axis of PCDA (25 carbon atoms) at 46.647(3) A, this implies that PCDA has

a more bent or inclined arrangement due to the smaller unit cell size.
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Figure 2.30. The PXRD patterns of Form A/“short hairs”, the "long hairs" of Li-
PCDA, and Form B.

Sample “Short hairs”/ Form A “Long hairs”/ Form A and B
Temperature
1 hour 1 day 1 hour 1 day
(°C)
50 A A Aand B Aand B
60 A Aand B Aand B B
70 A Aand B Aand B B
80 Aand B B B B
90 Aand B B B B
100 B B B B
150 B Amorphous B Amorphous

Table 2.3. Effect of heating the commercial “short hairs” (Form A) and “long hairs”

(Form A and B) Li-PCDA samples, and the temperature and heating duration required

to isolate Form B. Changes in the powders are confirmed by PXRD, FTIR, and ssSNMR

analyses.
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20 values

5.7 7.5 9.4 13.2 17.0
PCDA
(003) (004) (005) (007) (009)
Platelets 5.7 5.9 7.5 7.9 9.4
“Short
5.7 7.5 9.4 11.3 13.2
hairs”/Form A
“Long hairs” 5.0 5.7 6.6 7.5 8.3

Table 2.4. The 26 values from the initial peaks of PCDA along with the respective
(0QI) reflections, the platelet morphology, the two forms of Li-PCDA, and the “long

hairs” of Li-PCDA clearly showing a mixture of Form A and B. Each value is assigned
a colour to easily observe which 26 values are present each form of Li-PCDA. The

values that do not correlate to the platelets, PCDA or any Li-PCDA form remain white.
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Figure 2.31. The calculated PXRD pattern of PCDA, the experimental patterns of
Form A and Form B of Li-PCDA, compared to the calculated pattern of
Ag-docosanoate (Ag-doco).®? 32 As the peaks at 4.5 ° and 5.7 ° for Ag-doco and
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PCDA, respectively, correspond to the (003) reflections it can be calculated that the
peaks of 5.7 ° for Form A and 5.0 ° for Form B are also the (003) reflections.

The FTIR spectra of Form A and Form B of Li-PCDA reveal distinct features (Figure
2.32). For instance, the split asymmetric (v(COO)asym, 1581-1558 cm™) and symmetric
(v(COO)symm, 1443-1412 cm™) carboxylate stretching bands. The bands are split due
to the reduced carboxyl symmetry due to the coordination with the lithium ion.3> 6!
The carboxylate stretching bands reveal the type of coordination of the metal centre,
evident by the difference in wavenumber of the asymmetric and symmetric stretching
bands: Av = v(COO)asym — Y(COO)symm.®? ® For the Li-PCDA A and B forms, Av is
149 cm™ (1581-1432 cm™?) for Form A, and 134 cm™ (1577-1443 cm®) for Form B
and is calculated from the first asymmetric carboxylate stretching band minus the first
symmetric carboxylate stretching band. As with the short-chain model lithium salts
(page 82), the Av values are greater than for chelating bonding and lower than the
range for bridging coordination, and a combination of chelating bridging bidentate
coordination of the carboxylate to the lithium ion is anticipated.®> 6" X-ray structure
determinations of lithium salts in the literature with short n-alkyl carboxylate chains
display almost identical FTIR spectra to Li-PCDA, with Av values averaging
142 cm™.8% 773 The lithium centres of long-chain carboxylates are also hypothesised
to show asymmetric chelating bidentate bonding, which gives a tetrahedral
environment of the lithium ion.%: ™% 72 This lithium environment is also expected for
the two Li-PCDA forms. Interestingly in the FTIR spectrum of Form B, a progression
of evenly spaced methylene wagging bands are observed in the region of
1380-1100 cm?, indicating that all methylene groups crystallise in an all-trans
conformation, similar to lithium pentanoate (Figure 2.33).3> ®* However, Form A
displays additional wagging bands of a reduced intensity when compared to Form B
(for example the bands at 1277 cm? and 1269 cm™), suggesting gauche
conformational features are present in the structure of Form A.”* The CHz band with
the greatest intensity is at 722 cm™ and 723 cm® for Form A and Form B, respectively,
and is representative of a methylene bending vibrational mode.3* %! This methylene
band is related to the hydrocarbon chain packing and as a result, can determine the
crystal system. For instance, a sharp peak without splitting (observed in Form B) is
indicative of triclinic or hexagonal packing,®® with triclinic being the most likely

crystal system,” ® which is in agreement with the P1 space group of Ag-docosanoate
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and long-chain lithium alkanoates.®® "* However, if the methylene band is split, as
observed in Form A, that suggests a monoclinic or orthorhombic crystal system, such

as the P21/c space group of short-chain lithium alkanoates.%® "
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Figure 2.32. The FTIR spectra of PCDA and Form A, the “long hair” mixture, and
Form B of Li-PCDA.
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Figure 2.33. The FTIR spectra of Form A and Form B of Li-PCDA, displaying the
methylene wagging bands in the region of 1380-1100 cm™,
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The ssNMR spectra for Form A, “long hairs”, and Form B are shown in Figure 2.34.
The main differences in the spectra of the forms is in the carboxylate region, implying
some differences in the carboxylate coordination with the lithium ions (Figure 2.35).
Form A has two carboxylate peaks at 183.7 ppm and 184.7 ppm, suggesting less
symmetrical packing, while Form B has a single carboxylate peak at 187.3 ppm
(almost identical to the model Li-PCDA compounds, page 84). These values are
distinct from the two carboxylate carbon peaks of PCDA at 182.4 ppm and 181.9 ppm.
Lithium alkanoates of 8-19 carbon atoms in length all have a single carboxylate peak
at an average value of 183 ppm, suggesting that the lithium alkanoates have a similar
coordination environment to Form B of Li-PCDA.”* Also, the intense peaks in the
sSNMR spectra of Form A and Form B at 33.8 ppm and 33.9 ppm, respectively,
correspond to methylene group carbon atoms in similar environments. This is the same
chemical shift of approximately 30 ppm observed for the long-chain lithium
alkanoates.”* Also, the terminal methyl carbon atoms of Forms A and B have a
chemical shift of 15.3 ppm and 15.5 ppm, respectively, while the same carbon atoms
for the lithium alkanoates resonate at 11.1 ppm.”* Though the lithium alkanoates in
the literature are helpful in the characterisation of the sSNMR spectra of the Li-PCDA
forms, it is difficult to suggest differences between the structures of Form A and Form

B by ssSNMR spectroscopy alone.
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Figure 2.34. The ssNMR spectra of the different Li-PCDA forms. The carboxylate
region is 180-190 ppm while alkyne and alkane peaks are shown in the 60-80 ppm and
10-40 ppm region, respectively. Added breaks in the x-axis are included to compact
the spectra.
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Figure 2.35. The ssNMR spectra of PCDA and the forms of Li-PCDA, focussing on
the changes in the carboxylate region of the spectra (180-190 ppm).

The ssNMR data shows that the “short hairs” (Form A) and “long hairs” (Form A and
B mixture) are exclusively monomeric, however, the Raman spectra (analysed by Dr
Larry Senak at Ashland LLC) of the different Li-PCDA forms reveals bands
assignable to polymeric material (Figure 2.36). Therefore, it is hypothesised that
exposure to ambient light gives rise to very small amounts of photopolymer (ene-yne)
bands that are greatly enhanced due to the pre-resonance Raman effect in the same
way as PCDA itself, and is consistent with the faint blue colouration of the monomeric
“short hairs” and “long hairs”. The “short hairs” have a photopolymer band at
2062 cm™, while the “long hairs” have two photopolymer bands at 2062 cm™ and
2096 cm*. Polymeric alkene bands are also present in the spectra for both samples at
1444 cm™. The enhanced intensity of the photopolymer bands results in the relative
intensity decrease of other bands, such as the monomeric alkyne bands at 2260 cm™,
the C-H stretching bands between 3000 and 2800 cm™ and the and C-C bands between
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515 and 355 cm™. The decreased intensity of these bands is particularly noticeable in
the “long hair” sample, suggesting that the “long hair” sample has a greater polymer
content. Therefore, the presence of only very small amounts of photopolymer gives
rise to pre-resonance Raman enhanced bands which are consistent with the sSNMR

findings.
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Figure 2.36. The Raman spectra of the “short hair” and the “long hair” samples of
Li-PCDA.

The DSC thermograms of Form A and Form B were recorded by heating from room
temperature to 200 °C, cooling back to room temperature, and heating again to 200 °C.
Form A shows multiple broad endotherms in the first heating cycle (Figure 2.37). The
first broad peak has an onset of 55.4 °C with two additional shoulders and is likely to
be a dehydration endotherm. The second broad endothermic peak has an onset
temperature of 99.7 °C, while the third broad endotherm has an onset temperature of
138.8 °C. Upon cooling to room temperature, multiple exothermic peaks are observed,
with onset temperatures of 196.0 °C, 142.5 °C, 99.3 °C, and 58.2 °C. On the second
heating cycle, three endothermic peaks are observed, with onset temperatures of
53.5°C and 86.2 °C, with the broad peak from the first heat cycle with an onset
temperature of 138.8 °C, splitting into two peaks with onset melt temperatures of
135.2 °C, and 152.5 °C. However, it is difficult to understand the endo- and exotherms
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present in the thermogram, and therefore, additional work is required to investigate

the thermal behaviour of Form A.

The DSC thermogram of Form B displays a single, sharp melt endotherm at 57.2 °C
contrasting to the initial endotherm of Form A (Figure 2.38). A further two endotherms
are present in the first heating cycle of Form B, with a broad endotherm at onset
temperature of 93.5 °C, and a endotherm at 142.9 °C. The cooling cycle of Form B
displays fewer exothermic peaks when compared to Form A, consisting of a broad
peak with an onset temperature of 145.7 °C, and a peak at 102.6 °C. On the second
heating cycle, Form B displays a very broad endotherm with an onset temperature of
79.6 °C, and two broad peaks with onset temperatures of 128.6 °C and 153.8 °C,
similar to Form A. Therefore, the main difference between the two thermograms of
the two forms is the presence of one or multiple peaks in the initial melt endotherm at
temperatures between 55.4 and 57.2 °C. It is unclear whether the peaks observed in
the DSC thermograms of both forms are phase transitions or arise from impurities.
There is no evidence of liquid crystal behaviour in either of the forms, evident by
heating the powdered samples on the hot stage microscope to temperatures up to
300 °C. The similarities and differences between the onset temperatures of each
endothermic and exothermic peak in the DSC thermogram of Form A and Form B are
summarised in Table 2.5. The DSC thermograms of long-chain lithium alkanoates
display different phase sequences depending on the length of the chain. For instance,
shorter alkyl chains of lithium alkanoates display solid-to-solid phase transitions,
followed by a solid-to-liquid (melt) phase transition, and then decomposition, whereas
lithium alkanoates with longer chains display the same sequence as the shorter chains,
but with an additional solid-to-solid phase transition after the initial
transition.%t "4 77 For instance, lithium dodecanoate displays a metastable
solid-solid transitions at onset temperature of 41.3 °C and 78.9 °C, and a melt at 227.4
°C,” with similar solid-solid transition temperatures observed in Form A and Form B.
In addition, all lithium alkanoates have melting temperatures of greater than 224 °C,"*
73 and when the “short hairs”, “long hairs”, and Form B were heated to heated to 350
°C, the resulting thermograms suggest a similar melting temperature, though the DSC
experiments need to be repeated.
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Figure 2.37. The DSC thermogram of a heat-cool-heat cycle of Form A from room
temperature to 200 °C.
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Figure 2.38. The DSC thermogram of a heat-cool-heat cycle of Form B from room
temperature to 200 °C.
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Form A (°C) Form B (°C)

Heat 1 55.4,99.7, 138.8 57.2,935,142.9
Cool 196.0, 142.5, 99.3, 85.2 145.7,102.6
Heat 2 53.5,86.2,135.2, 152.5 79.6, 128.6, 153.8

Table 2.5. The onset temperatures for the endothermic and exothermic peaks of the
DSC thermograms of Form A and Form B. The peaks that are present in Form A but

not in Form B are highlighted in red.

Exposure of Li-PCDA to Vacuum

As the “short hairs” contain residual water, the powdered sample was placed under
vacuum for different durations to remove the surface water. Exposing the “short hairs”
to vacuum under ambient conditions for one hour did not change the form, however,
exposure to vacuum for two hours gave a mixture of Form A and B, while vacuum for
one day changed Form A to Form B. The change is evident by the differences in the
low angle peaks in the PXRD patterns (Figure 2.39) that can be correlated to the
different peaks for each form found in Table 2.4. Additionally, when the “long hairs”
sample was exposed to vacuum for one hour and one day, the sample remained
unchanged, though the relative intensity of the Form B peaks in the mixture compared
to the Form A peaks was enhanced in the one day sample compared to the one hour
sample (Figure 2.40). In addition to the PXRD analyses of the different Li-PCDA
forms under vacuum, the FTIR analyses of the “short hairs” and “long hairs” exposed
to vacuum for one day indicates the complete conversion to Form B for the “short
hairs”, and a partial conversion to Form B for the “long hairs”. The partial conversion
to Form B is evident by the band of low intensity at 1688 cm™, attributable to a water
H-O-H bending mode and is present even after the removal of surface water shown by
the flat baseline of in the FTIR spectra between 3000-3600 cm™. The remaining
H-O-H bend may indicate that Form B contains crystalline water. Also, the sSNMR
spectra further confirm the transformation of Form A into Form B after one day of
vacuum exposure for the “short hairs” and the partial conversion for the “long hairs”
(Figure 2.42). The full and partial conversion to Form B is easily observed in the
carboxylate region of the sSNMR spectra. The presence of a single carboxylate peak
for the “short hairs” exposed to vacuum for one day indicates the presence of Form B
only, while the three carboxylate peaks of a mixture of Form A and B, with the Form

A peaks of low intensity in relation to the Form B peak for the “long hairs” exposed
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to vacuum for one day. As a result, it can be assumed that the “long hairs” require a
longer duration under vacuum to change to the thermodynamic Form B. Thus, Form
A is stabilised by the presence of residual moisture and dehydration of Form A results
in a change to Form B, suggesting that Form A is, in fact, a hydrate.

300 ~

Vac, 1 day
Vac, 1 hour
—— "Short hairs"

200 ~ k A A A_/UL

Normalised Intensity (a.u.)

100 A

0__/] M

T T T T T T T T T T T T T T T 1

4 6 8 10 12 14 16 18 20
260(°)

Figure 2.39. The PXRD patterns of the “short hairs” exposed to vacuum at room
temperature. After one hour of vacuum exposure, no change is observed, however,

Form A converts to Form B occurs after one day of exposure to vacuum.
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Figure 2.40. The PXRD patterns of the “long hairs” exposed to vacuum. After one
hour of vacuum exposure, the sample remains unchanged as a mixture of Form A and
B. Exposure to vacuum after one day resulted in a mixture of Form A and B though
with the intensity of the Form A peaks reduced.
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Figure 2.41. The FTIR spectra of the “short hairs” completely converting to Form B,
while the “long hairs™ partially convert to Form B after one day after exposure to

vacuum at room temperature.
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Figure 2.42. The ssNMR spectra of the “short hairs” completely converting to Form

B, while the “long hairs” partially convert to Form B after one day after exposure to

vacuum at room temperature. The carboxylate region is 180-190 ppm while alkyne

and alkane peaks are shown in the 60-80 ppm and 10-40 ppm region, respectively. The

x-axis has added breaks to compact the spectra.

To further investigate hydrated Form A, the “short hair” sample was analysed by
Thermogravimetric Analysis (TGA). The thermogram reveals the removal of surface
water between temperatures of 25 °C and 55 °C (Figure 2.43), with a further distinct
weight loss step between 56 °C and 66 °C, until the weight loss plateaus up to the
decomposition temperature of Form A at an onset temperature of 311.5 °C. The TGA
thermogram was repeated with the “short hairs” pressed on a filter paper in an attempt
to remove excess surface water from the powder, and the small, distinct weight loss
step persisted, now occurring between 75 °C and 84 °C. A monohydrate of Li-PCDA
equates to 4.5 % water content (18 g/mol + (CzsH4102Li-H20) 398.51 g/mol). For the
“short hairs” with excess water, the thermogram reveals surface water is 73.4 % to
leave 26.6 % of material, and the small bump in the thermogram tentatively assigned
to crystalline hydrate dehydration in the region of 56 °C to 66 °C equates to 1.5 %.
1.5% + 26.6 % = 5.6 % of crystalline water. Once the “short hairs” were pressed on

filter paper, a significant amount of surface water was removed, and the same
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calculation as above (initial weight loss of 27.0 % to leave 73.0 % of remaining
material with the small weight loss in the thermogram around 74 °C equating to 3.7 %.
3.7 % = 73.0 % = 5.1 % reveals 5.1 % of crystalline water, which is consistent with
the water sample and close to the value of 4.5 % of water in Li-PCDA for a
monohydrate. Therefore, the reproducible results suggest that Form A is
monohydrated. Further experimental work to attempt to get a dry sample of Form A
involved washing the “short hairs” in methanol for five minutes under vacuum
filtration and leaving the powder to air dry. Exposure of the “short hairs” to vacuum
for five minutes was not long enough to convert the forms, as observed by the vacuum
studies mentioned previously. The resulting PXRD (Figure 2.44) and TGA of the
sample washed in methanol (Figure 2.43) shows the majority of Form A converts to
Form B, suggesting that the dehydration of Form A results in the change. The hydrate
hypothesis is also supported by the sSNMR of the two forms, as the two peaks are
observed in the carboxylate region of the spectra, with only one carboxylate peak for
Form B, suggesting a less symmetrical carboxylate environment in Form A possibly
correlating to water coordination to the metal ion. The single carboxylate peak
observed in Form B is consistent with the anhydrous lithium carboxylates in the
literature.3> ™ Therefore, this suggests that Form A is hydrated, and dehydration of
Form A by exposure to vacuum for over two hours or by heating to temperatures above
80 °C for one hour, results in anhydrous Form B. This finding is also supported by the
dehydration endotherm observed in the DSC thermogram of the “short hairs”.
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Figure 2.43. The TGA of the “short hairs” as received from Ashland, pressed on filter

paper, and washed in methanol (MeOH), and Form B of Li-PCDA. The yellow circles

highlight the crystal dehydration features of the “short hairs”.
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Figure 2.44. The PXRD of the “short hairs” washed in methanol (MeOH) compared

to the “short hairs” and Form B.

103



Li-PCDA Synthesis

As the different morphologies (“short hairs”/Form A and “long hairs”/Form A and B)
of Li-PCDA were supplied by Ashland LLC, the synthesis of Li-PCDA was repeated
in-house to investigate whether a route to Forms A and B was possible, without the

use of the “long hairs” mixture and whether Form B could be modified into a more
easily processable short needle-like or block morphology. The synthesis of the salt
was also undertaken to investigate whether the different Li-PCDA forms could be
recreated by following the preparation outlined by Ashland. Ashland’s method to

synthesise the salt can be separated into stages:

Stage 1 — Combine PCDA, lithium hydroxide monohydrate, sodium

hydroxide, tetraethylammonium hydroxide, and water into a vial.

Stage 2 — Stir the formulation and sonicate in a water bath at 60 °C until the
colour of the suspension changes from blue to pink (approximately 30

minutes).

Stage 3 — Add a seed of Form A to the suspension and place the formulation
in the oven for four hours at 65 °C to Ostwald ripen, ultimately producing an
entangled hair-like particle morphology. Ashland term this material “long

hairs”.

Stage 4 — Sonicate the fibres in a cold-water bath (for approximately five
minutes) to give a particle morphology that is significantly shorter in length
(Ashland’s “short hairs”). Further ripen the sample in the oven for four hours

at 65 °C to ensure that platelet morphology has converted to “short hairs”.

To monitor the nature of the product at each stage when synthesising the Li-PCDA
forms, PXRD and FTIR analyses of each stage were performed. Stage 1 involves the
combination of reagents before any heat or sonication and displays a pattern indicative
of unreacted PCDA although an additional small peak at 4.9 ° suggests the presence
of some Form B (Figure 2.45). At Stage 2 where the mixture is sonicated and heated
to 60 °C, the peaks present in the initial platelet morphology pattern are replaced with
Form A, along with additional peaks that correspond to Form B (4.9, 5.7, 5.9, 6.6, 7.5,
8.3, 9.4 °). The products of Stages 3 and 4 display almost identical PXRD patterns
with peaks corresponding only to Form B (5.0, 6.6, 8.3, 9.9 °). The lack of Form A
further reinforces that it is a metastable form that is readily dehydrated, while Form B
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is the thermodynamically stable form in the absence of moisture. Therefore, PXRD
analysis reveals that recreating Ashland’s procedure gives rise to a clean route to Form
B. Asaresult, Form A may only be obtained using a more powerful sonicator; Ashland
use a Sonics (VC505) 500 Watt ultrasonic processor with a 13 mm probe, whereas the
sonicator used to obtain the Li-PCDA forms in this instance is a VWR ultrasound
cleaning bath (USC500TH) with a maximum power output of only 100 Watts without
the presence of an ultrasonic probe. This suggests that the ultrasound bath is not

powerful enough to give Form A.
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Figure 2.45. The PXRD patterns of the product at different stages of the preparation
of Li-PCDA, following the procedure outlined by Ashland.

The FTIR spectra of the Li-PCDA synthesis stages also reflect the results of the PXRD
analysis. For instance, the spectrum of Stage 1 mostly resembles that of PCDA with a
C=0 stretch at 1691 cm™, however, the presence of some low intensity COO-
asymmetric and symmetric bands ranging between 1577-1412 cm™ indicates that
some lithium salt is beginning to form before any mixing or sonication of the
formulation (Figure 2.46). The FTIR data for the Stage 2 product shows that much of
the free acid has reacted and the material appears to be a mixture of free PCDA and
Forms A and B of Li-PCDA, evident by the increased intensity of the COO"
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asymmetric and symmetric stretches ranging between 1577-1412 cm. The spectra for

the Stage 3 and Stage 4 products are consistent solely with Form B Li-PCDA.
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Figure 2.46. The FTIR spectra of the different stages of the Li-PCDA forms, following
the procedure outlined by Ashland.

In addition to the synthesis of Li-PCDA by Ashland’s procedure, Li-PCDA was
synthesised using only LiOH-H>0O and PCDA. The reagents were combined in a 1:1
ratio with acetone and sonicated for 15 minutes. Excess solvent was left to slowly
evaporate under ambient conditions. Initial PXRD analysis demonstrated that the
synthesised Li-PCDA was a mixture of Form A and B (Figure 2.47). This observation
is also supported by FITR analysis, though with the presence of residual PCDA
indicated by the by the free acid carbonyl band at 1691 cm™ (Figure 2.48). Heating
the powdered sample for one hour and 30 minutes at 100 °C converted the mixture of
forms to Form B only, confirmed by PXRD analysis. This procedure resulted in
crystals potentially suitable for single-crystal X-ray structure determination, however,
after data collection attempts using MoKa radiation (D8 Venture) and at the
high-intensity synchrotron beam at Diamond (119 instrument), no structure

determination was possible due to the poor quality of the crystals.
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Figure 2.48. The FTIR spectrum of Stage 2 of Li-PCDA following Ashland’s
procedure and synthesised Li-PCDA in a 1:1 ratio of lithium hydroxide monohydrate

and PCDA, compared to the spectrum of the “long hairs” supplied by Ashland.
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The synthesis of Li-PCDA was also attempted by mechanochemical methods.
LiOH-H20 was combined with PCDA in 1:1, 1:2, and 1:3 ratios, respectively, and
placed in a ball mill for 45 minutes at a frequency of 20 s™. However, the PXRD
(Figure 2.49) and FTIR (Figure 2.50) analysis of the ball-milled product reveal that
the reaction had not occurred. However, Li-PCDA 1:1 displays asymmetric COO"
bands of low intensity at 1581 cm™and 1559 cm™, while ratios 1:2 and 1:3 do not. The
emergence of COO™ bands indicates the presence of a small amount of Li-PCDA
formation in the equimolar ratio sample of PCDA and LiOH. Therefore, the
mechanochemical synthesis experiments are less effective than solution-based
methods at synthesising Li-PCDA.

Form A
——Li-PCDA 1:3
5001 ——Li-PCDA 1:2
——Li-PCDA 1:1
——PCDA
400 -
E
g 4
= N
2 300
g
IS
= ]
3 R A
T-U i -
o
b4 ]
100 +—N
0 A\ A k A A~ ~ i
T T T T T T T T T T T T T T T T T T T T T 1
4 6 8 10 12 14 16 18 20 22 24 26 28

26(%)

Figure 2.49. The PXRD patterns of LIOH-H20 and PCDA mixed in a ball mill for 45
minutes in varying ratios. The patterns of PCDA and Form A of Li-PCDA are
displayed for comparative purposes, however, the difference between the patterns are

difficult to distinguish at low angles.
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Figure 2.50. The FTIR spectra of LIOHH20 and PCDA combined in a ball mill in
varying ratios for 45 minutes. The resulting spectra reveal that the ball-milled material

are identical to PCDA, apart from Li-PCDA 1:1 which displays asymmetric stretches
of low intensity.

Li-PCDA Photoreactivity
Powders

While the X-ray structures of both solid forms of Li-PCDA are unknown, its use in
commercial radiochromic films suggests that the salt must conform to the
topochemical postulate. While both forms are indeed photoactive, it is the “short hair”
material that is composed of solely Form A of Li-PCDA that is currently used in
Gafchromic EBT3 films, due to its improved coatability compared to the “long hair”
morphology of Li-PCDA. The “long hairs” are a mixture of Form A and Form B but
experience at Ashland suggests that this material is more photosensitive than the short
hair alternative. As a result, there is likely to be a difference in radiation sensitivity
between the two forms. Both the “short hair” and “long hair” morphologies were
irradiated with X-ray radiation, ranging between 1 Gy and 100 Gy. The radiation
sensitivity between the two forms is not easily observed by PXRD analysis. Only
subtle changes are observed when the “short hairs” (Figure 2.51) and “long hairs”

(Figure 2.52) are irradiated with varying doses of X-ray radiation. However, it appears
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this batch of “short hairs” is contaminated with Form B by the presence of the peaks

at5.0, 6.6, and 8.3 °. Additionally, no distinct photopolymer peaks are observed which

suggests the lack of polymer formation, or that the polymer is amorphous. The

subsequent broadening of the monomer peaks suggests the crystallinity of the

monomer is reduced, possibly by the formation of small amounts of polymer in the

monomer lattice.
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Figure 2.51. The PXRD patterns of Form A (contaminated with Form B) exposed to

increasing doses of X-ray radiation.
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Figure 2.52. The PXRD patterns of the “long hair” morphology exposed to increasing

doses of X-ray radiation.

The FTIR analyses of the two types of material exposed to increasing doses of X-ray
radiation show no changes in for the “short hair” (Figure 2.55) or the “long hair”
(Figure 2.56) samples. Therefore, FTIR is not a sensitive technique for the
identification of polymerised material. However, sSSNMR analyses are more useful for
detecting the presence of photopolymer. For instance, specific alkene peaks are
expected in the region of 100-135 ppm, as a result of the formation of an alternating
ene-yne backbone in response to radiation. Alkene peaks of low intensity were
observed in the spectra of both the “short hair” and “long hair” samples prepared by
Ashland after 100 Gy of X-ray radiation, at 107.3 ppm and 130.5 ppm. However,
<15 % of monomer to polymer conversion was observed for the “short hairs” by the
integration of the relative alkyne and alkene peaks, while the “long hairs” gave a total
conversion of <20 %, suggesting the “long hairs” are more sensitive to radiation. It is
also important to note that the samples were not mixed while being irradiated,
therefore, polymer builds up on the outside of the sample with the majority of the bulk
remaining as unreacted monomer. Thus, the amount of photoconversion can be

increased if the sample is equally exposed to X-rays.
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Figure 2.53. The FTIR spectra of the “short hairs” exposed to increasing doses of
X-ray radiation.
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Figure 2.54. The FTIR spectra of the “long hairs” exposed to increasing doses of X-ray
radiation.
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Figure 2.55. The ssNMR spectra of the “short hair” sample (Form A Li-PCDA)
exposed to increasing doses of X-ray radiation. The carboxylate region is
180-190 ppm while any alkene peaks will occur in the 100-130 ppm region
(highlighted by the yellow arrows in the 100 Gy spectrum). Alkyne and alkane peaks
are shown in the 60-80 ppm and 10-40 ppm region, respectively. The x-axis has added

breaks to make the spectra compact.
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Figure 2.56. The ssNMR spectra of the “long hair” sample (a mixture of Form A and
B Li-PCDA) exposed to increasing doses of X-ray radiation. The carboxylate region
is 180-190 ppm while any alkene peaks will be displayed in the 100-130 ppm region
(highlighted by the yellow arrows in the 100 Gy spectrum). Alkyne and alkane peaks
are shown in the 60-80 ppm and 10-40 ppm region, respectively. The x-axis has added

breaks to make the spectra compact.

The Raman spectra of the Li-PCDA “short hair” and “long hair” samples were
measured by Dr Larry Senak at Ashland LLC. As mentioned on page 93, samples of
Li-PCDA before radiation exposure display photopolymer bands in the Raman
spectra. These bands arise due to the presence of trace quantities of photopolymer with
chromophore bands markedly enhanced in intensity as a result of a pre-resonance
Raman effect. Unfortunately, the “short hairs” were not exposed to 100 Gy of X-ray
radiation, however, the “long hairs” before irradiation display two photopolymer
bands at 2066 cm™ and 2094 cm?, with the latter band present in the spectrum of the
unirradiated “short hairs” (Figure 2.57). After the “long hairs” are exposed to X-ray
radiation, the photopolymer band becomes a single band with a Raman band at

2066 cm™ and is therefore red-shifted. As expected, the monomeric alkyne band at

114



2260 cm™ is also no longer present in the spectrum upon irradiation, while the alkene

band at 1444 cm™ remains in the spectrum of the irradiated “long hairs”.

300 4 -C=C-C=C- "Long hairs", 100 Gy
Long hairs
poly. C= C . "Short hairs"
C H stretch mon. C C-Hwagging
200 N

I
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Raman shift (cm™)

Figure 2.57. The Raman spectra of the “short hairs” (Form A) before X-ray irradiation,
and the “long hairs” (a mixture of Form A and B) before and after 100 Gy of X-ray

radiation.

In addition to X-ray radiation, the powdered samples were also exposed to UV
radiation. Powdered samples of the “short hair” and the “long hair” samples were
placed on a watch glass and exposed to 254 nm of UV radiation for one day investigate
their photoreactivity (Figure 2.58). The ssNMR spectra of the “short hair” and “long
hair” samples irradiated with UV for one day (Figure 2.59) reveal peaks in the alkene
region (at chemical shifts of 107.0 ppm and 130.8 ppm). Surprisingly, the alkene peaks
of the “short hairs” are of a greater intensity when compared to the “long hairs”,
revealing a monomer to polymer conversion of <27 % and <11 %, respectively. This
unexpected result can be attributed to the number of times the samples were mixed.
The “short hairs” were mixed frequently with one day of irradiation, while the “long
hairs” were only mixed once. Therefore, UV radiation was not exposed to the bulk of
the sample which resulted in the amount of photopolymer that is not representative of
the “long hairs” sample. The irradiation of the “long hairs” is planned to be repeated

in the future.
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Figure 2.58. Photographs of irradiated “short hairs” and “long hairs” at different
durations of UV radiation (254 nm) and reveal a darkening of the sample, proportional

to the duration of irradiation.
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Figure 2.59. The ssNMR of the “short hairs” and “long hairs” irradiated with UV for
one day. The carboxylate region is 180-190 ppm while any alkene peaks will be
displayed in the 100-130 ppm region. Alkyne and alkane peaks are shown in the
60-80 ppm and 10-40 ppm region, respectively. The x-axis has added breaks to make

the spectra compact.

Radiochromic films

In addition to the irradiation Li-PCDA, the Gafchromic EBT3 films that contain the
“short hairs” (Form A) were also exposed to radiation and heat. The films change
colour depending on how much radiation they are exposed to. The films are initially
yellow and change to almost black after 100 Gy of X-ray radiation (Figure 2.60). The
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PXRD pattern of the films both before and after irradiation show low-angle peaks at
5.7 ° and 9.4 ° that are indicative of the presence of monohydrated Form A Li-PCDA.
However, when the films are heated to 80 °C for one day, the dehydration of the film
shows the transformation of Form B with peaks at 5.0 ° and 8.3 ° (Figure 2.61).
Therefore, the formulated Li-PCDA within the films behaves in the same way as the

isolated powder.

0 Gy 1Gy 10 Gy 100 Gy

Figure 2.60. Photographs of Gafchromic EBT3 films that have been irradiated with
increasing doses of X-rays, ranging from 1 Gy to 100 Gy.
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Figure 2.61. The PXRD patterns of the Gafchromic EBT3 films containing Form A
before and after X-ray irradiation, and Form B after heating at 80 °C for one day.

The Raman analysis of the Gafchromic EBT3 films before and after exposure to 10 Gy

of X-ray radiation and 60 °C display differences in the relative intensities of the
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photopolymer bands, depending on whether the films were exposed to radiation or
heat. Before irradiation, the photopolymer band has a Raman shift of 2060 cm™ and
remains at the same shift when the film is exposed to 10 Gy of X-ray radiation (Figure
2.62). However, when the film is heated to 60 °C, the photopolymer band is
blue-shifted to 2092 cm, in a similar way to heating Form A in powder form to the
same temperature. A magnified section of the spectra to show the shift in the alkyne
polymer band is displayed in Figure 2.63. Additionally, the monomeric alkyne band
at 2260 cm™* decreases in intensity from the untreated film when compared to the films
exposed to radiation and heat due to the polymerisation of Li-PCDA. Also, the alkene
band of the photopolymer at in the film before and after heating to 60 °C is split
(1416 cm™ and 1444 cm™) with differing intensities, while the irradiated film has a
single band at 1444 cm™, suggesting multiple conformations in the material before and
after heating. It is important to note that heating the film to 60 °C overnight was not

great enough to convert Form A into Form B alone.
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Figure 2.62. The Raman spectra of Gafchromic EBT3 films exposed to X-ray radiation
and 60 °C heat.
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Figure 2.63. The Raman spectra of Gafchromic EBT3 films exposed to X-ray radiation
and 60 °C heat, magnified to display the shift in the alkyne photopolymer bands
between 2030 cm™ and 2110 cm™.

2.2.3. The Lithium Salt of a PCDA Analogue
Li-HDDA Structure

To investigate an alternative radiation-sensitive diacetylene to PCDA and to

potentially improve the performance of radiation dosimetry materials, the structure
and photoreactivity of 5,7-hexadecadiynoic acid (HDDA, Figure 2.64) and its lithium
salt (Li-HDDA) were explored. Li-HDDA was synthesised by stirring HDDA and
LiOH-H20 in a 1:1 ratio in acetone for 24 hours. The product was isolated under
vacuum and gave a pink powder that gradually darkened in colour under ambient light,
suggesting possible photoreactivity. The PXRD pattern of HDDA only has peaks at
2.7, 5.3, 8.0 and 13.0 °, compared to the PXRD pattern of the lithium salt product at
2.5,5.0,6.5,7.4,9.9, and 12.5 °, suggesting the formation of a new material (Figure
2.65).
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Figure 2.64. The structure of HDDA.

119



200 —— HDDA
—— Li-HDDA

S5
8
2
2
£ JL A . .
= 100
@
R
@©
E
s]
=z

0 - L A Al M

I I I T I I I I T I T I T I T 1

26(°)
Figure 2.65. The PXRD patterns of HDDA and Li-HDDA.

The FTIR spectra of Li-HDDA compared to the pure acid displays no differences in
the peaks in the 3000-2800 cm™ region assigned to (CHs)asym and (CH2)asym and
(CH2)symm Stretches (Figure 2.66). The free acid C=0 band at 1687 cm™* for HDDA is
replaced by asymmetric COO" stretching bands in the salt at 1573 cm™ and 1556 cm™,
along with symmetric COO™ modes at 1435 cm? and 1410 cm™. The Av
(1573-1435 cm™) for Li-HDDA is 138 cm™, which suggests a mixed bridging and
chelating bidentate coordination of the carboxylate to the lithium ion, in the same way
as the bonding of the short-chain lithium carboxylates, and the two Li-PCDA solid
forms. Also, the CH; bending mode in Li-HDDA at 721 cm™ is split, which suggests
a monoclinic or orthorhombic space group,®® similar to the FTIR of Form A of
Li-PCDA, and therefore does not display an all-trans conformation of the alkyl chain.
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Figure 2.66. The FTIR spectra of Li-HDDA compared with HDDA.

The ssNMR spectra of HDDA and Li-HDDA display a significant difference in the
carboxylate region of the spectra, as HDDA has a peak at 181.2 ppm, while Li-HDDA
has a peak at 187.3 ppm. The differences in the carboxylate region suggest the
coordination of the lithium ion to HDDA is the same as observed in Form B of
Li-PCDA (Figure 2.67). Additionally, the alkyne peaks for HDDA are split at
chemical shifts of 79.0, 78.7, 66.1, and 65.8 ppm, suggesting four different alkyne
environments. However, Li-HDDA has two split alkyne peaks that suggest two (80.1
and 78.6 ppm) and three (67.4, 66.2, and 65.3 ppm) different alkyne environments,
which are not observed in HDDA or either of the Li-PCDA forms. Li-HDDA also
displays additional peaks in the alkane region of the spectra (10-40 ppm) compared to
HDDA alone, suggesting asymmetric environments of the CH> groups of the structure.
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Figure 2.67. The ssNMR spectra of HDDA and Li-HDDA. The carboxylate region is
180-190 ppm while alkyne and alkane peaks are shown in the 60-80 ppm and
10-40 ppm region, respectively. Breaks in the x-axis have been added to make the

spectra compact.

Li-HDDA Photoreactivity
Upon exposure to UV (254 nm) radiation, it is evident that HDDA and Li-HDDA are

photoresponsive by the colour changes of the powder from blue to black for HDDA
and light pink to red for Li-HDDA after only five minutes of irradiation. The dramatic
colour changes indicate that the structures adhere to the topochemical postulate of
photoreactivity (Figure 2.68). For HDDA, the FTIR spectrum shows negligible
changes after one hour and one day of irradiation (Figure 2.69), however, the sSNMR
spectra displays alkene peaks correlating with the duration of UV exposure (Figure
2.70). The amount of photoconversion of HDDA after one hour of irradiation is
estimated to be <6 % and <15 % after one day, which is greater than the monomer to

polymer conversion for PCDA after one day of UV radiation exposure.
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Figure 2.68. Photographs of HDDA and Li-HDDA irradiated with 254 nm of UV
radiation for different durations. The lighter colouration of the powders after one day
of irradiation suggest a rearrangement from an ordered ‘blue’ state to a disordered

‘red’ state.
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Figure 2.69. The FTIR spectra of HDDA exposed to UV radiation for one hour and

one day (baseline artifacts are present at 1575 cm™ and 1538 cm™).
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Figure 2.70. The ssSNMR spectra of HDDA before and after exposure to UV radiation
for one hour and one day. The carboxylate region is 180-190 ppm while any alkene
peaks will be displayed in the 100-130 ppm region. Alkyne and alkane peaks are
shown in the 60-80 ppm and 10-40 ppm region, respectively. The x-axis has added
breaks to make the spectra compact.

In comparison to HDDA, Li-HDDA upon irradiation displays subtle changes in the
FTIR spectra, especially with the increased intensity of the band at 1691 cm™ and the
reduced intensities of the symmetric COO™ bands at 1430 cm™ and 1410 cm™ as the
duration of UV exposure increases (Figure 2.71). Changes with irradiation are also
displayed in the methylene wagging band region (1380-1100 cm™) suggesting the
introduction of a gauche conformation of the HDDA chain as the polymerisation of
Li-HDDA occurs. The ssNMR spectra of Li-HDDA exposed to UV radiation is
consistent with what is observed in the FTIR spectra. The carboxylate peak at
187.3 ppm broadens with UV exposure duration, however, the most noticeable change
with irradiation is the growth of peaks assigned to the alkene functionality in the
photopolymer product peaks at 131.4 ppm and 103.0 ppm (Figure 2.72). Integrating
the alkyne peaks to the alkyne peaks reveals a <10 % and <33 % conversion of
monomer to polymer after one hour and one day of irradiation, respectively. The

photoconversion of Li-HDDA after one day of UV radiation is greater than observed
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in either of the Li-PCDA forms, suggesting a highly photosensitive material. Also, in
the ssSNMR spectra, the intensities of the alkyne and alkane peaks are reduced along
with increased peak broadening with irradiation, suggesting decreased crystallinity
with increasing photoconversion of monomer to polymer. The reduced peak intensity
and peak broadening is not observed in the spectra of HDDA exposed to UV for one
day, suggesting that salt formation with the lithium ion greatly enhances the

photoreactivity of HDDA in a similar way to Li-PCDA.
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Figure 2.71. The FTIR spectra of Li-HDDA exposed to UV radiation for one hour and
one day.
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Figure 2.72. The ssSNMR spectra of Li-HDDA exposed to UV radiation for one hour
and one day. The carboxylate region is 180-190 ppm with alkene peaks displayed in
the 100-130 ppm region. Alkyne and alkane peaks are shown in the 60-80 ppm and

10-40 ppm region, respectively. The x-axis has added breaks to make the spectra

compact.

2.2.4. The Sodium Salt of PCDA
Na-PCDA Structure

To investigate group one alternatives to lithium that may adhere to the topochemical

postulate of photoreactivity, the sodium salt of PCDA (Na-PCDA) was synthesised.
Sodium hydroxide and PCDA were combined in 1:1 and a 1:3 ratio, respectively, in a
ball mill for 45 minutes at a frequency of 20 s™. The resulting 1:1 product was a pale
blue powder, while the 1:3 product was a peach colour. Serendipitous crystals of
Na-PCDA grew from the mixture of PCDA and 3-aminopyridine in a 3:1 ratio,
respectively from the slow evaporation of under ambient conditions which yielded
colourless plate crystals and were analysed by the 119 beamline at the Diamond Light
Source. It is assumed that the sodium present was from a contamination in the glass
crystallisation vial. The X-ray structure of Na-PCDA reveals a PCDA sodium salt,
free acid cocrystal that crystallises in the space group of P1, with the sodium cation
bound to one PCDA salt (PCDA") ligand and three PCDA acid ligands with a formula
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of Na*PCDA™-3PCDA (Figure 2.73a). In addition, the PCDA salt ligand has a
disordered carboxylic acid proton which allows it to either act as an anion or a neutral
molecule, as the proton has a site occupancy factor of 50 %. The sodium cation
displays a distorted octahedral geometry (evident by the average O-Na-O bond angle
of 85.7 °), with the sodium ion bound to carbonyl oxygen atoms at distances of
2.3580(13) A and 2.3723(11) A, and a Na-O distance from the sodium ion to the
carboxyl O-H of the PCDA ligands at a distance of 2.6176(11) A (Figure 2.73b). Two
PCDA ligands coordinate to an adjacent sodium ion by bridging bidentate (syn-anti)
oxygen atoms from the carboxyl ligands to form a continuous chain,®? while the
remaining ligands have monodentate bonding, which greatly differs from the
hypothesised coordination sphere of Li-PCDA. Hydrogen bonds are also present
within the structure, occurring from the hydrogen atom of the carboxyl group to
neighbouring carbonyl oxygen atom, at an O---O distance of 2.6290(16) A. The long
PCDA aliphatic chains are in an all-trans conformation and pack in a bilayer
arrangement and tail-to-tail, which is reflected by the long c-axis of the unit cell at
54.510(6) A. The previously reported structure of sodium hydrogen dihexadecanoate
is similar to Na-PCDA in that there are two aliphatic chains in the asymmetric unit,
though the sodium ion coordination sphere involves a total of five oxygen atoms.”
Two of the ligands consist of hexadecenoic acid chains, while the remaining three
ligands are of hexadecanoate chains. Similar to Na-PCDA, two oxygen atoms from
adjacent hexadecanoate ligands bridge a neighbouring sodium ion, to give a mono-
and bidentate coordination to the sodium ion. The aliphatic chains are also in an

all-trans conformation and stack to give an overall tail-to-tail bilayer structure.’

It is apparent by the PXRD analyses of the ball milled products that the 1:1 product is
a mixture of PCDA and Na-PCDA 1:3 (Figure 2.74). The PXRD pattern of Na-PCDA
1:3 displays a lamellar progression of the initial peaks 3.3-11.4 ° that correspond to
crystallographic planes of (002) to (007), reflecting the bilayer arrangement of layers
observed in the crystal structure which is also observed in n-alkyl sodium

carboxylates.®% 78 79
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Figure 2.73. a) The X-ray structure of Na-PCDA in the crystallographic (100)
direction. b) An enlarged section of Na-PCDA head groups to show the hydrogen
bonds between PCDA acid ligands and the salt ligands (with a disordered proton).
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Figure 2.74. The experimental PXRD patterns of Na-PCDA synthesised by ball
milling in 1:1 and 1:3 ratios. The experimental PXRD pattern of PCDA and the

calculated pattern of Na-PCDA 1:3 is included for comparative purposes.

The FTIR spectra of Na-PCDA 1:1 and 1:3 reveals the same v(CHz3)asym and v(CHz)asym
and v(CHz)symm bands between 3000 cm™ and 2850 cm™, corresponding with the
PCDA chain. Also, the FTIR spectrum of Na-PCDA 1:1 shows similarities to the
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spectra of PCDA, though with an asymmetric stretch at 1559 cm™ which is in neither
the spectra of PCDA or Na-PCDA in a 1:3 ratio (Figure 2.75). The difference between
the v(COO)asym band and the first v(COO)symm reveals a Av of 99 cm
(1559-1460 cm™) which is indicative of chelating bonding.®? Thereby suggesting that
Na-PCDA 1:1 contains complexed carboxylates, alongside free PCDA in the bulk of
the material (with the carbon v(C=0) at the same position of PCDA at 1692 cm™).
While the crystal structure of Na-PCDA 1:3 displays monodentate and bidentate
coordination. Additionally, Na-PCDA (1:3) has an intense 6(CH2) band present at
1472 cm™ which is not present in either PCDA or Na-PCDA 1:1. The methylene
wagging bands in Na-PCDA 1:3 (from 1323 cm™ to 1192 cm™) are also at different
wavenumbers and different intensities to Na-PCDA 1:1 and PCDA, suggesting a
different packing structure of the aliphatic chains. A structure of sodium hydrogen
dihexadecanoate in the literature displays a v(C=0) band of 1725 cm™,”® and suggest

a different type of coordination to the metal ion when compared to the forms of
Li-PCDA.

Na-PCDA 1:3
—— Na-PCDA 1:1
300 —— PCDA
S
c
S 200-
@
E
2 :
g
-
o
Q
o
E 100-
[*]
] i
0 -

T T T T T T T T T T T T T T T
3600 3200 2800 2400 2000 1600 1200 800

Wavenumber (cm™)

Figure 2.75. The FTIR spectra of ball-milled Na-PCDA in 1:1 and 3:1 ratio,
respectively. The spectra of PCDA is added to compared to Na-PCDA 1:1.
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The ssNMR spectra of Na-PCDA 1:1 and 1:3 reveals differences in the carboxyl
region of the spectra, with Na-PCDA 1:1 displaying a single peak at 182.3 ppm
(similar to the carboxylate peak in PCDA at 182.4 ppm), implying that Na-PCDA 1:1
is mostly unreacted PCDA. However, Na-PCDA 1:3 displays two distinct peaks at
182.0 ppm and 179.1 ppm, demonstrating the carboxylic acid region of the PCDA acid
ligands, and the carboxylate structure of the salt ligand, respectively. The ssNMR
spectra of sodium structures with long aliphatic chains in the literature display a single
carboxylate peak at 184 ppm which is the same for the long-chain lithium
carboxylates. This indicates that no protonated acid ligands are present in the
literature, only carboxylate ligands which differ to the structure of Na-PCDA.5 Subtle
differences occur in the alkyne region of the spectra, as PCDA and Na-PCDA 1:1
display peaks at 77.5 ppm with shoulders at 78.8 ppm, and an additional alkyne peaks
at 66.1 ppm and 65.3 ppm, while Na-PCDA 1:3 shows peaks at the aforementioned
chemical shifts, though with less broad peaks. The region of the spectra corresponding
to CHz carbon atoms (40-20 ppm) is the same for PCDA, Na-PCDA 1:1 and 1:3,
however, an additional peak is present for Na-PCDA 1:3 at 28.6 ppm, suggesting a
different environment in the CH> wagging of the PCDA chain. These differences are
also observed for the single CHs peak at 14.8 ppm in Na-PCDA 1:3, while PCDA and
Na-PCDA 1:1 have peaks at 16.0 ppm and 15.2 ppm, again showing their similarity.
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Figure 2.76. The ssNMR spectra of Na-PCDA ball-milled in ratios of 1:1 and 1:3,
respectively. The spectra of PCDA is added to show similarity to the spectra of
Na-PCDA 1:1. The carboxylate region is 180-190 ppm while alkyne and alkane peaks
are shown in the 60-80 ppm and 10-40 ppm region, respectively. Breaks are added in

the x-axis to compact the spectra.

Na-PCDA 1:3 was heated to approximately 200 °C and the DSC thermogram only
displays a single endotherm at an onset temperature of 70.3 °C (Figure 2.77). Upon
cooling, a single exothermic peak with an onset temperature of 60.6 °C was observed.
On the second heating cycle from room temperature, the thermogram displays an
endothermic peak with an onset temperature of 63.3 °C, indicative of PCDA, an
exothermic recrystallisation of the melt at 69.0 °C, and a peak with an onset
temperature of 70.5 °C, suggestive of Na-PCDA 1:3 from the initial heating cycle.
Therefore, upon crystallisation and reheating, the majority of the Na-PCDA 1:3 is
retained while some of the salt reverts to free PCDA. Sodium complexes with
long-chain aliphatic carboxylate ligands typically display polymorphic phase
transitions around 250 °C,%! however, these polymorphic characteristics are not
observed in the DSC thermogram when Na-PCDA 1:3 is heated to 350 °C, though
further work such as analysing Na-PCDA 1:3 by hot stage microscopy is required to

understand if any phase changes occur in the material.
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Figure 2.77. The DSC thermogram of a heat-cool-heat cycle of Na-PCDA 1:3. The
thermogram only displays the temperature range of 30 — 100 °C, as the thermogram

remained unchanged from 100 — 200 °C.

The topochemical parameters of the Na-PCDA 1:3 salt free acid cocrystal structure
show that values change depending on the measurements from the different symmetry
independent PCDA ligands of the different or the same Na-PCDA molecule. For
instance, measuring the topochemical parameters between PCDA ligands coordinated
to the same sodium atom or from neighbouring sodium atoms. The topochemical
parameters are summarised in Table 2.6. As all three of the topochemical criteria are
not adhered to in the Na-PCDA salt free acid structure, it is expected to be unreactive
when exposed to radiation.
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ci-c# ci-cr Tilt
distance (A) | distance (A) | angle (°)

Topochemical postulate <38 <49 A 45
Between PCDA ligands
_ 4.382(3) 4.685(3) 32.6
coordinated to the same Na atom
Between PCDA ligands of
3.572(3) 5.3007(6) 33.2

neighbouring Na atoms

Table 2.6. The topochemical parameters of the Na-PCDA salt, free acid cocrystal
depending on which PCDA ligands of the sodium atom were used to measure the
distances and tilt angles.

Na-PCDA Photoreactivity
As Na-PCDA 1:1 is likely a mixture of Na-PCDA 1:3 and free PCDA, Na-PCDA 1:1

and 1:3 were irradiated to investigate their photoreactivity. The powders were placed

on a filter paper and exposed to different durations of UV (254 nm) radiation. The
powders were moved around the paper and pressed with a spatula at approximately
hourly intervals to ensure the bulk of the powder was exposed to radiation. Na-PCDA
1:1 shows a gradual colour change from pale blue to bright blue after one day of
irradiation (consistent with PCDA, though with a less intense colour change), while
Na-PCDA 1:3 shows very little colour change until one day of UV irradiation (Figure
2.78). As the X-ray structure of Na-PCDA 1:3 shows, the distances between PCDA
ligands are too great for photopolymerisation, the colour change to orange may be due
to the sample being heated from prolonged irradiation or due to a rearrangement from
an ordered to a more disordered state. To confirm the lack of polymerisation,
Na-PCDA 1:3 was analysed by PXRD (Figure 2.79), FTIR (Figure 2.80), and sSNMR
(Figure 2.81) to investigate any changes in the structure upon prolonged irradiation
for seven days. However, there was no evidence of any photopolymerisation. The
technique most likely to show the presence of any structural changes is sSNMR, and
no alkene peaks were observed in the region of 100-130 ppm of the spectra.
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1:1

1:3

Original 5 mins 10 mins 15 mins 30 mins 1 hour 2 hours 1 day

Figure 2.78. Photographs of Na-PCDA 1:1 and 1:3 irradiated for increasing durations
of UV (254 nm) radiation. The powders were placed on a glass slide and exposed to
radiation without any rotation of the powder, and so only the surface of the powder

was exposed.
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Figure 2.79. The PXRD patterns of Na-PCDA 1:3 irradiated with UV radiation (254

nm) for different durations.
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Figure 2.80. The FTIR spectra of Na-PCDA 1:3 irradiated with UV radiation (254 nm)
for durations from one hour to seven days.
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Figure 2.81. The sSNMR spectra of Na-PCDA 1:3 exposed to UV radiation (254 nm)
for one day and seven days remains unchanged. The carboxylate region is 180-190
ppm while any alkene peaks will be displayed in the 100-130 ppm region. Alkyne and
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alkane peaks are shown in the 60-80 ppm and 10-40 ppm region, respectively. Breaks

are added in the x-axis to compact the spectra.

2.3.  Conclusion

The X-ray structure of PCDA is the first reported structure of its kind and adheres to
the topochemical postulate for photoreactivity.! The structure of PCDA gives insight
into the structures of the Li-PCDA forms, supported by the short-chain lithium model
salts. It is hypothesised that the Form A hydrate crystallises in a monoclinic space
group with a similar lamellar spacing to PCDA itself, while Form B crystallises in a
triclinic space group. Both carboxylate head groups of each form have the same
chelating bidentate coordination to the lithium ion, even though Form A has a
coordinated water molecule. Therefore, the difference in the structures is due to the
packing of the aliphatic chains. The difference in chain behaviour would explain the
reduced photosensitivity in Form A (which is most similar to PCDA) and the enhanced
photoreactivity in Form B, due to the relative positioning of the reactive moieties.
Additionally, due to the photoreactive nature of both forms of Li-PCDA, they must
also adhere to the topochemical postulate. The lithium salt of HDDA proves to be
more photosensitive than either of the forms of Li-PCDA, evident by the <33 %
monomer to polymer conversion after one day of UV exposure and therefore must be
within the topochemical parameters for polymerisation. In contrast, the X-ray structure
of Na-PCDA (1:3) has a different bonding environment to Li-PCDA due to
monodentate and bridging ligands and is not sensitive to radiation. The lack of
photoreactivity in Na-PCDA 1:3 reinforces the importance of the topochemical
postulate to predict the photoreactivity of a system which can only be confirmed by

the X-ray structure.

2.4.  Experimental
Additional information relating to the materials and instrumentation used in this work

can be found in Chapter 6.
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PCDA

10,12-Pentacosadiynoic acid was obtained from Ashland LLC. Analysis calc. for
CasH4202: C 80.16, H 11.30 %, found: C 80.05, H 11.18 %; FTIR (cm™): 2956
V(CH3)asym, 2918 v(CHz2)asym, 2848 v(CH3s)symm, 1691 v(C=0), 1467 5(CH2), 1443,
1417, 1350 o(CH>), 1326 w(CHz2), 1291 o(CH2), 1264 o(CH>), 1222 »(CHz), 1194
o(CHz), 1124 v(C-C), 1098 v(C-C), 1029, 933 vC-C(COO0), 722 p(CH.), 685.
Colourless needle crystals of high quality were grown from the slow evaporation of
acetone at room temperature for one week from a failed cocrystallisation experiment
with pyrazine. Crystal data: M = 374.58 g/mol, 0.12 x 0.04 x 0.01 mm?, triclinic, space
group PI(no. 2), a = 4.5738(3) A, b = 5.3909(3) A, ¢ = 46.647(3) A, a =
88.6499(15) °, = 88.5073(14) °, y = 81.4017(14) °, V = 1136.64(12) A%, Z =2, D, =
1.094 g/cm?, FO00 = 416.0, synchrotron radiation, A = 0.6889 A, T = 100 K, 20max =
58.994 °, 21023 reflections collected, 6893 unique (Rint = 0.0574). Final GooF =1.035,
R1 = 0.0640, wR> = 0.1772, R indices based on 6893 reflections with 1 > = 24(l)
(refinement on F?), 249 parameters, 0 restraints, 2 = 0.063 mm. Full crystallographic
information for PCDA can be found in Table 8.1 in Chapter 8.

Ashland Li-PCDA
Lithium 10,12-pentacosadiynoate was received in the form of moist “short hairs” and
“long hairs” and was found to be hydrated Form A and a mixture of Form A and B,

respectively.

Form A

The “short hair” sample contained excess water, and so was placed under vacuum at
room temperature for one day before analysis (which changes Form A to Form B).
Analysis calc. for CosH410,Li: C78.91, H 10.86 %, found: C 78.76, H 10.76 %; FTIR
(cm™): 3570-3040 v(OH), 2956 v(CH3)asym, 2934 v(CH2)asym, 2918 v(CHg)symm, 2847
V(CH2)symm, 1688 3(HOH), 1581 v(COO)asym, 1564 v(COO)asym, 1457 6(CH2), 1432
V(COO)symm, 1418 v(COO)symm, 1370 w(CH2), 1355 w(CH2), 1338 w(CH>), 1318
®(CH?2), 1311 o(CH>), 1306 o(CH2), 1297 o(CH>), 1277 »(CH>), 1254 »(CH>), 1241
®(CHy), 1231 o(CH?2), 1219 »(CH>), 1208 ©»(CH>), 1197 o(CH2), 1182 »(CH>), 1119
®(CH?2), 1103 o(CH), 1090 v(C-C), 1058 v(C-C), 1050 v(C-C), 1030 v(C-C), 1026
v(C-C), 1009 v(C-C), 999 v(C-C), 990 v(C-C), 979 v(C-C), 877 v(C-C)COO, 780
p(CH>), 722 p(CH>), 634.
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Form B

Form B was prepared by heating Form A in oven at 100 °C for one hour, or by heating
the “long hairs” in the oven at 80 °C for one hour. Analysis calc. for CosHa1OoLi:
C78.91, H 10.86 %, found: C 79.02, H 10.78 %; FTIR (cm™): 2956 v(CH3)asym, 2918
V(CH2)asym, 2880 V(CHs)symm, 2847 v(CH2)symm, 1577 v(COO)asym, 1558 v(COO)asym,
1467 3(CHy), 1443 v(COO)symm, 1412 v(COO)symm, 1371 ®(CH>), 1356 w(CH2), 1333
®(CH?2), 1310 o(CH>), 1304 ©(CH2), 1277 »(CH>), 1269 o(CH>), 1254 »(CH>), 1229
®(CH2), 1202 ©»(CH2), 1195 »(CH2), 1120 v(CH>), 1103 o(CH>), 1097 v(C-C), 1050
v(C-C), 1032 v(C-C), 1026 v(C-C), 1007 v(C-C), 995 v(C-C), 981 v(C-C), 847 v(C-
C)COO, 792 p(CHy), 747 p(CHz), 723 p(CHy), 617.

Durham Li-PCDA

Following Ashland’s procedure

Following the procedure outlined by Ashland:®° 10,12-pentacosadiynoic acid (0.07 g,
0.19 mmol) was combined with lithium hydroxide monohydrate (0.074 g, 1.76 mmol),
tetraethylammonium hydroxide (0.011 g, 0.075 mmol), and sodium hydroxide
(0.015 g, 0.38 mmol) in deionised water (0.83 mL) for the formulation to total 1 g.
The formulation was stirred then sonicated in a water bath at 60 °C for 30 minutes
which facilitates a blue to pink colour change. A seed of Form A (0.004 g, 0.01 mmol)
was added to the formulation, stirred, and placed in an oven at 65 °C for four hours to
Ostwald ripen. After this time, the formulation was sonicated in a cold-water bath for
five minutes. The formulation mixture was placed in the oven at 65 °C for a further
four hours. Only Form B of Li-PCDA was present in both the sonicated half and the
further heated sample half after completing the procedure (total yield = 0.12 g,
0.21 mmol, 73 %).

Equimolar Li-PCDA in solution

Li-PCDA was synthesised by combining 10,12-pentacosadiynoic acid (0.10 g, 0.27
mmol) and lithium hydroxide monohydrate (0.011 g, 0.27 mmol) in 20 mL of acetone
and sonicated for 10 minutes. Solvent was left to evaporate from large vials under
ambient conditions and excess remaining solvent was removed by pressing the powder
on filter paper (yield = 0.094 g, 0.23 mmol, 85 %). The synthesised Li-PCDA was a
mixture of Form A and B by PXRD. Analysis calc. for CxsH410Li: C 78.91, H
10.86 %, found: C 79.00, H 10.73 %; FTIR (cm™): 2955 v(CH3)asym, 2918 v(CH2)asym,
2848 v(CH2)symm, 1691 v(C=0) (residual PCDA), 1578 v(COO)asym, 1556 v(COO)asym,
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1464 5(CHa), 1445 v(COO)symm, 1370 o(CH2), 1334 o(CHs), 1308 w(CHs), 1269
®(CH2), 1194 ©(CH2), 1121 (CHs), 1098 v(C-C), 937, 847 v(C-C)COO, 790 p(CH>),
722 p(CHy), 618.

Li-ButA Salt

Lithium butanoate was prepared by combining butanoic acid (0.09 mL, 0.95 mmol)
and lithium hydroxide monohydrate (0.040 g, 0.95 mmol) with 20 mL of acetone and
ethanol (1:1) and left to stir at room temperature for 24 hours. The product was isolated
by vacuum to yield a cream powder (yield = 0.047 g, 0.50 mmol, 38 %). Analysis calc.
for C4H7O,Li: C 51.09, H 7.50 %, found: C 51.07, H 7.58 %; FTIR (cm™): 2964
V(CH3s)asym, 2934 v(CH2)asym, 2873 v(CH2)symm, 1697 v(C=0) (residual ButA), 1579
V(COO)asym, 1557 v(COO)asym, 1461 6(CH2), 1434 v(COO)symm, 1415 v(COO)symm,
1353 o(CH2), 1299 ®(CH2), 1266 o(CH2), 1219 »(CH2), 1105 v(C-C), 901 v(C-
C)COO, 887, 756 p(CH?2), 710 p(CH>), 660.

Li-PentA Salt

Lithium pentanoate was prepared by combining pentanoic acid (0.11 mL, 0.95 mmol)
and lithium hydroxide monohydrate (0.040 g, 0.95 mmol) with 20 mL of acetone and
ethanol (1:1) and left to stir at room temperature for 24 hours. The product was isolated
by vacuum to yield a white powder (yield = 0.067 g, 0.62 mmol, 49 %). Analysis calc.
for CsHyO.Li: C 55.57, H 8.39 %, found: C 55.76, H 8.64 %; FTIR (cm™): 2955
V(CH3s)asym, 2934 v(CH2)asym, 2873 v(CHz2)symm, 1712 v(C=0) (residual PentA), 1577
Vv(COO)asym, 1557 v(COO)asym, 1463 6(CH2), 1440 v(COO)symm, 1409 v(COO)symm,
1360 o(CHz), 1321 o(CHy), 1287 o(CH>), 1244 »(CH2), 1208 ©(CH2), 1108 v(C-C),
946, 928 vC-C(COO), 895, 803, 732 p(CHz), 704 p(CHz), 624.

Li-HexA Salt

Lithium hexanoate was prepared by combining hexanoic acid (0.12 mL, 0.95 mmol)
and lithium hydroxide monohydrate (0.040 g, 0.95 mmol) with 20 mL of acetone and
ethanol (1:1) and were stirred at room temperature for 24 hours. The product was
isolated by vacuum to yield a white powder (yield = 0.095 g, 0.78 mmol, 63 %).
Analysis calc. for CeH110-Li: C 59.02, H 9.08 %, found: C 58.28, H 8.97 %; FTIR
(cm™): 2953 v(CHa)asym, 2929 v(CH2)asym, 2872 V(CH2)symm, 1711 v(C=0) (residual
HexA), 1578 v(COO)asym, 1558 v(COO)asym, 1461 3(CHz), 1441 v(COO)symm, 1413
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v(COO)symm, 1343 (CHy), 1298 w(CHz), 1263 o(CHz), 1230 o(CHz), 1110 v(C-C),
845 vC-C(COO), 768 p(CHy), 726 p(CHa).

Li-HDDA Salt

Lithium hexadecadiynoate was prepared by combining 5,7-hexadecadiynoic acid
(0.20 g, 0.81 mmol) and lithium hydroxide monohydrate (0.034 g, 0.81 mmol) with
20 mL of acetone and left to stir at room temperature for 24 hours. The product was
isolated under vacuum to yield a pink powder (yield = 0.10 g, 0.40 mmol, 43 %).
Analysis calc. for C16H230.Li: C 75.57, H 9.12 %, found: C 75.12, H 8.94 %; FTIR
(cm™): 2956 v(CHa)asym, 2919 v(CH2)asym, 2851 v(CH2)symm, 1573 v(COO)asym, 1556
V(COO)asym, 1450 5(CHz), 1435 v(COO)symm, 1410 v(COO)symm, 1349 o(CHz), 1331
o(CHy), 1306 o(CHz2), 1237 o(CH>), 1223 w(CH>), 1174 v(C-C), 1020, 905 vC-
C(CO00), 865, 847, 802, 735, 721 p(CH2), 680 p(CH>), 600.

Na-PCDA Salt Cocrystal

1:1 stoichiometry —10,12-Pentacosadiynoic acid (0.20 g, 0.53 mmol) and sodium
hydroxide (0.021 g,0.53 mmol) were ground in a Retsch MM 200 mixer mill for 45
minutes at a frequency of 20 s to yield a pale blue powder, however, PXRD analysis
revealed a mixture of free acid and sodium salt. FTIR (cm™): 2956 v(CH3)asym, 2918
V(CH2)asym, 2848 v(CH2)symm, 1691 v(C=0) (residual PCDA), 1559 v(COQ)asym, 1467
d(CHz), 1445 v(COO)symm, 1418 v(COO)symm, 1349 w(CHz), 1326 o(CH.), 1291
o(CHz), 1265 ®(CH2), 1227 ®(CH2), 1195 o(CH.), 1123, 1098, 1028, 930
vC-C(CO0), 722 p(CH2) 695.

1:3 stoichiometry — Sodium 10,12-pentacosadiynoate / 10,12-pentacosadiynoic acid
cocrystal was prepared by grinding 10,12-pentacosadiynoic acid (0.60 g, 1.59 mmol)
and sodium hydroxide (0.021 g,0.53 mmol) in a Retsch MM 200 mixer mill for 45
minutes at a frequency of 20 s™* to yield a peach coloured powder (yield = 0.57 g, 1.15
mmol, 91 %). Analysis calc. for C100H1670gNa: C 78.76, H 10.84 %, found: C 78.40,
H 10.81 %; FTIR (cm™): 2957 v(CHs)asym, 2916 v(CH2)asym, 2851 v(CH2)symm, 1712
v(C=0), 1472 3(CH>), 1421, 1408, 1323 o(CH>), 1287 o(CH>), 1254 ©(CHz), 1222
®(CH2), 1192 o(CH2), 1100 v(C-C), 936 vC-C(COO), 715 p(CHz). The X-ray
structure of Na-PCDA came from a failed crystallisation of PCDA and
3-aminopyridine in a 3:1 ratio, respectively, from the slow evaporation of acetone at

room temperature, which yielded colourless plate crystals. It is assumed that the
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presence of sodium was from a contamination in the glass vial. Crystal data:
M = 1520.32 g/mol, 0.203 x 0.029 x 0.008 mm?, triclinic, space group P1 (no. 2),
a=5.3007(6) A, b=7.9037(9) A, ¢ =54.510(6) A, a = 91.674(3) °, f = 92.680(3) °,
y = 92.463(4) °, V = 2278.0(4) A%, Z = 1, D = 1.108 g/lcm?®, Fooo = 842.0, synchrotron
radiation, A =0.6889 A, T =100 K, 20max = 49.998 °, 27970 reflections collected, 8701
unique (Rint = 0.1030). Final GooF = 1.005, R = 0.0998, wR> = 0.2260, R indices
based on 8701 reflections with 1 > = 24(l) (refinement on F?), 497 parameters,

0 restraints, x = 0.068 mm™. Full crystallographic information for Na-PCDA 1:3 can
be found in Table 8.2 in Chapter 8.
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3. Model Cocrystals of n-Alkyl Carboxylic Acids with Pyridyl Coformers

3.1.  Introduction

It is well known that compounds with long, flexible chains are more difficult to
crystallise than their short-chain counterparts, with polymers as a common example.* 2
For this reason, in this chapter, short-chain carboxylic acids have been employed as a
substitute for PCDA in cocrystallisation experiments, which are more likely to give
single crystal structures and provide an insight into the established carboxylic
acid---pyridine heterosynthon.® In the CSD,* organic structures that exhibit the
established OH---Npyrisine heterosynthon are common, however, the number of
structures of n-alkyl monocarboxylic acids with pyridyl coformers is limited. As a
result, a CSD search was conducted to examine any organic, aliphatic monocarboxylic
acid cocrystals with pyridyl coformers already present in the literature. The search
criteria involved manually identifying n-alkyl carboxylic acids with an intermolecular
non-bonded contact from the carboxylic acid proton to a pyridyl nitrogen atom at a
distance within the sum of the van der Waals radii. The pyridyl group was generalised
to include ‘any non-metal’ atoms on the remaining five positions on the ring. The
search criteria are illustrated in Figure 3.1. The CSD search results revealed 75
cocrystal structures consisting of only n-alkyl carboxylic acids ranging from one to
eighteen carbon atoms in length, cocrystallised with various pyridyl-containing
coformers. The search with the greatest number of results involved 37 (49 % of the
total hits) structures of ethanoic acid cocrystallised with pyridyl structures.
Additionally, over half of the total structures (44 structures, 59 %) crystallised in the

triclinic P1 space group, with eight (18 %) of the P1 structures containing pyrazine as

a coformer.
N
MNTENM
1
MN. -N-_. C
|\N/| “H™ "~ ~(CHy),H

Figure 3.1. The CSD search criteria, with the carbon chain length of the carboxylic

acid increasing in each search as the n of CH2 groups ranged from zero to twenty
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carbon atoms in length. ‘NM’ denotes ‘any non-metal’ atom, and the dashed line from

N to H indicates a hydrogen bond.

Important studies by Bond demonstrate the cocrystallisation of pyrazine with n-alkyl
carboxylic acids ranging from one to 13 carbon atoms in length, grown in glass
capillaries for ambient temperature SC-XRD analysis.> °® Each structure shows a 2:1
ratio of acid to pyrazine linked by a RZ(7) hydrogen bonded motif. This smaller ring
size contrasts to the R2(8) dimer for each of the individual carboxylic acids.” 8 In the
cocrystal structures, the supramolecular hydrogen bond heterosynthon, OH---N,
occurs from the carboxylic hydrogen atom to the nitrogen atom of pyrazine, with
O---N distances in the cocrystals ranging from 2.701 —2.760 A. Additionally, coplanar
CH---O interactions occur between the aromatic ring and neighbouring carbonyl
oxygen atom of the acid. Interestingly, the mean planes through the pyrazine ring in
adjacent molecules are either parallel or perpendicular, depending on the length of the
carboxylic acid used. Examples are shown in Figure 3.2 and Figure 3.3.° Bond
recognised that the cocrystallisation of the n-alkyl carboxylic acids with pyrazine
changed the melting point properties. For instance, the melting points of the pure
carboxylic acids (ranging from six to fifteen carbon atoms in length) alternate
depending on whether the number of carbon atoms is odd or even. This is because the
odd structures pack less efficiently due to their terminal methyl group orientations and
as a result, have a reduced crystal density.® However, when the same acids are
cocrystallised with pyrazine, the melting point alternation is inverted as the melting
points of the cocrystals with an odd number of carbon atoms are greater than the even
cocrystals. This is caused by the reduction in crystal density due to the unfavourable

arrangements of the methyl group in each even cocrystal.®
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Figure 3.2. The X-ray structure of the methanoic acid and pyrazine cocrystal in a 2:1

stoichiometry, respectively.®

Figure 3.3. The X-ray structure of a undecanoic acid and pyrazine cocrystal, in a 2:1

stoichiometry, respectively.®

Out of the 75 cocrystal structures from the CSD search, there are six monocarboxylic
acids cocrystallised with pyridinecarboxamide isomers, making pyridinecarboxamide
the most commonly occurring pyridyl coformer in this set of results. One example is
propanoic acid cocrystallised with 4-pyridinecarboxamide in a 2:1 ratio, respectively.
The cocrystal is produced by dissolving solid 4-pyridinecarboxamide in excess
propanoic acid and slowly cooling the solution to yield single crystals. The X-ray
structure reveals that the components are joined by OH---N hydrogen bonds from the
hydrogen atom of the carboxylic acid to the pyridyl nitrogen atom, ata O---N distance
of 2.66 A. Weaker CH---O hydrogen bonds are also present, with C---O distances
between 3.33 A and 3.35 A for the two structures in the asymmetric unit, forming a
R2(7) hydrogen bonded motif.° The propanoic acid molecule also forms an
intermolecular hydrogen bond between the carbonyl oxygen atom of the carboxylic
acid to the amine hydrogen atom of neighbouring 4-pyridinecarboxamide (O---N

distances of 2.90 A). The intermolecular hydrogen bond allows the structure to form
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hydrogen-bonded chains that run parallel to the [100] direction.® Additionally, the
carboxylic acid forms a R2(8) motif with the amide of 4-pyridinecarboxamide,’
resulting in a OH---O (O---O distance of 2.64 A) and a NH---O (N---O distances of
2.87 and 2.88 A) heterosynthon. This N-H of 4-pyridinecarboxamide also acts as a
hydrogen bond donor to a neighbouring carbonyl oxygen atom of propanoic acid
(N---O distance of 2.90 A), further linking the cocrystal chains. The chains are linked
together by CH---O hydrogen bonds from the carbonyl oxygen atom of propanoic acid
to a C-H on the aromatic ring (with C---O distances of 3.32 A and 3.33 A) along with
n-stacking interactions that give layers perpendicular to (010).° The X-ray structure of

the propanoic acid and 4-pyridinecarboxamide cocrystal is shown in Figure 3.4.

Figure 3.4. The X-ray structure of a propanoic acid and 4-pyridinecarboxamide
cocrystal in a 2:1 ratio, respectively, displaying the OH---N, CH---O, NH---O, and
OH---0 hydrogen bonds.®

In addition to decanoic acid with pyrazine described by Bond,® a cocrystal of decanoic
acid and trans-1,2-bis(4-pyridyl)ethylene in a 2:1 ratio, respectively, has been
crystallised by the slow evaporation of acetone and ethanol (1:1). The X-ray structure
shows the two coformers are joined by an OH---N hydrogen bond from the carboxyl
group of the acid, to the pyridyl nitrogen atom of the base, with an O---N distance of
2.63 A, forming a RZ(7) hydrogen bonded motif (Figure 3.5).° A weak CH---O
hydrogen bond is also present from the pyridyl ring to the carbonyl oxygen atom of
decanoic acid, with a C---O distance of 3.44 A. The structure also displays an overall

‘Z-like’ or herringbone pattern. The decanoic acid substituent of the cocrystal has a
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117.7 ° bend at the a-carbon, with a C1-C4 torsion angle of 66.2 °. After the twist in
the chain at C2, the remaining alkyl chain obtains an all-trans conformation with
torsion angles clustered close to either —180 ° or +180 °.1° The alkyl chains in the same
layer are separated by a C10-C10’ distance of 5.14 A, with the closest distance
between adjacent alkyl chains (C1-C37)is 3.96 A.

Figure 3.5. The X-ray structure of decanoic acid and trans-1,2-bis(4-pyridyl)ethylene
cocrystal in a 2:1 ratio, respectively, showing the CH---N and weak CH---O hydrogen
bonds. The crystal packing structure is displayed in the crystallographic (100) axis.°

The cocrystal structure with the longest n-alkyl chain hydrogen bonded to a pyridyl
coformer in the CSD is the 1:1 structure of octadecanoic acid and
3-pyridinecarboxamide formed from the slow evaporation of acetone at room
temperature. The X-ray structure reveals a lamellar structure with four different types
of hydrogen bonding interactions (Figure 3.6).1* A hydrogen bond forms between the
carboxyl hydrogen atom of the acid to the pyridyl nitrogen atom (OH---N) atan O---N
distance of 2.69 A, with weak CH---O interactions, at a C---O distance of 3.35 A to
form a R2(7) hydrogen bonded motif. In addition, a hydrogen bond dimer with an
R2%(8) motif forms between the amide group of 3-pyridinecarboxamide to an
additional 3-pyridinecarboxamide molecule consisting of NH---O hydrogen bonds at
a N---O distance of 2.94 A. This amide group is involved with further hydrogen
bonding, as each of the amide nitrogen atoms act as hydrogen bond donors to carbonyl
oxygen atoms on neighbouring 3-pyridinecarboxamide molecules (N---O distance of
2.90 A) to create a hydrogen-bonded network. The alkyl chain of each octadecanoic
acid molecule are in an all-trans conformation with torsion angles clustered close to

either —180 ° or +180 °, and pack in a tail-to-tail bilayer. The aliphatic chains are
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separated by a (C18-C18’) distance of 5.04 A between neighbouring cocrystals, with

the closest distance between aliphatic chains occurring from C1-C3’ atoms at 4.06 A.

Figure 3.6. The X-ray structure of a 3-pyridinecarboxamide and octadecanoic acid
cocrystal, showing the OH---N, NH---O, and CH---O hydrogen bonding environments
displayed in the crystallographic (100) axis.!

As the long aliphatic chains of PCDA are difficult to crystallise and characterise by
X-ray crystallography without radiation decay of the crystals, the use of non-radiation
sensitive surfactants will be employed, focussing on the OH---N supramolecular
heterosynthon in the presence of aliphatic carboxylic acids. In this chapter we report
the cocrystallisation of varying length n-alkyl carboxylic acids with
pyridyl-containing coformers, through solution crystallisation and mechanochemical
synthesis methods. The resulting cocrystals are designed to model the interactions and
molecular packing of photosensitive PCDA cocrystals, intended to further shed light
on the topochemistry of PCDA when incorporated into different multicomponent solid

forms.

3.2.  Results and Discussion

3.2.1. Solution Crystallisations

A series of crystallisation attempts were carried out according to Table 3.1, whereby
different length n-carboxylic acids, butanoic acid (butA), pentanoic acid (pentA),
hexanoic acid (hexA), and eicosanoic acid (eicoA) were chosen for cocrystallisation
with bifunctional pyridyl or related coformers 2,2’-bipyridyl (2bipy), 4,4’-bipyridyl
(4bipy), 4,4’-azopyridine (azp), trans-1,2-bis(4-pyridyl)ethylene (bpe), pyrazine
(pyz), and pyrazine carboxamide (pca) (Figure 3.7). The specific compounds were

chosen as they are readily accessible and likely to form cocrystals as opposed to salts.
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Cocrystals are expected because the carboxylic acids are weak acids (with pKa values
of approximately 4.5-5.0)'? and therefore unlikely to protonate the pyridyl base (pKa
values of the conjugate acids range from approximate values of 0.5-5.5 depending on
the base).’® 1* When cocrystallised, it is expected that each bifunctional heterocyclic
base will be joined to two acid molecules by the OH: - -Npyrigy1 heterosynthon from the
carboxyl hydrogen atom to the pyridyl nitrogen atom, acting as a hydrogen bond
acceptor. In each case, 50 mg of monocarboxylic acid was combined with a pyridyl
coformer in a 2:1 molar ratio respectively, with 1-5 mL of solvent. The mixtures were
briefly sonicated and allowed to stand to bring about slow evaporation of the solvent
under ambient conditions. The details of each experiment are given in the experimental
section. These experiments resulted in three novel cocrystal structures consisting of
2butA-bpe, 2pentA-bpe, and 2eicoA-azp, all in 2:1 ratios, respectively.

(0] o} O o]

butA pentA hexA eicoA
O
N N= = = - 7\ N
N N — N — = N
\ 7/ N/ / N@N N W [/
N
2bipy 4bipy azp bpe pyz pca

Figure 3.7. The compound key for the n-alkyl carboxylic acids and bifunctional

pyridyl related coformers.

ButA PentA HexA EicoA
Coformers Wa;er/Acetone Water/Acetone Acetone/Ethanol | Acetone/Ethanol
Ethanol /Ethanol
2Bipy N/N/N N/N/N N/N YIY
4Bipy YIYIY N/N/N YIY N/Y
Azp Y/YIN N/Y/IY YIY N/Y
Bpe YIYIY YIYIY Y/N N/Y
Pyz N/N/N N/N/N N/N N/Y
Pca YIYIY N/Y/IY YIY N/Y

Table 3.1 The combinations of carboxylic acids and pyridyl compounds used in
different solution crystallisation experiments. Yes (Y) or no (N) indicates whether
crystals formed regardless of the quality. The experiments in red gave novel cocrystals
characterised by single crystal X-ray diffraction. The experiments in blue resulted in

crystals of the respective pyridyl coformer which are already reported in the CSD,
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while the experiment in green yielded a new chloro-substituted coformer not before

reported.

Saturated short-chain carboxylic acids, butA and pentA, formed diffraction quality
cocrystals with bpe in ratios of 2:1, respectively. The X-ray structures of both
cocrystals show very similar hydrogen bonding interactions, namely strong OH---N
bonds from the carboxylic hydrogen atom to the pyridyl nitrogen atom, and weak
CH---O interactions from the C-H groups of the pyridyl ring to the carbonyl oxygen
atom of the carboxylic acid. These two interactions form a hydrogen-bonded dimer
R2(7) motif.” For 2butA-bpe (Figure 3.8a), O---N and C---O distances are 2.658(1) A
and 3.254(2) A, respectively. While 2pentA-bpe (Figure 3.9a) has hydrogen bond
distances that are marginally longer, with O---N and C---O distances of 2.6725(2) A
and 3.2772(2) A, respectively. Both cocrystal structures crystallise in the PT space
group with the inversion centre present on the ethylene bond of the pyridyl coformer.
Additionally, both cocrystals contain face-to-face z-z stacking interactions as the
mean planes of the molecules are coplanar. For the 2butA-bpe cocrystal, the
pyridyl-pyridyl centroid distances are 3.5335(8) A with an offset of only 0.9404(16)
A, while the 2pentA-bpe cocrystal displays a pyridyl-pyridyl centroid distance of
3.5323(3) A and an offset of 1.0448(4) A. Interestingly, the alkyl chain of butA in the
2butA-bpe cocrystal adopts an all-trans conformation with a C1-C4 torsion angle of
173.9 °, while the alkyl chain of pentA in 2pentA-bpe contains both trans and
gauche-conformations with a C1-C4 torsion angle of 174.4 ° and a C2-C5 torsion
angle of 71.7 °. Combinations of anti and gauche conformations are commonly
observed in the short alkyl chains of organic structures, however, a combination of
conformations have been recognised in structures containing up to 18 carbon atoms in
length.*>2% A long-chain structure with a similar end-gauche conformation of the alkyl
chain has been reported in a dodecyl trimethylammonium salt with a C12-C15 torsion
angle of 70.4 °.2* In the 2butA-bpe cocrystal, the closest distance between adjacent
alkyl chains occurs at a C1-C4’ distance of 4.6266(17) A, while in the 2pentA-bpe
cocrystal, the same atoms of the chain give a shorter distance of 4.5963(4) A, and in
both cases, the cocrystals stack in a tail-to-tail arrangement (Figure 3.8b and Figure
3.9b). The alkyl chains are separated by a translational repeat distance (C4-C4’) of
4.142(3) A in 2butA-bpe and by a C5-C5’ distance of 3.9938(3) A in 2pentA-bpe.

Additionally, the tilt angles of each carboxylic acid respective to the translational axis
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is 43.3 ° for 2butA-bpe and 18.9 ° in 2pentA-bpe. The 2butA-bpe cocrystal was left
undisturbed for two years in the original crystallisation vial which resulted in the
formation of large single crystals of the same material (identified by X-ray structure
determination), demonstrating the stability of the cocrystal (Figure 3.10).

Figure 3.8. a) The X-ray structure of a 2:1 butanoic acid and trans-1,2-bis(4-
pyridyl)ethylene (2butA-bpe) cocrystal in the crystallographic (001) axis displaying
CH---N and weak CH---O hydrogen bonds. b) The cocrystal packing diagram showing

a tail-to-tail packing arrangement.

Figure 3.9. a) The X-ray structure of a 2:1 cocrystal containing pentanoic acid and
trans-1,2-bis(4-pyridyl)ethylene (2pentA-bpe) in the crystallographic (001) axis,
displaying CH---N and weak CH---O hydrogen bonds, and b) the cocrystal packing

diagram showing a tail-to-tail arrangement.
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Figure 3.10. A photograph of the large crystals formed from the slow evaporation of

solvent after two years.

The X-ray structure of 2eicoA-azp acid shows a 2:1 stoichiometry, respectively, with
OH---N hydrogen bonds occurring from the carboxylic hydrogen atom of eicoA to the
pyridyl nitrogen atom of azp, at an O---N distance of 2.6785(10) A (Figure 3.11a). A
weak CH---O interaction also occurs from the C-H of the pyridyl ring to the carbonyl
oxygen atom of eicoA, at a C---O distance of 3.2891(12) A to complete the hydrogen-
bonded dimer R3(7) motif.” Additional weak CH---O hydrogen bonds also occur
between layers from the C-H of the pyridyl rings to the carbonyl oxygen atom on an
adjacent eicoA molecule, at a C---O distance of 3.1915(11) A. Though the mean
planes of the molecules are coplanar, the pyridyl-pyridyl centroid distance is
4.233(3) A with an offset of 2.445(7) A, and therefore, no z-r interactions occur
between planes. Additionally, the long aliphatic chains of eicoA display an all-trans
conformation with the eicoA chains in a tail-to-tail arrangement in the packing
diagram (Figure 3.11b). As eicoA contains 20 carbon atoms, this carboxylic acid
coformer has the most similar carbon chain length to PCDA, and therefore, is the
cocrystal to best predict how the PCDA chains will pack when cocrystallised with azp.
For instance, the calculated PXRD pattern of 2eicoA-azp demonstrates a lamellar
progression of (001) peaks from 2.7 — 13.3 °, the same progression that is observed
for PCDA (page 69), indicating a bilayer arrangement of the cocrystal molecules.
Additionally, pure eicoA (with the crystal structure determined from PXRD analysis)
has a C10-C13’ distance between adjacent alkyl chains of 5.0875 A ?? while PCDA
itself has an inter-dialkyne C1-C4’ distance (spanning carbon atoms C10-C13) of
3.7120(13) A. However, when eicoA is cocrystallised with azp, the closest distance
between the alkyl chains occurs between C10 and C13” at 4.044(6) A, thereby showing
the influence of cocrystallisation on crystal packing compared to the pure acids. Also,
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the translational repeat distance (C20-C20’) and tilt angles of pure eicoA and
cocrystallised eicoA with azp is 4.965 A% and 40.6 °, and 5.460(3) A and 43.4 °,
respectively. Therefore, as cocrystallisation changes the stacking of the carboxylic
acid molecules, it can be assumed that the cocrystallisation of PCDA with azp and
related bipyridyl coformers will similarly alter the molecular packing properties and

hence the topochemistry of the system.

a
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Figure 3.11. a) The X-ray structure of an eicosanoic acid and 4,4'-azopyridine
(2eicoA-azp) cocrystal in the crystallographic (001) axis displaying the OH---N and
weak CH---O hydrogen bonds. b) The packing diagram of 2eicoA-azp shown in the

crystallographic (100) axis displaying weak CH---O interactions between layers.

The cocrystallisation of butA with azp in a 2:1 stoichiometry was attempted. Small
crystals were observed after two weeks of slow evaporation of solvent at room
temperature but were not suitable for X-ray structure determination. The sample was
sealed and left undisturbed for two years. After this time, large crystals were observed,
occurring in two types of crystal habit, either elongated prisms or platelets. SC-XRD
analysis revealed that the prisms consist of an azp monohydrate that has already been
reported in the CSD (refcode KUGKAZ).2® The platelets proved to be crystals of
mono-chloro azopyridine (azp-Cl). The structure was determined by SC-XRD
although precision is limited due to twinning and disorder. It can be assumed that the
chlorine-containing impurity originated from the azp sample bottle. The disordered
chlorine atoms are present on the C2 and C4 atoms in the pyridyl ring with occupancies
of 0.44:0.06. Two azp-Cl molecules are present in the unit cell, with an inversion
centre present on the azo bond at the centre of the molecule, the disorder also occurs
on the symmetry-related ring, resulting in a molecular formula of C1oH7N4CIl. The
chlorine atoms of the minor component are omitted from the structure diagram in

Figure 3.12. Intermolecular CH---Cl hydrogen bonds occur in both layers of the
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molecules in the unit cell, at C---Cl distances of 3.76 A, though aryl halide substituents
are notably very weak hydrogen bond acceptors.?*? Additionally, intermolecular
CH---N hydrogen bond interactions occur from the hydrogen atom of the pyridyl ring
to a neighbouring pyridyl nitrogen atom, at C---N distances of 3.50 A and 3.51 A. The
pyridyl rings in both layers are coplanar, with the pyridyl rings in one layer displaying
face-to-face z-z stacking interactions at pyridyl ring centroids distances of 3.7694(4)
A and an offset of 1.5954(3) A.

Figure 3.12. The X-ray structure of a disordered mono-chloro-substituted 4,4’-

azopyridine with CH---N and CH---Cl interactions. Minor components are omitted.

In addition to monocarboxylic acid cocrystallisation with pyridyl coformers, aromatic
dicarboxylic  acids, namely 2,5-pyridinedicarboxylic acid (pdA) and
4,4’-biphenyldicarboxylic acid (bpdA), were also used to cocrystallise pyridyl
coformers (Figure 3.13). Any structural results would allow the further investigation
of the OH---N heterosynthon, especially with the cocrystal structures currently absent
from the CSD. Only two experiments consisting of pdA-4bipy (1:1) and pdA-azp (1:1)
in 3 mL of acetone yielded crystals after the slow evaporation of solvent at room
temperature. However, in both cases, the crystal quality was insufficient for SC-XRD
analysis. No crystals of bpdA with any pyridyl coformer formed in 3 mL of acetone

under the same conditions outlined above.
0o — OH 0 0
g )X
HO N o} HO OH
pdA bpdA
Figure 3.13. The structures of pdA and bpdA.
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3.2.2. Mechanochemistry

The formation of cocrystals by grinding is well-established in the literature, and has
an important role in the pharmaceutical industry.?’! The grinding of different
cocrystal components can be achieved manually or mechanically and is an attractive
method for cocrystal synthesis due to the simplicity and relatively solvent-free
approach. The two main techniques of mechanochemistry involve the grinding of the
neat components, or through the addition of a drop of solvent to further encourage
cocrystallisation (LAG), whereby the reactant solubility does not affect the outcome
of the synthesis.®? In addition to the solution cocrystallisation experiments, cocrystal
synthesis by mechanochemistry was also explored using the same compounds listed
in Table 3.1 that formed crystalline material (regardless of quality). The
monocarboxylic acids and pyridyl coformers were manually ground together with a
pestle and mortar in 2:1 ratio at 30-minute intervals, either neat or with a drop of
acetonitrile to facilitate LAG. The formation of a cocrystal was confirmed by PXRD
and FTIR spectroscopy. The cocrystals that formed from the neat grinding of
components consisted of 2butA-4bipy, 2pentA-bpe, 2pentA-azp, and 2hexA-4bipy, all

in 2:1 stoichiometries, respectively.

The cocrystals that formed with 4bipy display PXRD patterns that are indicative of
new materials, as they contain additional peaks that are not present in the PXRD
patterns of the pure coformers alone. For instance, the experimental PXRD of
2butA-4bipy cocrystal shows new peaks at 6.2, 12.3, 15.6, 16.2, and 26.9 ° (Figure
3.14). Similarly, for cocrystal 2hexA-4bipy, the experimental PXRD reveals peaks
that do not correlate with either of the starting materials are 5.3, 15.6, 17.5, 23.5, 24.7,
and 27.4 ° (Figure 3.14). For both cocrystals, the FTIR spectra display a broad peak at
2458 cm™ attributable to the O-H stretch of the hydrogen-bonded acid.3*%
Additionally, a broad peak at 1906 cm™ is present which is indicative of the N-H
stretch of the OH---Npyriayr interaction (Figure 3.15).3% 37 Also, the carbony! stretches
of the cocrystals are slightly red-shifted compared to their corresponding free acids.
For example, the free acids of butA and hexA have carbonyl bands of 1702 cm™ and
1701 cm?, respectively, while the 2butA-4bipy and 2hexA-4bipy have carbonyl bands
of 1690 cm™ and 1685 cm™, respectively. The small shift in carbonyl stretches of the

acids before and after cocrystallisation is likely due to the weak intermolecular CH---O
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hydrogen bond present in the cocrystals from the C-H of the pyridyl ring to the

carbonyl oxygen atom of butA and hexA.
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Figure 3.14. The PXRD patterns of 2butA-4bipy and 2hexA-4bipy cocrystals and their

respective coformers.®
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Figure 3.15. The FTIR spectra of the 2butA-4bipy and 2hexA-4bipy cocrystals and
the respective coformers butA, hexA, and 4bipy.

Though the solution crystallisation experiments of butA, pentA, hexA, and eicoA with
4bipy did not yield suitable single crystals for X-ray diffraction, the cocrystal
structures of methanoic acid (methA) and ethanoic acid (ethA) with 4bipy have been
reported in the CSD (Refcodes GOKCEQ® and SITDIJ,*® respectively). Both
cocrystal structures consist of OH---N interactions with O---N distances ranging
between 2.61 A and 2.68 A, and weak CH---O interactions at C---O distances between
3.24 A and 3.43 A. In both instances, the pyridyl rings have dihedral angle of 28.2 °
and 31.8 ° which correlate to gauche conformations, thereby causing two different
hydrogen bond distances between the pyridyl hydrogen bond acceptors and the
carboxylic acid hydrogen bond donors. Comparisons of the calculated PXRD patterns
of 2methA-4bipy and 2ethA-4bipy with the experimental PXRD patterns of
2butA-4bipy and 2hexA-4bipy are shown in Figure 3.16. The progression of initial
peaks from low to high 26 values are inversely proportional to the carbon chain length
of the carboxylic acid in the cocrystal, correlating with increasing unit cell size with
increasing chain length. For example, the peaks 5.3, 6.2, 7.9, and 8.5 ° belong to
2hexA-4bipy, 2butA-4bipy, 2ethA-4bipy, and 2methA-4bipy, respectively.
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Additionally, smaller initial 26 values are correlated to a larger unit cell indicating a
larger structure, suggesting that the 2hexA-4bipy structure has the largest unit cell

when compared to the other 4bipy cocrystals.
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Figure 3.16. The calculated PXRD patterns of cocrystals 2methA-4bipy and
2ethA-4bipy, and the experimental patterns of 2butA-4bipy and 2hexA-4bipy.38: 3

The pentA cocrystals with azp and bpe that formed by the neat grinding of reagents
display new peaks when compared to the PXRD patterns of the starting materials,
evident by the emergence of peaks in the 2pentA-azp cocrystal at 6.2, 17.1, and 20.7 °,
and in the 2pentA-bpe cocrystal at 7.3, 14.5, 14.9, 16.2, 19.6, 23.6 and 23.9 ° (Figure
3.17). Without the X-ray structure of 2pentA-azp it is difficult to directly compare the
two pentA cocrystals on a molecular level, however, it can be assumed that the
2pentA-azp cocrystal has a larger unit cell than the 2pentA-bpe cocrystal, due to the
smaller initial peak at 6.2 ° compared to 7.3 ° in 2pentA-bpe. The shift of the initial
first peak in each pattern reflects the slight difference in packing in the cocrystals, as
azp and bpe are of an almost identical size and molecular weight. In addition to PXRD
analysis, FTIR analysis for both cocrystals show broad bands at 2481 cm™ and
1905 cm* and can be attributed to the stretching modes of the O-H and N-H involved
in the OH---Npyriayi interaction, respectively (Figure 3.18).3% 3" 40 Additionally, the

carbonyl stretches are slightly red-shifted in each cocrystal when compared to the pure
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acids, which is indicative of hydrogen-bonded systems.*! For instance, the free acid of
pentA has a carbonyl stretch of 1704 cm™ and shifts to 1701 cm™ in 2pentA-azp and
1699 cm™ in 2pentA-bpe. The shifts in carbonyl stretches are due to the weak
intermolecular CH---O hydrogen bonds present in the structures, occurring from a

pyridyl hydrogen atom adjacent to the carbonyl oxygen atom of pentA.
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Figure 3.17. The PXRD patterns of cocrystals 2pentA-azp and 2pentA-bpe with the

respective coformers.
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Figure 3.18. The FTIR spectra of the 2pentA-azp cocrystal and the coformers pentA

and azp. Baseline artefacts are present in the spectra of 2pentA-azp and 2pentA-bpe.

The process of grinding reagents to form cocrystals will not necessarily yield the same
cocrystal as solution-based crystallisation experiments,*> 4® however, we have
demonstrated that mechanochemistry and solution crystallisations form the same
stable cocrystal in each case, for 2pentA-bpe, 2butA-bpe, and 2eicoA-azp. The
experimental PXRD pattern of 2pentA-bpe prepared from the manual grinding of the
coformers, compared to the PXRD pattern calculated by the X-ray structure from the
solution crystallisation of the coformers reveals an offset in peaks, along with
additional peaks in the experimental pattern attributable to unreacted bpe (Figure
3.19). The offset is most noticeable for the initial peaks of 7.3 ° and 7.9 ° in the
experimental and calculated patterns, respectively. A slight offset in peaks is expected,
due to the difference in the temperature the experimental data (288 K) and data
calculated from the single crystal structure (120 K) were obtained. There are also
additional peaks present in the experimental pattern when compared to the calculated
pattern, potentially due to a phase change, though this observation requires further
investigation. Additional work would involve obtaining an experimental pattern from
the crystals used in the single crystal experiment and analysing the crystals of

2pentA-bpe at higher temperatures.
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Figure 3.19. A comparison of the experimental and calculated PXRD patterns of the

2pentA-bpe cocrystal and the experimental pattern of bpe for comparison.

In addition to manual grinding, mechanical grinding of coformers was also explored
using a mixer mill. The combination of butA and bpe in a mixer mill for 45 minutes
at a frequency of 20 s gives rise to a product with an experimental PXRD pattern
comparable to the calculated PXRD pattern from the X-ray structure of 2butA-bpe.
Though the calculated and experimental patterns have similarities, the peaks are offset
because of the difference in unit cell size at the different temperatures the data were
obtained at (Figure 3.20). The PXRD patterns of the reactants are also included in
Figure 3.20 for comparison. The experimental pattern of 2butA-bpe confirms the
formation of a cocrystal by the presence of peaks at 7.5, 15.0, and 19.0 °, for example.
Coformers eicoA and azp were also ground by mechanical mixer mill in a 2:1 ratio
and analysed by PXRD which suggests the formation of a cocrystal due to the presence
of peaks at 19.4, 21.1, and 22.5 ° that do not correspond to either coformer. However,
the comparison of the experimental and calculated PXRD pattern show significant
differences, especially with the presence of a peak at 6.0 ° which is not observed in
the calculated pattern and therefore, may be due to residual unreacted eicoA in the
bulk sample (Figure 3.21). There may therefore be a phase change between ambient

conditions and the temperature at which the X-ray structure was recorded, however,
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due to the COVID-19 pandemic, the collection of this data at room temperature was
not possible. The FTIR analysis of both 2butA-bpe and 2eicoA-azp reveal the same
broad shifts of the O-H and N-H stretches of the OH---Npyriay1 interaction, at 2408 cm’
1 and 1881 cm™ for 2butA-bpe, and 2499 cm™ and 1904 cm for 2eicoA-azp (Figure
3.22).34 3740 The cocrystals also display red-shifted carbonyl stretches compared to
the pure acids. The carbonyl stretches of the free acids are at 1702 cm™ and 1700 cm™
for butA and eicoA, respectively, and shift to 1693 cm™ and 1694 cm™ in 2butA-bpe
and 2eicoA-azp, respectively, implying stronger hydrogen bonding of the cocrystals

compared to the pure acids.
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Figure 3.20. The experimental and calculated PXRD patterns of the 2butA-bpe

cocrystal and its coformers.
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Figure 3.21. The experimental and calculated PXRD patterns of the 2eicoA-azp

cocrystal and experimental PXRD patterns of the respective coformers.

600 - ——— EicoA
——— 2EicoA-azp
——Azp

—— ButA

500 ~ ——— 2ButA-bpe
—— Bpe

400 —

300

200

Normalised Transmission (%)

100

I ¥ 1 ¥ 1 ¥ 1 * 1 M I
3300 2750 2200 1650 1100 550

Wavenumber (cm™)

Figure 3.22. The FTIR spectra of the cocrystals 2butA-bpe and 2eicoA-azp and the

respective coformers.
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In contrast with the aliphatic monocarboxylic acid coformers used, aromatic
dicarboxylic acids, pdA and bpdA both formed cocrystals with 4bipy in 1:1
stoichiometries through manual LAG with acetonitrile for thirty minutes. The PXRD
patterns of these products pdA-4bipy and bpdA-4bipy cocrystals along with the PXRD
patterns of the coformers are shown in in Figure 3.23. The peaks that are unique to
pdA-4bipy and do not belong pdA or 4bipy are 16.6 ° and 17.4 °, however, pdA-4bipy
contains unreacted 4bipy, evident by the almost identical patterns, and as a result, the
experiment is required to be repeated. The PXRD pattern of bpdA-4bipy shows
different peaks of the cocrystal compared to its coformers at 16.5 ° and 18.2 °. The
FTIR spectra of the cocrystals pdA-4bipy and bpdA-4bipy reveal carbonyl stretches
at 1709 cm™ and 1689 cm™, respectively. The carbonyl peak of pdA-4bipy is
red-shifted from the pure acid with a carbonyl peak at 1718 cm™. However, the
carbonyl stretch of bpdA-4bipy is at a higher wavenumber than the pure acid
(1674 cmt), which implies weaker hydrogen bonding within the cocrystal, compared
to the stronger hydrogen bonding of pdA-4bipy. Salt formation of pdA-4bipy has been
ruled out as the ApKa of pdA and 4bipy is within the three base units, with the very

similar pKa values of 3.24* and 3.27," respectively.
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Figure 3.23. The PXRD patterns of pdA-4bipy and bpdA-4bipy cocrystals and their

respective coformers.
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Figure 3.24. The FTIR spectra of pdA-4bipy and bpdA-4bipy cocrystals and their

respective coformers.

3.3.  Conclusion

Three new cocrystals involving the OH---Npyriay1 Supramolecular synthon have been
prepared, consisting of 2butA-bpe, 2pentA-bpe, and 2eicoA-azp which all crystallise
in the P1 space group and pack in a tail-to-tail arrangement with an all-trans
conformation of the alkyl chains, apart from 2pentA-tpe which displays a gauche twist
at the end of the chain. Additionally, the X-ray structure of 2eicoA-azp is the first
example of a single-crystal diffraction study of this acid, along with the first example
of this carboxylic acid incorporated into a multicomponent structure. These three
unique cocrystal structures model the interactions between pyridyl coformer and
PCDA and give an insight into the potential molecular packing and topochemistry of
PCDA cocrystals. Additionally, it has been generally demonstrated that the resulting
cocrystal structures from solution-based crystallisation experiments can be reproduced
by manual and mechanical grinding methods, illustrating the importance of
mechanochemistry in the role of cocrystal formation. However, additional
room-temperature SC-XRD data collection is required to investigate the ambiguous

mismatched calculated and experimental PXRD patterns of the cocrystals to
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understand whether the difference in patterns are anomalous due to thermal expansion

or due to the structural phase changes of the cocrystals.

3.4.  Experimental
Additional information relating to the materials and instrumentation used in this work

can be found in Chapter 6.

2ButA-bpe Cocrystal

Butanoic acid (50 mg, 0.57 mmol) and trans-1,2-bis(4-pyridyl)ethylene (51 mg, 0.28
mmol) crystallised from the slow evaporation of a solution of the two reactants under
ambient conditions open to the atmosphere in distilled water (1 mL). ButA-bpe can
also be synthesised by the mechanical grinding of neat butanoic acid (200 mg,
2.27 mmol) and trans-1,2-bis(4-pyridyl)ethylene (207 mg, 1.14 mmol) for 45 minutes
at a frequency of 20 s*. The formation of a cocrystal was confirmed by PXRD and
FTIR analysis. Analysis calc. for C20H26N204: C 67.02, H 7.31, N 7.82 %, found:
C 66.66, H 7.27, N 7.76 %; FTIR (cm™): 3061, 3033 v(CH)asympyr, 2959 v(CH3)asym,
2921 v(CH2)asym, 2869 v(CH2)symm, 2408 v(OH) of OH---N, 1881 v(NH) of OH::-N,
1693 v(C=0), 1602, 1558, 1462 5(CHz), 1415, 1368 w(CH2), 1308 w(CH2), 1290
o(CHy), 1197, 1070, 1012, 988, 967, 952, 903, 877, 820, 750 p(CH>), 673, 547, 464.
Crystal data: M = 358.43 g/mol, 0.43 x 0.24 x 0.11 mm?, triclinic, space group P1 (no.
2),a=6.5688(4) A, b=6.9189(4) A, c =11.4828(7) A, o = 78.001(3) °, # = 78.333(3)
° y=70.295(3) °, V = 475.61(5) A%, Z = 1, D¢ = 1.251 glcm?®, Fooo = 192.0, MoKa
radiation, L = 0.71073 A, T = 120 K, 20max = 58.992 °, 10103 reflections collected,
2644 unique (Rint = 0.0481). Final GooF = 1.039, R; =0.0409, wR2> = 0.1138, R indices
based on 2644 reflections with 1 > = 2¢(l) (refinement on F?), 170 parameters,
0 restraints, x = 0.087 mm™. Crystals from the same vial were analysed and
re-collected two years later and show the cocrystals were unchanged. Full

crystallographic information for 2butA-bpe can be found in Table 8.3 in Chapter 8.

2PentA-bpe Cocrystal

Pentanoic acid (50 mg, 0.49 mmol) and trans-1,2-bis(4-pyridyl)ethylene (45 mg, 0.25
mmol) crystallised from the slow evaporation of a solution of the two reactants under
ambient conditions open to the atmosphere in distilled water (1 mL) after two years.

PentA-bpe can also be synthesised by the manual grinding of neat pentanoic acid
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(50 mg, 0.49 mmol) and trans-1,2-bis(4-pyridyl)ethylene (45 mg, 0.25 mmol) for 30
minutes. Formation of a cocrystal was confirmed by PXRD and FTIR analysis.
Analysis calc. for C22H3zoN204: C 68.37, H 7.82, N 7.25 %, found: C 69.28, H 6.32, N
10.53 % consistent with excess bpe in the sample; FTIR (cm™): 3031 v(CH)asympyr,
2963 v(CH3)asym, 2938 v(CH2)asym, 2867 v(CHz2)symm, 2481 v(OH) of OH---N, 1905
v(NH) of OH:--N, 1699 v(C=0), 1602, 1559, 1507, 1460 8(CHz), 1422, 1370 »(CH>),
1318 o(CH>), 1260 o(CHz), 1196 o(CHz), 1113, 1069, 1011, 967, 951, 903, 877, 838,
828, 790, 754 p(CH.), 675, 568. Crystal data: M = 386.48 g/mol, 0.38 x 0.22 x 0.19
mm?, triclinic, space group P1 (no. 2), a = 6.8211(5) A, b = 7.1875(6) A,
c = 11.8334(10) A, a = 91.310(4) °, # = 105.957(3) °, y = 111.187(3) °, V = 515.24(7)
A3 7 =1, D¢ = 1.246 g/cm?, Fooo = 208.0, MoK radiation, A, =0.71073 A, T = 120 K,
20max = 57.988 °, 10001 reflections collected, 2725 unique (Rint = 0.0282). Final GooF
= 1.072, Ry = 0.0414, wR> = 0.1151, R indices based on 2725 reflections with
I >=20(l) (refinement on F2), 187 parameters, O restraints, « = 0.086 mm™. Full
crystallographic information for 2pentA-bpe can be found in Table 8.4 in Chapter 8.

2EicoA-azp Cocrystal

Eicosanoic acid (50 mg, 0.16 mmol) and 4,4’-azopyridine (15 mg, 0.08 mmol)
crystallised from the slow evaporation of a solution of the two reactants under ambient
conditions open to the atmosphere ethanol (2 mL). 2EicoA-azp can also be synthesised
by the mechanical grinding of neat eicosanoic acid (200 mg, 0.64 mmol) and
4.4’-azopyridine (59 mg, 0.32 mmol) for 45 minutes at a frequency of 20 s. The
formation of a cocrystal was confirmed by PXRD and FTIR analysis. Analysis calc.
for CsoHgsN4O4: C 74.21, H 10.96, N 6.92 %, found: C 73.45, H 10.82, N 6.58 %;
FTIR (cm™): 2956 v(CHaasym), 2916 V(CHaasym), 2849 v(CHasymm), 2499 v(OH) of
OH---N, 1904 v(NH) of OH---N, 1696 v(C=0), 1594, 1540, 1471 §(CH), 1408, 1375
®(CHz), 1328 »(CHz), 1312 o(CH2), 1296 o(CH>), 1282 w(CH>), 1267 o(CHz), 1251
®(CHz), 1232 o(CH2), 1213 o(CH>), 1196, 1181, 1108, 1048, 1012, 997, 900, 844,
780 p(CHy). Crystal data: M = 809.24 g/mol, 0.31 x 0.05 x 0.02 mm?, triclinic, space
group P1 (no. 2), a=5.460(3) A, b =6.853(3) A, c = 33.412(18) A, « = 85.955(14) °,
f = 87.011(14) °, y = 74.218(15) °, V = 1199.5(11) A3, Z = 1, D = 1.120 g/cm?,
Fooo = 448.0, MoKa radiation, A = 0.71073 A, T = 120 K, 20max = 53.996 °, 19656
reflections collected, 5216 unique (Rint = 0.2025). Final GooF = 0.921, Ry = 0.0873,
WR; = 0.1403, R indices based on 5216 reflections with 1 > = 24(1) (refinement on F?),
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267 parameters, 0 restraints, x = 0.070 mm™. Full crystallographic information for

2eicoA-azp can be found in Table 8.5 in Chapter 8.

Azp-Cl

Butanoic acid (50 mg, 0.57 mmol) and 4,4’-azopyridine (52 mg, 0.28 mmol)
crystallised from a solution of the two reactants under ambient conditions open to the
atmosphere in acetone (1 mL), resulting in a mono-chloro-substituted 4,4’-azopyridine
structure (with the chlorine present as an impurity). Analysis calc. for C1oH7N4ClI:
C54.93, H 3.23, N 25.62 %, found: C 59.12, H 6.33, N 17.71 % consistent with
butanoic acid present in the sample; FTIR (cm™): Crystal data: M = 218.65 g/mol,
0.36 x 0.15 x 0.03 mm?q, monoclinic, space group P2i/c (no. 14), a = 3.7694(4) A,
b=6.0715(6) A, ¢ =21.0713(19) A, « =90 °, £ =93.130(4) °, y = 90 °, V = 481.52(8)
A3,Z=2,D. = 1.508 g/lcm?, Fooo = 224.0, MoKa radiation, A = 0.71073 A, T = 296.15
K, 26max = 56.968 °, 6773 reflections collected, 1204 unique (Rint = 0.0555). Final
GooF = 1.217, R; = 0.0678, wR2 = 0.1464, R indices based on 1204 reflections with
I > = 20(l) (refinement on F?), 78 parameters, 1 restraint, x = 0.364 mm™. Full

crystallographic information for azp-Cl can be found in Table 8.6 in Chapter 8.

2ButA-4bipy Cocrystal

Butanoic acid (50 mg, 0.57 mmol) and 4,4’-bipyridyl (44 mg, 0.28 mmol) was
synthesised by the manual grinding of neat components for 30 minutes. Formation of
a cocrystal was confirmed by PXRD and FTIR analysis. Analysis calc. for
C18H2aN204: C 65.04, H 7.28, N 8.43 %, found: C 61.21, H 6.69, N 8.67 %. The
experiment needs to be repeated to improve the elemental analysis result; FTIR (cm™):
3055 v(CH)asym,pyr, 2965 v(CH3)asym, 2874 v(CH2)symm, 2458 v(OH) of OH::-N, 1906
v(NH) of OH:--N, 1687 v(C=0), 1602, 1545, 1469 6(CH>), 1411, 1364 »(CH>), 1312
®(CHy), 1207 o(CH>), 1074, 1045, 1003, 925, 885, 809, 749 p(CH>), 728, 621.

2HexA-4bipy Cocrystal

Hexanoic acid (50 mg, 0.43 mmol) and 4,4’-bipyridyl (34 mg, 0.22 mmol) was
synthesised by the manual grinding of neat components for 30 minutes. Formation of
a cocrystal was confirmed by PXRD and FTIR analysis. Analysis calc. for
C22H32N204: C 68.01, H 8.30, N 7.21 %, found: C 65.21, H 7.23, N 9.13 %. The
experiment needs to be repeated to improve the elemental analysis result; FTIR (cm™):
2956 v(CH3)asym, 2929 v(CHz2)asym, 2871 v(CH2)symm, 2458 v(OH) of OH---N, 1906
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Vv(NH) of OH---N, 1685 (C=0), 1600, 1541, 1469 5(CHz)), 1409, 1365 o(CH), 1318
®(CHy), 1251 o(CH2), 1195 »(CH>), 1102, 1070, 1039, 1004, 921, 878, 852, 804, 728
p(CHz2), 623.

2PentA-azp Cocrystal

Pentanoic acid (50 mg, 0.49 mmol) and 4,4’-azopyridine (45 mg, 0.25 mmol) was
synthesised by the manual grinding of neat components for 30 minutes. Formation of
a cocrystal was confirmed by PXRD and FTIR analysis. Analysis calc. for
C2o0H28N404: C 61.84, H 7.27, N 14.42 %, found: C 60.17, H 6.01, N 18.89 %. The
experiment needs to be repeated to improve the elemental analysis result; FTIR (cm™):
3041 v(CH)asym,pyr, 2962 v(CH3)asym, 2932 v(CH2)asym, 2871 v(CH2)symm, 2481 v(OH)
of OH---N, 1905 v(NH) of OH::-N, 1701 v(C=0), 1598, 1568, 1460 5(CH,), 1411,
1373 o(CH2), 1325 »(CH), 1265 o(CH2), 1203 o(CH2), 1112, 1096, 1052, 1012,
992, 879, 837, 756 p(CH>), 658, 566.

PdA-4bipy Cocrystal

2,5-Pyridinedicarboxylic acid (50 mg, 0.30 mmol) and 4,4’-bipyridyl (47 mg, 0.30
mmol) was by the manual liquid-assisted grinding of components for 30 minutes with
acetonitrile. Formation of a cocrystal was confirmed by PXRD analysis. Analysis calc.
for C24H1sN4Os: C 58.78, H 3.70, N 11.42 %, found: C 58.64, H 3.87, N 11.81 %;
FTIR (cm™): 3082, 3058 v(CH)asym,pyr, 2971 V(CH3)asym, 2815 v(CH2)symm, 2381 v(OH)
of OH---N, 1946 v(NH) of OH---N, 1709 v(C=0), 1599, 1570, 1491 §(CH,), 1404,
1379 m(CH2), 1281 w(CHy), 1250 »(CHz), 1211 »(CH>), 1145, 1129, 1064, 1025,
1003, 808, 773 p(CHz), 743, 693, 629, 543.

BpdA-4bipy Cocrystal

4,4’-Biphenyldicarboxylic acid (50 mg, 0.21 mmol) and 4,4’-bipyridyl (32 mg, 0.21
mmol) was synthesised by the manual liquid-assisted grinding of components for
30 minutes with acetonitrile. Formation of a cocrystal was confirmed by PXRD
analysis. Analysis calc. of C3sH2sN20s: C 71.24, H 4.41, N 4.37 %, found: C 70.38,
H 4.34, N 4.50 %: FTIR (cm™): 2953 v(CHa)asym, 2917 v(CH2)asym, 2845 v(CHz)symm,
1689 v(C=0), 1605, 1458 6(CH), 1413, 1325 »(CH>), 1290 o(CH>), 1262 »(CH>),
1122 »(CHy2), 1107, 1066, 1005, 945, 847, 810, 723 p(CH>), 589.
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4. The Crystal Engineering of 10,12-Pentacosadiynoic Acid Cocrystals and
Salts

4.1. Introduction

The commercially important diacetylene PCDA is used to provide a colourimetric
change in practical chemosensors,® biosensors,”2° and dosimeters.!** Although
PCDA is somewhat photoreactive, further tuning of its photoresponse is of
considerable interest, especially for radiation dosimetry applications. Covalent
modification offers a viable strategy to PCDA analogues with a tuned
photoresponse.t>1" However, since the solid state reactivity of dialkynes depends on
the crystal packing arrangement, a simpler strategy to address dialkyne reactivity is
through the modification of non-covalent interactions by cocrystal or salt
formation.'®2! Whether a cocrystal or salt will form depends on the difference in pKa
of the two components. For a cocrystal, the ApKa must be < 2-3 log units, while salt
formation is expected for a greater difference.?? 2 Cocrystals of carboxylic acids can
be prepared using the robust hydrogen-bonded COOH:---Npyrigine heterosynthon
(discussed for the model compounds in Chapter 3), while salts can be based on
ammonium complexes of more basic amines.?*?® In this work we explore the
relationship between structure and photochemistry for PCDA with three different
pyridine-containing coformers azp, 4bipy, and bpe and compare the photoreactivity of
the resulting cocrystals with aliphatic amine salts of 4,4’-bipiperidine (bipip),
morpholine (morph), piperidine (piper), ethylenediamine (etdiam), diethylamine

(dietam), and n-butylamine (butam).

4.2. Results and Discussion
4.2.1. PCDA Cocrystals
PCDA Cocrystal Structure

Based on the characterisation of the model compounds with azp, 4bipy, and bpe with
short-chain aliphatic n-carboxylic aids, the synthesis of PCDA with bifunctional
aromatic coformers were undertaken by the combination of PCDA and the coformer
in a 2:1 ratio (which reflects the single hydrogen bond donor group of PCDA and the
two hydrogen bond acceptor groups of the pyridyl coformers), respectively (Figure

4.1). Grinding PCDA and azp in a Retsch MM 200 mixer mill for one hour gave a
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powder of cocrystal 2PCDA-azp, which was characterised by PXRD (Figure 4.2) and
used for seeding the cocrystallisation of PCDA and azp in acetone. After the
evaporation of solvent at room temperature for one week, plate-shaped crystals of
2PCDA-azp formed and were analysed by SC-XRD. The structure of 2PCDA-azp
reveals the aliphatic chains of PCDA are in an anti-conformation, analogous to the
structure of PCDA, with OH---N hydrogen bonds from the carboxylic acid proton of
PCDA to the pyridyl nitrogen atom of azp at an O---N distance of 2.677(4) A (Figure
4.3). An additional weak CH---O hydrogen bond between the pyridyl C-H group and
the carbonyl oxygen atom of PCDA (at a C---O distance of 3.303(4) A) which
completes hydrogen-bonded dimer R3(7) motif. The structure of the 2eicoA-azp in
Chapter 3 effectively models the structure and interactions of 2PCDA-azp. For
instance, both cocrystals crystallise in the same space group of P1 and have very
similar hydrogen-bonding environments, as the O---N distances only differ by
0.001 A, both with estimated standard deviations of +0.004 A. Interestingly, the
topochemical parameters in 2PCDA-azp are also similar to the 2eicoA-azp cocrystal
model. The translational repeat distance of 2PCDA-azp is 5.3541(1) A while
2eicoA-azp is 5.460(3) A, and the tilt angles are 48.4 ° and 43.4 °, respectively. In
2PCDA-azp, the inter-dialkyne distance is 3.633(1) A from C10 to C13 on adjacent
molecules while the same carbon atoms in 2eicoA-azp mimic the C1-C4’ distance of
the dialkynes at 4.0447(15) A. Overall, eicoA is an excellent saturated derivative of
PCDA to imitate the hydrogen bonding and packing of PCDA cocrystallised with azp,
though, the topochemical parameters are more difficult to predict. In addition to
2PCDA-azp, the cocrystal displays significant anisotropic thermal expansion along
the c-axis which increases from 39.33 A to 40.99 A between 120 and 273 K. The
differences in the unit cell made the calculated and experimental PXRD data difficult
to compare, although it is clear that the crystal studied is representative of the bulk

material (Figure 4.4).

— N@N _ S — W
azp 4bipy bpe

Figure 4.1. The aromatic coformers used for the cocrystallisation of PCDA.
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Figure 4.2. The experimental PXRD patterns of PCDA, azp, and the cocrystal
2PCDA-azp, synthesised after one hour of the mechanical grinding of the coformers

in a 2:1 ratio, respectively.

Figure 4.3. a) The X-ray structure of 2PCDA-azp showing the OH---N hydrogen bond
(O---N distance of 2.677(4)) with the diacetylene substituents in an anti-conformation.

b) The packing diagram of 2PCDA-azp in the (100) crystallographic plane.
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Figure 4.4. The calculated and experimental PXRD pattern of 2PCDA-azp collected

at different temperatures.

Similar to the FTIR spectra of the model cocrystals in Chapter 3, the spectrum of
2PCDA-azp displays broad bands at 2522 cm™ and 1908 cm™ that can be attributed to
the stretching modes of the O-H and N-H involved in the OH:--Npyrigyi interaction
(Figure 4.5). Additionally, the spectrum shows a hydrogen-bonded carbonyl stretching
band at 1695 cm™ that is blue-shifted when compared to 1691 cm™ in pure PCDA,
which implies slightly weaker hydrogen bonding than the carboxylic acid dimer of
PCDA itself. Also, the ssSNMR of 2PCDA-azp displays a shift in the carboxylate peak
at 177.0 ppm, compared to the same peak at 182.4 ppm in PCDA, suggesting a
different environment in the cocrystal compared to the free acid (Figure 4.6). The
cocrystal 2PCDA--azp was also characterised by DSC which revealed a melting onset
temperature of 57 °C, which is lower than the melting temperatures of the individual
components (62 °C for PCDA and 96 °C for 4,4’-azopyridine?) implying relatively

weak interactions, consistent with the FTIR spectrum interpretation (Figure 4.7).
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Figure 4.5. The FTIR spectra of PCDA and 2PCDA-azp.
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Figure 4.6. The ssNMR spectra of azp, PCDA, and 2PCDA-azp.
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Figure 4.7. The DSC thermogram of 2PCDA-azp with a melt onset endotherm at
56.9 °C.

Two further cocrystals, 2PCDA-4bipy and 2PCDA-bpe, were synthesised by grinding
the coformers 4bipy and bpe with PCDA, respectively, in a 2:1 ratio for 45 minutes in
a mixer mill, to yield the cocrystal in powder form. Samples were characterised by
PXRD (Figure 4.8 and Figure 4.9) and then used in seeded crystallisations in acetone
and yielded plate and block crystals, respectively, as the solvent evaporated under
ambient conditions. A single crystal of 2PCDA-4bipy was analysed at the 119
beamline at the Diamond Light Source at 100 K, while crystals of 2PCDA-bpe were
analysed on a Bruker D8 Venture diffractometer at 120 K. The two materials are
isostructural and crystallise in the monoclinic space group P21/c. The X-ray structures
of cocrystals 2PCDA-4bipy and 2PCDA-bpe consist of hydrogen bonds between the
carboxylic acid hydrogen atom of PCDA and the pyridyl nitrogen atom of the
coformer at an O---N distance of 2.652(4) A in 2PCDA-4bipy (Figure 4.10a) and
2.6579(17) A in 2PCDA-bpe (Figure 4.10b). Interestingly the dialkyne moieties in
both structures adopt a syn-conformation, in contrast to the anti-conformation in
PCDA and 2PCDA-azp indicating that subtle modification of coformer can have a
significant effect on crystal packing mode. The X-ray structures of 2PCDA-4bipy and
2PCDA -bpe and their packing diagrams are shown in Figure 4.10c and Figure 4.10d.
The ethylene bond of 2PCDA-bpe is disordered over two positions.
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Figure 4.8. The experimental PXRD patterns of 4bipy, PCDA, and the cocrystal
2PCDA.-4bipy.
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Figure 4.9. The experimental PXRD patterns of bpe, PCDA, and the cocrystal
2PCDA -bpe.
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Figure 4.10. a) The X-ray structure of 2PCDA-4bipy with components joined by an
OH---N hydrogen bond (O---N distance of 2.6448(9) A) showing the
syn-conformation of the dialkyne substituents. b) The X-ray structure of 2PCDA-bpe
with OH---N hydrogen bonds (O---N distance of 2.6579(17) A) and the diacetylene
substituents in a syn-conformation (disorder omitted). Packing diagram of
2PCDA-4bipy in the c) (010) and d) (001) crystallographic planes.

The C1-C4’ inter-alkyne distances between adjacent PCDA molecules in
2PCDA-4bipy is within the topochemical postulate at distances of 3.730(1) A,
although it is longer than those found in PCDA and 2PCDA-azp, because of the syn
conformation of the dialkyne fragments. However, the tilt angle and the translational
repeat distance for 2PCDA-4bipy is 47.4 ° and 5.442(1) A, respectively. To directly
compare the 2PCDA-bpe cocrystal, the model compound structures 2butA-bpe and
2pentA-bpe show very similar hydrogen bonding interactions, with the N---O
hydrogen bond lengths of 2.6579(17) A, 2.6583(12) A, and 2.6723(13), respectively
(Chapter 3). It appears that only the 2butA-bpe cocrystal has alkyl substituents in an
all-trans conformation, compared to the syn-conformations observed in the
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2PCDA-bpe and 2pentA-bpe cocrystals. Additionally, 2PCDA-bpe is the only
cocrystal with disorder on the ethylene bond of bpe coformer, and the only cocrystal
out of the three that crystallises in the space group of P2,/c, as the two model
cocrystals crystallise in the P1 space group. When comparing the topochemical
parameters of each cocrystal (though the model cocrystals do not have a photoreactive
moiety), the translational repeat distance for 2PCDA-bpe is 5.449(2) A, while the
model cocrystals have values within the optimum value for this parameter (<4.9 A),
as 2butA-bpe has a C4-C4’ distance of 4.821(3) A, and 2pentA-bpe has a C5-C5’
distance of 3.9938(3) A. Interestingly, the model cocrystals have tilt angles of 43.3 °
for 2butA-bpe and 18.9 ° for 2pentA-bpe, whereas the tilt angle for 2PCDA-bpe is
greater than the optimum value (45 °) at 47.3 °. However, for the C1-C4’ inter-alkyne
distance, 2PCDA -bpe is within the ideal value (<3.8 A) at 3.726(2) A, but the model
cocrystals are outside the optimum value, at distances of 4.6266(17) A and
4.5963(4) A for 2butA-bpe and 2pentA-bpe, respectively. Therefore, the model
cocrystals provide insights into similarities in hydrogen bonding of the carboxylic
acid-pyridyl interaction, but however, do not replicate the same outlook in terms of
the packing of the molecules and the topochemical postulate, likely due to their very
short chains (4-5 carbon atoms) compared to PCDA (25 carbon atoms). A structure to
contrast the 2PCDA-bpe cocrystal is the structure of decanoic acid cocrystallised with
bpe (Figure 3.5) whereby the decanoic acid substituent of the cocrystal has a 117.7 °
bend at the a-carbon, allowing a herringbone packing of the cocrystal compared to the
lamellar packing of PCDA and the syn-conformation of the PCDA chains in
2PCDA -bpe. The syn conformation of the dialkyne substituents of 2PCDA-4bipy and
2PCDA -bpe allows an interdigitated, bilayer packing arrangement which translates to
the much longer crystallographic c-axes which encompass four folded molecules in
the cocrystals of 4bipy and bpe as opposed to two extended molecules in 2PCDA-azp.
In a similar way to 2PCDA:-azp, cocrystals 2PCDA-4bipy and 2PCDA-bpe show
considerable anisotropic thermal expansion on warming (Table 4.1). This makes the
calculated PXRD patterns appear somewhat different to the room temperature

experimental patterns (Figure 4.11 and Figure 4.12).
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Temp. . Volume
Cocrystal ) a (A b (A) c(A) B () A
100 | 5.4415(2) | 8.9535(4) | 55.673(3) | 90.8823(10) | 2712.1(2)
2PCDA-4bipy | 260 | 5.4783(3) | 8.9976(5) | 56.951(4) | 92.506(2) | 2804.5(3)
273 | 5.4761(3) | 8.9950(5) | 57.173(4) | 92.710(2) | 2813.0(5)
120 | 5.4494(3) | 8.9235(5) | 57.441(3) | 92.643(2) | 2790.2(3)
OPCDA-bpe | 260 | 5.4847(4) | 8.9801(6) | 58.562(4) | 90.849(3) | 2884.1(3)
273 | 5503(5) | 9.023(7) | 58.93(5) | 90.24(3) | 2927.0(7)

Table 4.1. The unit cell axes of 2PCDA-4bipy and 2PCDA-bpe collected at various

temperatures.
3004 —— 2PCDA 4bipy, Calc., 120 K
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Figure 4.11. The calculated and experimental PXRD patterns of 2PCDA-4bipy at

different temperatures.
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Figure 4.12. The calculated and experimental PXRD patterns of 2PCDA-bpe collected

at different temperatures.

Similar to the FTIR spectra of the model cocrystals in Chapter 3 and 2PCDA-azp, the
spectra for 2PCDA-4bipy and 2PCDA-bpe displays broad bands at 2467 cm™ and
1920 cm™, and 2462 cm™ and 1912 cm, respectively, that can be attributed to the
stretching modes of the O-H and N-H involved in the OH---Npyrigyi interaction (Figure
4.13). Additionally, the spectrum of the cocrystals reveal a red-shifted hydrogen-
bonded carbonyl stretch at 1683 cm™ and 1688 cm™ respectively, compared to 1692
cm™ in pure PCDA, implying slightly stronger hydrogen bonding. In addition to the
FTIR spectra, the ssSNMR spectra of 2PCDA-4bipy and 2PCDA:-bpe display
carboxylate peaks at 177.4 ppm and 176.9 ppm, respectively, in comparison to the
carboxylate peak of PCDA with a chemical shift of 182.4 ppm (Figure 4.14 and Figure
4.15), suggesting new carboxylate environments of the cocrystals. The DSC
thermogram of 2PCDA.-4bipy reveals a melt onset endotherm of 73 °C (Figure 4.16)
(compared to the coformer melt temperatures for PCDA and 4bipy of 62 °C and
114 °C,* respectively), while 2PCDA-bpe exhibits a melting onset temperature of
72 °C (Figure 4.17), compared to 150 °C for bpe.3! The similar melting temperatures

for the two cocrystals are expected due to the isostructural nature of these materials.
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Figure 4.13. The FTIR spectra of cocrystals 2PCDA-4bipy and 2PCDA-bpe compared
to PCDA.

| JML

100

Normalised Intensity (a.u.)

0

I T T T T T T T T T T T T T T T T T T

200 180 160 140 120 100 80 60 40 20 0
Chemical Shift (ppm)

Figure 4.14. The ssNMR spectra of 4bipy, PCDA, and 2PCDA-4bipy.
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Figure 4.15. The ssSNMR spectra of bpe, PCDA, and 2PCDA-bpe.
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Figure 4.16. The DSC thermogram of 2PCDA-4bipy with a melt onset endotherm at
73.4 °C, with a residual peak of PCDA at 63.7 °C.
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Figure 4.17. The DSC thermogram of 2PCDA-bpe displaying a melt onset endotherm
at 72.2 °C, with residual unreacted PCDA at 62.6 °C.

PCDA Cocrystal Photoreactivity

The powder of each PCDA cocrystal was placed on filter paper in a dark box and
exposed to a 6-Watt handheld UV radiation at 254 nm for varying durations (Figure
4.18). It is known that the azobenzene coformer azp itself undergoes
photoisomerisation to the cis form when irradiated at 365 nm3 and so 2PCDA-azp
was also irradiated at this wavelength in order to probe the photoresponse of the
coformer component within the cocrystal. While PCDA powder itself gradually
darkens from a white to deep blue upon irradiation, all of the cocrystals with coformers
azp, 4bipy, and bpe do not change colour despite the close C1-C4’ proximity of the
dialkyne functionalities, which are within the distance specified by the topochemical
postulate. However, the tilt angles of PCDA in the cocrystals, and the translational

repeat distances of the cocrystals are outside of the desired values.
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Figure 4.18. The coformer PCDA and cocrystals 2PCDA-azp, 2PCDA-4bipy and
2PCDA-bpe before and after UV irradiation at 254 nm for different durations. The
2PCDA -azp(a) sample was exposed to UV radiation at 365 nm while 254 nm radiation

was used for the 2PCDA-azp(b) sample.

The irradiated cocrystals were analysed by PXRD (Figure 4.19, Figure 4.20, Figure
4.21, and Figure 4.22), FTIR spectroscopy (Figure 4.23, Figure 4.24, Figure 4.25, and
Figure 4.26) and ssNMR spectroscopy (Figure 4.27, Figure 4.28, Figure 4.29, and
Figure 4.30). This data confirmed that the cocrystal samples do not undergo
photopolymerisation after irradiation. However, after one hour and one day,
2PCDA-azp and 2PCDA-bpe, display additional peaks in the PXRD patterns and
solid-state NMR spectra that are attributable to PCDA. This suggests that irradiation
decomposes the cocrystals to liberate free PCDA, particularly in the case of the
azobenzene complex 2PCDA-azp. This behaviour is attributed to the
photoisomerisation of coformer azp resulting in degradation of the cocrystal. The
PXRD pattern and ssNMR spectra also imply a less-crystalline state at one hour in

2PCDA -azp and show the presence of crystalline PCDA after one day of irradiation.
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Figure 4.19. The experimental PXRD patterns of 2PCDA-azp that was exposed to UV

radiation (254 nm) for one hour.
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Figure 4.20. The experimental PXRD patterns of 2PCDA-azp that was exposed to UV
radiation (365 nm) for one hour. The additional peak at 23.0 ° in the one hour and one

day patterns correlates to PCDA.
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Figure 4.21. The experimental PXRD patterns of 2PCDA-4bipy that was exposed to

UV radiation (254 nm) for one hour.
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Figure 4.22. The experimental PXRD patterns of 2PCDA-bpe that was exposed to UV
radiation (254 nm) for one hour. The peaks emerging in the one-day irradiated patterns
at5.7, 17.5, and 23.0 °, correlate to peaks of PCDA.
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Figure 4.23. The FTIR spectra of 2PCDA-azp that was exposed to UV radiation
(254 nm) for one hour.
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Figure 4.24. The FTIR spectra of 2PCDA-azp that was exposed to UV radiation
(365 nm) for one hour and one day.
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Figure 4.25. The FTIR spectra of 2PCDA-4bipy that was exposed to UV radiation
(254 nm) for one hour and one day.
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Figure 4.26. The FTIR spectra of 2PCDA-bpe that was exposed to UV radiation
(254 nm) for one hour and one day.
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Figure 4.27. The ssNMR spectra of 2PCDA-azp that was exposed to UV radiation

(254 nm) for one hour.
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Figure 4.28. The ssNMR spectra of 2PCDA-azp that was exposed to UV radiation
(365 nm) for one hour. The additional peak at 182.5 ppm which correlates to the
carboxylate peak of PCDA.
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Figure 4.29. The ssNMR spectra of 2PCDA-4bipy that was exposed to UV radiation

(254 nm) for one hour.
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Figure 4.30. The ssNMR spectra of 2PCDA-bpe that was exposed to UV radiation

(365 nm) for one hour. The additional peak at 180.3 ppm in the one-day irradiated

spectra corresponds to the carboxylate peak of PCDA.
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When all PCDA cocrystals were irradiated with 10 Gy of X-ray radiation and analysed
by Raman spectroscopy, they showed very little photoreactivity as evidenced by the
low intensity peaks in the conjugated ene-yne region (approx. 2100 cm™)3 that exists
before and after irradiation (Figure 4.31). Due to the pre-resonance Raman effect
mentioned previously, cocrystal 2PCDA-azp has a small ene-yne band present at
2100.4 cm™* compared to the other two cocrystals likely arising from small amounts of

PCDA photopolymer present as a contaminant in the starting PCDA sample.
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Figure 4.31. The Raman spectra of 2PCDA-azp, 2PCDA-4bipy, and 2PCDA-bpe

before and after exposure to 10 Gy of X-ray radiation.

4.2.2. PCDA Salts

PCDA Salt Structure
Cocrystals of PCDA with bifunctional coformers azp, 4bipy, and bpe appear to give

structures that are not photoreactive due to their topochemical metrics. To further
investigate the topochemical postulate of different multicomponent materials, both
mono- and bifunctional coformers with higher basicity were explored, intended to
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deprotonate the PCDA acid functionality in order to alter the hydrogen bonding pattern
and change the consequent stacking of the PCDA units. Salt formation was undertaken

with bipip, morph, piper, etdiam, dietam, and butam (Figure 4.32).

HN NH ) NH NH
_/

bipip morph piper

SN
etdiam dietam butam
Figure 4.32. The aliphatic salt formers combined with PCDA to form salts.

The combination of PCDA and compounds bipip (2:1), morph (1:1), piper (1:1),
etdiam (2:1), dietam (2:1), and butam (1:1) were mechanochemically ground in a
mixer mill to give a range of new salt materials as indicated by PXRD, FTIR, and
sSNMR analysis. The PXRD of each new salt reveals additional peaks that are not
present in either of the patterns for the individual components, suggesting the
formation of a new material. For instance, the salt 2PCDA-bipip displays a peak at
5.1 ° compared to the initial peak of PCDA and bipip at 5.7 ° and 6.2 °, respectively
(Figure 4.33). The initial peak at 2.6 ° for PCDA-morph is different to that of PCDA
and the calculated pattern of morph (15.9 °)3* (Figure 4.34), while PCDA-piper and
2PCDA -etdiam have an initial PXRD peak at 5.4 ° which is different to that of PCDA
and the calculated pattern of piper (10.2 °)** (Figure 4.35) or etdiam (19.5 °)* (Figure
4.36). The salt 2PCDA-dietam has an initial peak at 6.1 ° (though with a residual
PCDA peak at 5.7 °) in contrast to PCDA and the calculated pattern of dietam
(11.4 °)*® (Figure 4.37), while the salt PCDA-butam has an initial peak of 6.2 °,
compared to the peaks of PCDA and the calculated pattern of butam (6.6 °)3" (Figure
4.38).

196



Normalised Intensity (a.u.)

200 H

100

k A A - . L
T T T T T T T T T T T T T T T T T 1
10 12 14 16 18 20 22 24 26

300 J —— 2PCDA-bipip

—— PCDA
— Bipip

— T T
4 6 8
20(°)

Figure 4.33. The experimental PXRD patterns of bipip, PCDA, and 2PCDA-bipip.
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Figure 4.34. The experimental PXRD patterns of PCDA, PCDA-morph, and the

calculated pattern of morph.3*
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Figure 4.35. The experimental PXRD patterns of PCDA, PCDA-piper, and the
calculated pattern of piper.3*
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Figure 4.36. The experimental PXRD patterns of PCDA, PCDA-etdiam, and the
calculated pattern of etdiam.*
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Figure 4.37. The experimental PXRD patterns of PCDA and 2PCDA -dietam, and the

calculated pattern of dietam.®
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Figure 4.38. The experimental PXRD patterns of PCDA and PCDA-butam, and the

calculated pattern of butam.*’
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Additionally, FTIR analysis reveals that the carbonyl stretching modes are at lower
wavenumbers than in the free acid (PCDA, 1691 cm™) with a carbonyl stretch at
1653 cm™ in 2PCDA-bipip, PCDA-morph, and PCDA-piper, 1659 cm? in
2PCDA-etdiam, 1627 cm™ in 2PCDA-dietam, and 1649 cm™ in PCDA-butam,
suggesting stronger hydrogen bonding in the salts than the cocrystals and a delocalised
carboxylate anion structure (Figure 4.39). In addition to FTIR spectroscopy, sSSNMR
spectroscopy is able to distinguish between different chemical environments. For
instance, the carboxylate environment of PCDA is at a chemical shift of 182.4 ppm,
though this environment changes depending on which salt former is combined with
PCDA. The salt 2PCDA-bipip has a carboxylate peak at 182.6 ppm (Figure 4.40),
while PCDA-morph and PCDA:-piper have carboxylate peaks at 181.9 (Figure 4.41),
and 181.6 ppm (Figure 4.42), respectively. The salt 2PCDA-etdiam has a small
carboxylate peak at 183.7 ppm in (Figure 4.43), while 2PCDA.-dietam (Figure 4.44)
and PCDA-butam (Figure 4.45) have a carboxylate peaks at 181.4 ppm and 183.2
ppm, respectively.
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Figure 4.39. The FTIR spectra of salts 2PCDA-bipip, PCDA-morph, PCDA-piper,
2PCDA -etdiam, 2PCDA-dietam, and PCDA-butam compared to the free acid.
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Figure 4.40. The ssNMR spectra of bipip, PCDA, and 2PCDA-bipip. An added break

is included in the x-axis to compact the spectra.
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Figure 4.41. The ssNMR spectra of PCDA and PCDA-morph. Added breaks are

included in the x-axis to compact the spectra.
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Figure 4.42. The ssNMR spectra of PCDA and PCDA-piper. Added breaks are

included in the x-axis to compact the spectra.
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Figure 4.43. The ssSNMR spectra of PCDA and PCDA:-etdiam. Added breaks are

included in the x-axis to compact the spectra.
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Figure 4.44. The ssNMR spectra of PCDA and 2PCDA-dietam. Added breaks are

included in the x-axis to compact the spectra.
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Figure 4.45. The ssNMR spectra of PCDA and PCDA-butam. Added breaks are

included in the x-axis to compact the spectra.
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The X-ray structure of 2PCDA-bipip reveals a salt with two anions of PCDA and a
dication of double protonated bipip in a 2:1 stoichiometry, respectively. Also, NH---O
hydrogen bonds occur from the amine hydrogen atom of bipip and the oxygen atom
of PCDA, at an N---O distance of 2.717(1) A (Figure 4.46). The salt 2PCDA-bipip
crystallises with the same symmetry as PCDA and 2PCDA-azp in the space group P1,
with the crystallographic c-axis at the shortest observed so far at 23.0041(15) A. The
C1-C4’ inter-alkyne distance between adjacent molecules of PCDA is 3.760(2) A,
which is within the topochemical postulate for the reactivity of diacetylenes (<3.8 A),
however, the tilt angle of PCDA in the salt cocrystal is far below the desired value
(45 °) at 24.1 °, and the translational repeat distance of 5.577(2) A is outside the
maximum distance for this parameter (<4.9 A), again suggesting limited

photoreactivity.

Figure 4.46. The X-ray structure of the salt cocrystal 2PCDA-bipip in the a) (100) and
b) (001) crystallographic planes.

The PCDA-morph salt was crystallised by the slow evaporation of acetone at room
temperature, however, due to poor crystal quality after repeated crystallisation
attempts, no SC-XRD analysis of PCDA-morph could be undertaken. To model the
interactions between the two components, the synthesis of a butA-morph salt was
attempted. Large single crystals of butA-morph formed from equimolar amounts of
reagents in a sealed flask allowed to stand overnight. The X-ray structure reveals a salt
with a butanoate anion and protonated morpholinium cation (Figure 4.47). The
structure involves two unique NH---O hydrogen bonding interactions with N---O
distances of 2.673(1) A and 2.732(1) A. Based on the similar pKa of PCDA and butA
it is possible that PCDA-morph is also a salt with similar head-group structure,

although the relevance of this model system to the PCDA analogue is otherwise
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limited. Additionally, no crystal structures of PCDA-piper or 2PCDA-etdiam were

possible after repeated crystallisation attempts.

Figure 4.47. The X-ray structure of butA-morph showing two different hydrogen

bonding interactions.

The salts 2PCDA-dietam and PCDA-butam crystallised by slow evaporation of
acetone solutions at room temperature. Surprisingly, the crystals are highly coloured
purple and blue, respectively, consistent with facile photopolymerisation (Figure
4.48). However, the X-ray structure determinations reveal salts of unpolymerised
PCDA and hence the colouration is likely to be a surface effect. Indeed, cutting a single
crystal in half revealed a colourless inner core. The structure of the diethylammonium
salt proved to be a salt cocrystal that also includes a neutral molecule of PCDA (Figure
4.49). The butylammonium compound is a 1:1 salt and the structure adopts a stacked
bilayer arrangement (Figure 4.50). In 2PCDA-dietam, hydrogen bonding occurs from
the ammonium N-H hydrogen atoms to the carbonyl oxygen of PCDA, with an N:--O
distance of 2.737(1) A. The carboxylic acid group of the neutral PCDA hydrogen
bonds to the carboxylate functionality on the PCDA anion with a very short O---O
distance of 2.444(1) A (the additional hydrogen atom present between PCDA and the
PCDA anion is disordered). In the 1:1 salt PCDA-butam, there are three different
hydrogen bond interactions from the NH3" cation to the carboxylate oxygen atoms of
the PCDA anion, with NH---O distances of 2.671(1) A, 2.725(1) A, and 2.784(1) A.
The 2PCDA-dietam structure also has a large c-axis of 57.520(4) A, which is the
longest c-axis of all the structures studied reflecting the linear, parallel arrangement of
the PCDA components. Salts 2PCDA-dietam and PCDA-butam have similar C1-C4’
inter-alkyne distances of 3.776(2) A and 3.779(1) A, respectively, with tilt angles of
41.9 ° and 43.7 °, and translational repeat distances of 4.644(3) A and 4.593(1) A. For
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these two salts, all three values are well within the optimum parameters of the
topochemical postulate, and they are therefore are expected to show significant

photoreactivity, consistent with the spontaneous surface colouration of the crystals.

Figure 4.48. Photographs of a) the purple crystal of 2PCDA-dietam and b) the blue
crystals of PCDA-butam, taken before X-ray irradiation.

Figure 4.49. The X-ray structure of 2PCDA-dietam in the a) (100) and b) (010)

crystallographic planes.
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Figure 4.50. The X-ray structure of PCDA-butam b) in the (100) crystallographic

plane.

The DSC analyses of the PCDA salts reveal melt onset endotherms of 107 °C for
2PCDA-bipip (Figure 4.51) (compared to 62 °C and 170 °C%* for the parent
components PCDA and bipip, respectively). This relatively high value likely reflects
the fact that proton transfer has occurred as well as the higher melting point of the
bipip coformer. The salt PCDA-morph has a low melting onset of 44 °C (Figure 4.52)
consistent with the fact that morph is a liquid at room temperature (it freezes and boils
at—5.8 °C and 128 °C, respectively).*® The DSC thermogram of PCDA-piper displays
a split onset of endotherm at 41.3 °C and 46.4 °C, which do not correspond to the
melting point of PCDA or the boiling point of piper (106 °C)* (Figure 4.53).
Unfortunately, a DSC thermogram of 2PCDA-etdiam could be obtained. However,
the salt 2PCDA-dietam exhibits a melt onset endotherm of 46 °C (Figure 4.54), in
comparison to the boiling temperature of 55 °C for dietam,** while PCDA-butam
displays a melt onset endotherm at 57 °C (Figure 4.55), with the salt former butam
boiling at 77 °C.*2
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Figure 4.51. The DSC thermogram of 2PCDA:-bipip displaying a melt onset
endotherm at 107.4 °C with residual unreacted PCDA between 59.5-64.6 °C
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Figure 4.52. The DSC thermogram of PCDA-morph displaying a melt onset
endotherm at 43.8 °C.
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Figure 4.53. The DSC thermogram of PCDA: piper displaying a split melt onset
endotherm at 41.3 °C and 46.4 °C, suggesting the presence of an impurity.
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Figure 4.54. The DSC thermogram of 2PCDA-dietam displaying a melt onset
endotherm at 45.8 °C
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Figure 4.55. The DSC thermogram of PCDA-butam displaying a melt onset
endotherm at 57.3 °C.

PCDA Salt Photoreactivity
The salts 2PCDA:-bipip, PCDA-morph, PCDA:-piper, 2PCDA:-dietam, and
PCDA-butam were exposed to UV radiation (254 nm) for different durations to

investigate whether the new materials were photoresponsive. Initial photoreactivity
studies indicate that all salts (apart from 2PCDA-bipip) are sensitive to radiation due

to the significant darkening of the powders with prolonged irradiation (Figure 4.56).
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Figure 4.56. The salts 2PCDA:-bipip, PCDA-morph, PCDA-piper, 2PCDA-dietam,
and PCDA-butam exposed to UV radiation (254 nm) for different durations.
Photographs of 2PCDA-etdiam before and after UV irradiation are not currently
available.

The bipiperidinium salt 2PCDA-bipip is not photoresponsive, evident by the PXRD
(Figure 4.57), FTIR (Figure 4.58), and ssNMR analyses (Figure 4.59), consistent with
the unfavourable translational repeat distance observed in the X-ray structure. From
these results, bifunctional salt/coformers in general seem to give rise to a slightly offset
packing mode that consistently results in an unfavourable repeat distance and tilt angle
and hence essentially no photosensitivity. In contrast, the salts of monofunctional
ammonium cations are all highly photoactive. Significant visual colour change occurs
after just five minutes of irradiation for the salts PCDA-morph, PCDA:-piper,
2PCDA-dietam, and PCDA-butam (Figure 4.56). Signals assigned to
photopolymerised material are clearly visible by solid-state NMR spectroscopy. The
salt PCDA-morph displays a monomer to polymer conversion of <7 % after one day
and <27 % after seven days of exposure to UV radiation (Figure 4.60). The amount of
polymerised material is determined by integrating the alkyne peak of greatest intensity
compared to the alkene peaks (100-140 ppm). However, the salt PCDA-piper displays
a greater sensitivity to UV radiation with the photoconversion after one day of UV
exposure to be <30 %, increasing to <98 % after seven days of exposure (Figure 4.61).
Similarly, 2PCDA-dietam shows the greatest sensitivity towards UV radiation by
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ssSNMR spectroscopy with the most significant change occurring in the alkene region
of the spectrum corresponding to the ene-yne photopolymer functionality. The
photoconversion of 2PCDA-dietam is suggested to be <42 % after one day of UV
irradiation, and increases to almost complete conversion of monomer to polymer
(<99 %) after seven days of irradiation (Figure 4.62). In contrast, PCDA-butam only
shows <10 % of monomer to polymer conversion after one day of irradiation,
increasing to <33 % of photoconversion after exposure to UV radiation for one week
(Figure 4.63). However, even in these systems the conversion is slow, and the
sharpness of the NMR resonances imply a relatively low degree of oligomerisation.
This kind of slow reactivity reflects the solid-state nature of the process resulting in
poor radiation penetration into the bulk of the sample. However, this gradual response
is desirable in dosimetry applications making these materials of considerable
commercial interest. The photoreactivity of 2PCDA-dietam and PCDA:-butam is
consistent with the crystal packing revealed by their structures, which both show
parameters within the range specified by the topochemical postulate. While structural
data is not available for the morpholinium or piperidinium salts, it seems likely that
these too are within the topochemical postulate range. The topochemical parameters

for each compound are summarised in Table 4.2.
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Figure 4.57. The experimental PXRD patterns of 2PCDA:-bipip exposed to different
durations of UV radiation (254 nm).
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Figure 4.58. The FTIR spectra of 2PCDA-bipip exposed to UV radiation (254 nm) for
different durations.
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Figure 4.59. The ssNMR spectra of 2PCDA-bipip exposed to different durations of

UV radiation (254 nm). Added breaks are included in the x-axis to compact the spectra.
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Figure 4.60. The ssSNMR spectra of PCDA-morph exposed to different durations of

UV radiation (254 nm). Added breaks are included in the x-axis to compact the spectra.
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Figure 4.61. The sSNMR spectra of PCDA-piper exposed to different durations of UV
radiation (254 nm). Added breaks are included in the x-axis to compact the spectra.
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Figure 4.62. The ssSNMR spectra of 2PCDA-dietam exposed to different durations of

UV radiation (254 nm). Added breaks are included in the x-axis to compact the spectra.

215



300 + —— 7 days
—— 1 day
—— PCDA-butam

200

L e

100

L ol LMM

AN
AN T T T T T T I\\l T T T T T 1

180 130 120 110 10080 70 60 40 30 20 10
Chemical Shift (ppm)

Normalised Intensity (a.u.)

Figure 4.63. The ssNMR spectra of PCDA-butam exposed to different durations of

UV radiation (254 nm). Added breaks are included in the x-axis to compact the spectra.

Topochemical postulate 4 ") 60)
<3.8 <4.9 45
PCDA 3.712(1) 4.574(1) 44.7
2PCDA-azp 3.633(1) 5.354(1) 48.4
2PCDA -4bipy 3.730(1) 5.442(1) 47.4
2PCDA-bpe 3.726(2) 5.449(2) 47.3
2PCDA-bipip 3.760(2) 5.577(2) 24.1
2PCDA-dietam 3.776(2) 4.644(3) 41.9
PCDA-butam 3.779(1) 4.593(1) 43.7

Table 4.2. Topochemical parameters for PCDA cocrystals and salts structurally
characterised in this work. The parameter ‘d’ is the C1-C4 distance, while ‘r’ is the
translational repeat distance. The tilt angle (0) is calculated from the orientation of

PCDA in the cocrystal and salt cocrystal samples.

The FTIR analysis of the salt cocrystals after irradiation shows that salts PCDA-morph
(Figure 4.64), PCDA-piper (Figure 4. 65), 2PCDA-dietam (Figure 4.66), and
PCDA-butam (Figure 4.67) begin to lose their volatile coformers after prolonged UV

exposure and revert to free carboxylic acids. This is evidenced by the decrease in
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intensity of the carboxylate asymmetric stretch band v(COz)asym Of the salt (1653 cm™
in PCDA-morph, 1627 cm™ in 2PCDA-dietam, and 1649 cm™ in PCDA-butam) and
the emergence of a free acid peak at 1691 cm™ as the sample is irradiated. The effect
iIs highly pronounced for the morpholinium and piperdinium salts which reverts to free
acid after just one hour while dietam and butam begin to separate from their respective
salts after one day of irradiation, indicating potential weaker hydrogen bonding in
PCDA-morph and PCDA:-piper, though this cannot be confirmed due to a lack of
structural evidence. Interestingly, given the very limited photoreactivity of PCDA
itself, salt formation followed by removal of the amine in this way gives an interesting
route to the free acid photopolymer and hence transient amine complexation
effectively catalyses the photopolymerisation reaction of PCDA itself. The salts
PCDA-morph, 2PCDA-dietam, and PCDA-butam were also exposed to ambient
conditions for seven days to investigate whether the amine is lost from the salts
without irradiation. The FTIR of salts PCDA-morph and PCDA-butam display
changes consistent with UV irradiation for one day, while salt 2PCDA-dietam displays
total loss of amine from the salt under ambient conditions after seven days (the FTIR
spectrum of PCDA-piper exposed to ambient conditions for seven days is not currently
available). The resulting carboxylic acid is a mixture of free PCDA and photopolymer.
These findings are also supported by PXRD analysis of the irradiated salts (Figure
4.68, Figure 4.69, Figure 4.70, and Figure 4.71).
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Figure 4.64. The FTIR spectra of PCDA-morph exposed to UV radiation (254 nm) for
different durations, and the exposure to ambient conditions (AC) in the laboratory for

one week.
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Figure 4. 65. The FTIR spectra of PCDA-piper exposed to UV radiation (254 nm) for
different durations.
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Figure 4.66. The FTIR spectra of 2PCDA-dietam exposed to UV radiation (254 nm)
for different durations and the exposure to ambient conditions (AC) in the laboratory
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Figure 4.67. The FTIR spectra of PCDA-butam exposed to UV radiation (254 nm) for
different durations and the exposure to ambient conditions (AC) in the laboratory for

one week.
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Figure 4.68. The experimental PXRD patterns of PCDA-morph exposed to different
durations of UV radiation (254 nm).
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Figure 4.69. The experimental PXRD patterns of PCDA-piper exposed to different
durations of UV radiation (254 nm).

220



500

400

—— 7 days

— 1 day

— 2 hours

— 1 hour

—— 2PCDA-dietam

300

200 -+

Normalised Intensity (a.u.)

100 -

26(°)

Figure 4.70. The experimental PXRD patterns of 2PCDA-dietam exposed to different

durations of UV radiation (254 nm).
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Figure 4.71. The experimental PXRD patterns of PCDA-butam exposed to different

durations of UV radiation (254 nm).
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Similar to the unreactive PCDA cocrystals, the Raman analysis of the salt
2PCDA-bipip reveals a band at 2258.4 cm™ assigned to unreacted dialkyne even after
100 Gy of X-ray irradiation which further reinforces that the salt is photostable (Figure
4.72). The small ene-yne photopolymer band at 2100.3 cm™ is likely to arise from
small amounts of photopolymerised PCDA impurities. On the other hand,
PCDA-morph shows impressive sensitivity X-ray radiation as indicated by the
presence of the significant ene-yne band at 2088.1 cm™ (Figure 4.73). This band is
significantly red-shifted compared to photopolymerised PCDA, indicating a more
planar, conjugated conformation of the chromophore. This is in contrast to PCDA
alone which exhibits torsional strain on the m-bonds of the chromophore when
irradiated.%® Salt PCDA-morph also shows significantly more visual colour change
upon irradiation compared to PCDA alone. It is likely that the increased hydrogen
bonding in the salt brings the monomers of PCDA in a closer spatial arrangement and
hence makes it more photosensitive. Unfortunately, the photoreactive salt
PCDA -piper was unable to be analysed by Raman spectroscopy. After 100 Gy of
X-ray irradiation, salt 2PCDA.-dietam also displays a prominent photopolymer alkyne
band at 2097.7 cm™ with minimal residual dialkyne signal (Figure 4.74). The pre-
resonance Raman effect is very evident in 2PCDA-dietam and can be seen in the
exaggeration of the ene-yne band relative to the dialkyne band in the region of
2250 cm™. Interestingly in the Raman spectrum of 2PCDA.-dietam, the breadth of the
ene-yne band, and the presence of an additional alkene peak at 1500 cm™ at slightly
higher wavenumber than the typical major 1445 cm™ alkene band indicates multiple
conformations of the polymerised material, and implies some structural differences in
the resulting chromophore suggesting that multiple conformations of the polymerised
salt exist. For PCDA-butam, Raman analysis of the 100 Gy X-ray irradiated sample
shows that the salt gradually photopolymerises and has a similar radiation sensitivity
as PCDA alone, with an ene-yne band at 2098.1 cm™ (Figure 4.75). Additionally, for
the photosensitive salts, the C-H wagging progressions arising between 1300 cm™ and
1150 cm* from the polymer side chains of PCDA in the salts change with irradiation
to suggest a changed conformational structure. The change of the side chain
conformation is due to difference in phase angles of coupled oscillations between
methylene groups. These differences in C-H wagging progressions can be used as an
additional conformational tool for detecting the presence of a PCDA polymer. Close

examination of the differences in frequency within the wagging mode progressions
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may also indicate stresses on the side chains due to their close approach to each other
as the polymer is formed. Interestingly, the positions of the ene-yne alkyne bands in
the irradiated diethylammonium and butylammonium salts of around 2100 cm™
contrast sharply with the value of 2066.3 cm™ obtained for Li-PCDA. This
significantly red-shifted value implies a much more planar ‘ordered’ chromophore in
the lithium salt and hence while the commercial material exists in an ordered ‘blue
state’ the use of the organic salt-formers give a less ordered ‘red state’ photopolymer.
The value of 2088 cm™ for the morpholinium salt is somewhere in between and

implies that the polymer ordering and hence, potentially, colour may be tunable.
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Figure 4.72. The Raman spectra of 2PCDA-bipip before and after exposure to 100 Gy

of X-ray radiation.
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Figure 4.73. The Raman spectra of PCDA-morph before and after exposure to 100 Gy

of X-ray radiation.
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Figure 4.74. The Raman spectra of 2PCDA-dietam before and after exposure to 100
Gy of X-ray radiation.
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Figure 4.75. The Raman spectra of PCDA-butam before and after exposure to 100 Gy

of X-ray radiation.

In an attempt to assess the degree of polymerisation the irradiated samples were
analysed by two different mass spectrometry techniques, matrix-assisted laser
desorption/ionisation (MALDI) and atmospheric solid analysis probe (ASAP).
However, neither method was able to fully quantify the amount of polymer present in
the samples nor the molecular weight distribution, as MALDI did not generate any
signals assignable to photopolymerised material. In contrast, the ASAP technique did
show peaks assigned to PCDA monomer, dimer, and trimer, however, the distribution
of these signals was the same before and after UV irradiation for one day for PCDA
itself and even for 2PCDA-dietam UV irradiated for 14 days. It is likely that higher
molecular weight oligomers are present given the broadness of the sSNMR spectra,
therefore, the PCDA salts are not volatile enough to be detected by mass spectrometry
in this way. Similarly, the poor solubility of the polymerised materials made them

unsuitable for gel permeation chromatography.
Preliminary Photoreactivity Results

In addition to the salt photoreactivity studies, preliminary studies were conducted to

investigate how free radical photoinitiators affected the photoreactivity of the system
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when combined with a photoreactive salt. To explore this, a 5 % molar ratio of
benzophenone (BP) and 2-methyl-4'-(methylthio)-2-morpholinopropiophenone
(MPP) (Figure 4.76) were combined with PCDA and morph (1:1) in a mixer mill for
45 minutes at a frequency of 20 s™*. Upon exposure to UV radiation (254 nm), the
PCDA morpholinium salt in the presence of the photoinitiators displayed a reduced
reactivity compared to PCDA-morph alone, evident by the lack of colour change in
the powdered samples until one hour of UV irradiation for PCDA-morph with MPP,
and after two hours of irradiation for PCDA-morph with BP (Figure 4.77). These
findings suggest that the photoinitiators are able to control the photoreactivity of the

radiation-sensitive salt. No further characterisation of these systems was conducted.
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Figure 4.76. The photoinitiators used in this study, benzophenone (BP) and 2-methyl-
4'-(methylthio)-2-morpholinopropiophenone (MPP).
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Figure 4.77. Photographs of PCDA-morph exposed to UV radiation (254 nm) for two
days compared to the salt ball milled with a 5% molar ratio of BP and MPP.

4.3. Conclusion
Three PCDA cocrystals 2PCDA-azp, 2PCDA-4bipy, and 2PCDA-bpe have been
prepared which were engineered to exhibit the common carboxylic acid---pyridine

supramolecular synthon. The lamellar structures of these surfactant-like compounds
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exhibit two very different packing modes with either a syn or anti conformation of the
dialkyne substituents and display considerable thermal expansion in the c-axis
direction upon warming. The cocrystal with the shortest dialkyne distance of
3.631(6) A is 2PCDA-azp, which is shorter than in PCDA itself, and all cocrystals
have inter-alkyne distances within the topochemical postulate. However, all PCDA
cocrystals exhibit very little response to UV and X-ray radiation, because the
translational repeat distances are greater than the maximum value. Hence,
cocrystallisation appears to significantly stabilise PCDA in the solid state. This
observation is somewhat surprising in the light of the photoreactivity of related
pyridyl-containing cocrystals of di- and trialkynes.*® ® Due to the bulky nature of
bipip, the salt 2PCDA:-bipip also did not photopolymerise. In contrast, salts of
monofunctional amines gave photoreactive materials. For example, the morpholinium
salt, PCDA-morph, changes from pink-to-blue-to-black in under 10 minutes of UV
irradiation. Also, the PCDA-piper and 2PCDA-dietam salts displayed significant
photoreactivity and undergo an impressive pink-to-blue colour change for
PCDA:-piper and lilac-to-black colour change with under five minutes of UV
irradiation for 2PCDA-dietam. The photoreactive salt PCDA-butam also displays
impressive photoreactivity. The X-ray crystal structures of 2PCDA-dietam and
PCDA-butam indicate that these salts adhere to the topochemical postulate. These
radiation-sensitive salts are of considerable commercial interest for the development
of radiochromic films and due to their different sensitivities to radiation, can be
applied to different radiation dose ranges, and therapeutic areas. Preliminary
indications suggest that they outperform the commercial lithium salt in terms of
photosensitivity, while Raman spectroscopy shows that the photopolymers are
relatively disordered with ene-yne bands in the range 2088 — 2100 cm™, potentially
allowing access to a range of colours. The novel feature of amine evaporation over
time means that transient ammonium salt formation with a volatile amine effectively

catalyses the solid-state photopolymerisation of the relatively unreactive PCDA.

4.4.  Experimental
Additional information relating to the materials and instrumentation used in this work

can be found in Chapter 6.
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PCDA 4,4’-Azopyridine Cocrystal

Cocrystal 2PCDA--azp was prepared by grinding PCDA (0.15 g, 0.40 mmol) and azp
(0.037 g, 0.20 mmol) in a 2:1 ratio, respectively, in a Retsch MM 200 mixer mill for
one hour at a frequency of 20 s* (yield 0.10 g, 0.22 mmol, 55 %). The resulting powder
was used as a seed (ca. 0.005 g, 0.011 mmol) for the cocrystallisation of PCDA
(0.025 g, 0.067 mmol) and azp (0.006 g, 0.033 mmol) in acetone (2 mL). After brief
sonication, the solution was left to crystallise by slow evaporation at room
temperature, which vyielded large colourless plate crystals. Analysis calc. for
CaoH4sN202: C 77.19, H 9.94, N 6.01 %, found: C 77.19, H 9.93, N 5.32 %; FTIR
(cm™): 2936 v(CH3)asym, 2919 V(CH2)asym, 2850 v(CH2)symm, 2522 v(OH) of OH---N,
1908 v(NH) of OH---N, 1695 v(C=0), 1598, 1567, 1470 6(CH>), 1410, 1376 w(CH>),
1348 »(CH2), 1318 o(CHz2), 1289 w(CHz2), 1253 w(CHz), 1214 »(CH.), 1184, 1101,
1048, 1011, 990, 900, 848, 739, 719 p(CH2), 671, 660. Crystal data: M = 466.69 g/mol,
0.32 x 0.09 x 0.02 mm3, triclinic, space group P1 (no. 2), a = 5.3544(3) A,
b = 6.8239(4)A, ¢ = 39.920(2) A, « = 87.742(4) °, p = 88.869(4) °, y = 75.291(4) °,
V = 1409.64(14) A3, Z = 2, D; = 1.100 g/cm®, Fooo = 512.0, CuKo radiation,
A =154178 A, T=120 K, 20max = 137.98 °, 33397 reflections collected, 5160 unique
(Rint = 0.1445). Final GooF = 1.090, R1 = 0.0994, wR2 = 0.1798, R indices based on
5160 reflections with | > = 24(I) (refinement on F?), 312 parameters, O restraints,
u=0.522 mm™. Full crystallographic information for 2PCDA-azp can be found in
Table 8.7 in Chapter 8.

PCDA 4,4’-Bipyridyl Cocrystal

Cocrystal 2PCDA-4bipy was prepared by grinding PCDA (0.15 g, 0.40 mmol) and
4bipy (0.032 g, 0.20 mmol) in a Retsch MM 200 mixer mill for 45 minutes at a
frequency of 20 s (yield = 0.091 g, 0.20 mmol, 50 %). The resulting powder was used
as a seed (ca. 0.005 g, 0.011 mmol) for the cocrystallisation of PCDA (0.025 g, 0.067
mmol) and 4bipy (0.053 g, 0.034 mmol) in acetone (2 mL). After brief sonication, the
solution was left to crystallise by slow evaporation at room temperature, which yielded
small colourless plate crystals. Analysis calc. for CaoHssN20.: C 79.60, H 10.24, N
3.09 %, found: C 79.24, H 10.20, N 3.12 %; FTIR (cm™): 3062, 2935 v(CHz)asym,
2919 v(CH2)asym, 2850 v(CH2)symm, 2467 v(OH) of OH---N, 1920 v(NH) of OH:--N,
1683 v(C=0), 1600, 1541, 1471 §(CHz), 1408, 1365 w(CH2), 1325 w(CH2), 1287
®(CH2), 1253 o(CH>), 1212 »(CH>), 1187, 1128, 1102, 1071, 1000, 898, 821, 749,
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718 p(CH2), 666, 625. Crystal data: M = 452.68 g/mol, 0.12 x 0.04 x 0.03 mm?,
monoclinic, space group P2i/c (no. 14), a = 5.4415(2) A, b = 8.9535(4) A,
¢ =55.673(3) A, # = 90.8823(10) °, V = 2712.1(2) A3, Z = 4, D. = 1.109 g/cm?,
Fooo = 996.0, synchrotron radiation, A = 0.6889 A, T =100 K, 20max = 57.994 °, 47696
reflections collected, 7923 unique (Rint = 0.0663). Final GooF = 1.069, R1 = 0.0529,
WR2 = 0.1510, R indices based on 7923 reflections with | > = 24(1) (refinement on F?),
303 parameters, 0 restraints, x = 0.064 mm™. Full crystallographic information for
2PCDA-4bipy can be found in Table 8.8 in Chapter 8.

PCDA trans-1,2-Bis(4-pyridyl)ethylene Cocrystal

Cocrystal 2PCDA--bpe was prepared by grinding PCDA (0.15 g, 0.40 mmol) and bpe
(0.039 g, 0.21 mmol) in a Retsch MM 200 mixer mill for 45 minutes at a frequency of
20 st (yield =0.12 g, 0.26 mmol, 65 %). The resulting powder was used as a seed (ca.
0.005 g, 0.011 mmol) for the cocrystallisation of PCDA (0.025 g, 0.067 mmol) and
bpe (0.0061 g, 0.033 mmol) in acetone (2 mL). After brief sonication, the solution was
left to crystallise by slow evaporation at room temperature and yielded small
colourless block crystals. Analysis calc. for CaiH47NO2: C 79.95, H 10.17, N 3.01 %,
found: C 79.84, H 10.14, N 2.86 %; FTIR (cm™): 3037, 2928 v(CHs)asym, 2919
V(CH2)asym, 2850 v(CHa2)symm, 2462 v(OH) of OH---N, 1912 v(NH) of OH---N, 1688
v(C=0), 1604, 1560, 1471 5(CH>), 1414, 1365 »(CH>), 1325 w(CH>), 1287 »(CH>),
1252 o(CHy), 1235 o(CH), 1213 o(CH), 1183, 1127, 1100, 1070, 1011, 974, 921,
895, 826, 749, 718 p(CH2), 664. Crystal data: M = 465.69 g/mol, 0.36 x 0.31 x 0.23
mm?, monoclinic, space group P2i/c (no. 14), a = 5.4494(3) A, b = 8.9235(5) A,
c=57.441(3) A, p = 92.643(2) °, V = 2790.2(3) A3, Z = 4, D = 1.109 g/cm?,
Fooo = 1024.0, MoKa radiation, A = 0.71073 A, T = 120 K, 20max = 56.98 °, 34945
reflections collected, 6537 unique (Rint = 0.0635). Final GooF = 1.034, R; = 0.0560,
WR2 = 0.1073, R indices based on 6537 reflections with 1 > = 24(1) (refinement on F?),
321 parameters, 1 restraint, x = 0.067 mm™. Full crystallographic information for
2PCDA -bpe can be found in Table 8.9 in Chapter 8.

PCDA 4,4’-Bipiperidine Salt

Salt 2PCDA-bipip was prepared by grinding PCDA (0.2 g, 0.53 mmol) and bipip
(0.045 g, 0.27 mmol) in a 2:1 ratio in a Retsch MM 200 mixer mill for 90 minutes at
a frequency of 20 s (yield = 0.22 g, 0.40 mmol, 89 %). The resulting powder (0.030 g)

was combined with ethanol (2 mL) and briefly sonicated and left to crystallise by slow
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evaporation at room temperature. Colourless plate crystals formed after two weeks.
Analysis calc. for CeoH104N204: C 78.55, H 11.43, N 3.05 %, found: C 77.94, H 11.36,
N 2.83 %; FTIR (cm™): 2958 v(CH3)asym, 2917 v(CH2)asym, 2849 v(CH2)symm, 2676,
1750, 1654 v(C=0), 1523, 1467 5(CH.), 1421, 1405, 1388 w(CH.), 1364 »(CH2),
1336 o(CH2), 1307 »(CH>), 1273 o(CH2), 1231 o(CH2), 1197, 1175, 1145, 1121,
1099, 1011, 975, 920, 814, 769, 752, 719 p(CH2), 662, 640. Crystal data: M = 917.45
g/mol, 0.767 x 0.314 x 0.1 mm?, triclinic, space group P1 (no. 2), a=5.5770(4) A, b
=11.8339(8) A, ¢ =23.0041(15) A, « =100.670(2) °, 5 = 96.096(2) °, y = 103.007(2) °,
V = 1436.25(17) A3, Z = 1, Dc = 1.061 g/cm?®, Fooo = 510.0, MoKa radiation,
L =0.71073 A, T = 120 K, 20max = 65 °, 36532 reflections collected, 10400 unique
(Rint = 0.0455). Final GooF = 1.019, R1 = 0.0497, wR2 = 0.1263, R indices based on
10400 reflections with | > = 2¢(1) (refinement on F?), 312 parameters, O restraints,
u=0.064 mm™. Full crystallographic information for 2PCDA-bipip can be found in
Table 8.10 in Chapter 8.

PCDA Morpholine Salt

Salt PCDA-morph was prepared by grinding PCDA (0.2 g, 0.53 mmol) and morph
(0.046 mL, 0.53 mmol) in a Retsch MM 200 mixer mill for 45 minutes at a frequency
of 20 s (yield = 0.24 g, 0.52 mmol, 98 %). The resulting powder (0.030 g) was
combined with acetone (3 mL) and briefly sonicated and left to crystallise by slow
evaporation at room temperature. Colourless plate crystals formed after two weeks,
however, crystallisations with and without seeding yielded poor-quality crystals that
did not diffract sufficiently to allow single crystal structure determination. Analysis
calc. for C29Hs1NOs: C 75.45, H 11.14, N 3.03 %, found C 75.18, H 11.08, N 2.80 %;
FTIR (cm™): 2945 v(CH3)asym, 2917 v(CHz2)asym, 2850 v(CHz)symm, 1652 v(C=0), 1515,
1474, 1463 8(CHy), 1406, 1394 ©(CH.), 1375 w(CHz), 1296 w(CH>), 1243 w(CHy>),
1173, 1108, 1056, 1002, 922, 887, 879, 830, 728, 719 p(CH>), 616.

Morpholinium Butanoate Salt

Salt butA-morph was prepared by combining butanoic acid (0.05 mL, 0.55 mmol) and
morpholine (0.047 mL, 0.55 mmol) to give a yellow oil and was left to precipitate
slowly overnight in a sealed round-bottom flask to yield large colourless plate crystals
(yield = 0.088 g, 0.5 mmol, 91 %). Analysis calc. for CsH17NOs: C 54.84, H 9.78, N
7.99 %, found: C 54.38, H 10.06, N 7.70 %; FTIR (cm™): 2961 v(CHz)asym, 2871
Vv(CH2)symm, 1711 v(C=0), 1545, 1456 5(CH.), 1394 »(CH2), 1379 »(CH), 1303
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®(CH2), 1243 o(CH), 1195, 1107, 1049, 997, 878, 829, 766 p(CH), 615. Crystal
data: M = 175.22 g/mol, 0.44 x 0.25 x 0.21 mm?3, monoclinic, space group C2/c (no.
15), a = 20.0926(14) A, b = 8.0678(6) A, ¢ = 11.6061(8) A, p = 97.064(3) °,
V =1867.1(2) A3 7=8,D.=1.247 g/cm?®, Fooo= 768.0, MoKa radiation, A = 0.71073
A, T =120 K, 20max = 58.994 °, 13471 reflections collected, 2587 unique
(Rint= 0.0313). Final GooF = 1.023, Ry = 0.0356, wR> = 0.0931, R indices based on
2587 reflections with 1 > = 24(1) (refinement on F?), 177 parameters, O restraints,
1 =0.094 mm™. Full crystallographic information for butA-morph can be found in
Table 8.11 in Chapter 8.

PCDA Piperidine Salt

Salt PCDA-piper was prepared by grinding PCDA (0.2 g, 0.53 mmol) and piper (0.053
mL, 0.53 mmol) in a Retsch MM 200 mixer mill for 45 minutes at a frequency of 20 s
(yield =0.23 g, 0.50 mmol, 91 %). The resulting powder (0.030 g) was combined with
acetone (2 mL) and briefly sonicated and left to crystallise by slow evaporation at
room temperature. However, no crystals of suitable quality for SC-XRD were
obtained. Analysis calc. for C3oHs3sNO.: C 78.37, H 11.62, N 3.05 %, found: C 75.81,
H 11.03, N 2.63 %. The synthesis of the salt is required to be repeated and placed in a
vacuum desiccator before analysis; FTIR (cm™): 2960 v(CHsz)asym, 2917 v(CH2)asym,
2848 v(CHz2)symm, 2661, 2542, 1750, 1653 v(C=0), 1522, 1463 3(CH-), 1430, 1400,
1385 ®(CH>), 1359 o(CHz), 1327 ®(CH?2), 1306 ©(CH2), 1269 w(CHz), 1239 o(CH2),
1179, 1099, 1087, 1040, 982, 954, 924, 845, 812, 721 p(CH>), 661, 572.

PCDA Ethylenediamine Salt

Salt 2PCDA -etdiam was prepared by grinding PCDA (0.2 g, 0.53 mmol) and etdiam
(0.018 mL, 0.27 mmol) in a Retsch MM 200 mixer mill for 45 minutes at a frequency
of 20 s (yield = 0.21 g, 0.47 mmol, 94 %). The resulting powder (0.030 g) was
combined with acetone (2 mL) and briefly sonicated and left to crystallise by slow
evaporation at room temperature. However, no crystals of suitable quality for
SC-XRD were obtained. Analysis calc. for Cs2Hg2N204: C 77.17, H 11.46, N 3.46 %,
found: C 74.30, H 10.90, N 3.27 %. The synthesis of the salt is required to be repeated
and placed in a vacuum desiccator before analysis; FTIR (cm™): 2955 v(CH3)asym,
2919 v(CH2)asym, 2846 v(CH2)symm, 2758, 2561, 2189, 1659 v(C=0), 1571, 1509, 1461
0(CHy), 1411, 1329 w(CHz2), 1271 »(CH2), 1239 ©(CH), 1200 o(CH2), 1117, 1096,
1028, 933, 792, 750, 721 p(CH>), 651.
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PCDA Diethylamine Salt Cocrystal

Salt cocrystal 2PCDA -dietam was prepared by grinding PCDA (0.2 g, 0.53 mmol) and
dietam (0.055 mL, 0.53 mmol) in a Retsch MM 200 mixer mill for 45 minutes at a
frequency of 20 s (yield = 0.22 g, 0.5 mmol, 94 %). The resulting powder (0.030 g)
was combined with acetone (3 mL) and briefly sonicated and left to crystallise by slow
evaporation at room temperature. Purple plate crystals formed after two weeks to
reveal a 2:1 (PCDA:dietam) stoichiometry with the formula (C2sH4202)-(C25H4102)"
-(C4H12N™). Analysis calc. for CssHosNO4: C 78.87, H 11.64, N 1.70 %, found:
C 77.47, H 11.61, N 1.70 %; FTIR (cm™): 2950 v(CH3)asym, 2923 v(CH2)asym, 2846
v(CH2)symm, 2728, 2515, 1627 v(C=0), 1538, 1504, 1461 5(CH.), 1452, 1423, 1384
®(CH?2), 1334 o(CH>), 1302 ©(CH2), 1272 »(CH>), 1256 o(CH>), 1241 »(CH>), 1203
®(CH>), 1163 (CH>), 1123, 1103, 1068, 1054, 1027, 1010, 986, 955, 920, 854, 811,
745, 724 p(CHp), 592. Crystal data: M = 822.3 g/mol, 0.5 x 0.12 x 0.1 mm?,
monoclinic, space group P2/n (no. 13), a = 9.5968(6) A, b = 4.6441(3) A,
c=57.520(4) A, g = 92.590(2) °,V = 2561.0(3) A% Z = 2, D, = 1.066 g/cm?®,
Fooo= 916.0, MoK radiation, A = 0.71073 A, T = 120 K, 20max = 55.996 °, 30938
reflections collected, 6051 unique (Rint = 0.0502). Final GooF = 1.049, R; = 0.0561,
WR2 =0.1217, R indices based on 6051 reflections with | > = 24(1) (refinement on F?),
274 parameters, O restraints, x = 0.065 mm™. Full crystallographic information for
2PCDA -dietam can be found in Table 8.12 in Chapter 8.

PCDA n-Butylamine Salt

Salt PCDA-butam was prepared by grinding PCDA (0.2 g, 0.53 mmol) and butam
(0.053 mL, 0.53 mmol) in a Retsch MM 200 mixer mill for 45 minutes at a frequency
of 20 s (yield = 0.23 g, 0.5 mmol, 96 %). The resulting powder (0.030 g) was
combined with acetone (2 mL) and briefly sonicated. A powder seed (ca. 0.004 g,
0.0089 mmol) was added to the sample and left to crystallise by slow evaporation at
room temperature. Blue block crystals formed after one month. Analysis calc. for
Co9Hs3NO2: C 77.79, H 11.93, N 3.13 %, found: C 77.50, H 11.84, N 3.08 %; FTIR
(cm™): 2954 v(CH3)asym, 2919 V(CH2)asym, 2870 v(CH2)symm, 2848, 2675, 2594, 2183,
1650 v(C=0), 1567, 1508, 1468, 1461 5(CH.), 1428, 1411, 1334 »(CH>), 1309
®(CH>), 1272 »(CH>), 1254 »(CH>), 1239 o(CH>), 1201 w(CH,), 1115, 1095, 1056,
1028, 932, 921, 750, 722 p(CH2), 650. Crystal data: M = 447.72 g/mol,
0.36 x 0.08 x 0.05 mm?®, monoclinic, space group P2; (no. 4), a = 4.5934(6) A,
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b=56.597(9) A, ¢ = 5.5096(6) A, B = 99.130(10) °, V = 1414.2(3) A3, Z = 2,
Dc=1.051 g/cm®, Fooo = 500.0, MoKa radiation, A = 0.71073 A, T = 120 K,
20max = 53.97 °, 14179 reflections collected, 5663 unique (Rint = 0.1264). Final GooF
= 1.026, R1 = 0.1156, wR> = 0.2163, R indices based on 5663 reflections with

I >=20(l) (refinement on F?), 293 parameters, 22 restraints, x = 0.064 mm™. Full

crystallographic information for PCDA-butam can be found in Table 8.13 in Chapter
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5. Bismuth Complexes of 10,12-Pentacosadiynoic Acid

5.1.  Introduction

Bismuth was once considered as one of the most stable heavy element in the periodic
table.1® The most common oxidation state of bismuth is +3, though oxidation states
of —3 to +5 also exist.* Bismuth is non-toxic and non-carcinogenic and its compounds
are used in medicine to treat conditions such as leishmaniasis,®>® gastritis caused by
Helicobacter pyrlori,®*? and cancer.*'® Because of the high atomic number of
bismuth (Z = 83),1” bismuth nanoparticles can be used as radiation sensitisers to
amplify radiation dose.'®2° This property of bismuth makes it attractive in dosimetry
technologies and can be utilised by incorporating bismuth into dosimeter films to
enhance their photosensitivity, which has been explored in a medical setting.?">° For
this reason, it is of significant interest to synthesise bismuth complexes with
radiation-sensitive ligands, with PCDA as an important example. To investigate if any
bismuth complexes of aliphatic long-chain carboxylates are present in the literature, a
CSD search for bismuth carboxylates was undertaken with three different sets of
criteria, outlined in Figure 5.1. The search of a bismuth atom with a minimum of one
coordinated carboxylate ligand (monodentate coordination, Type A) resulted in 290
hits, while two carboxylate ligands coordinated to one metal atom (Type B) resulted
in 215 entries, while only one carboxylate ligand chelating to one bismuth atom (Type
C) resulted in 305 hits. Lastly, a search for a bidentate coordination of one carboxylate
ligand bound to two bismuth atoms (Type D) resulted in a total 230 hits. For all
structure types, the resulting hits were largely dominated by carboxylate ligands with
aromatic substituents. No n-alkyl carboxylate ligands were found in either of the four
different searches. Specific examples of Type A, B, C, and D structures and structures

of a mixture of types found in the CSD are discussed below.
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Figure 5.1. The search criteria for bismuth carboxylates in the CSD. Type A involves
monodentate coordination from one carboxylate ligand to one bismuth atom. Type B
includes bismuth bound to a minimum of two carboxylate ligands. Type C displays a
chelating coordination to the bismuth atom with one carboxylate ligand. Type D
displays a bidentate coordination of one carboxylate ligand to two bismuth atoms. The
dashed line denotes ‘any bond type’, while ‘R’ denotes either a carbon or hydrogen

atom.

An example of a Type A (monodentate) coordination is the structure of a bismuth(l11)
centre with an ethanoate ligand and a tetradentate ligand of N,N'-dimethyl-N,N'-bis(2-
thiolatoethyl)ethane-1,2-diamine (Figure 5.2).%6 The Bi-O distance is 2.38 A, while
the Bi-S distances are 2.53 A and 2.58 A, and the Bi-N distances are 2.56 A and
2.79 A, respectively. The bismuth centre displays a distorted pentagonal pyramidal

geometry due to the stereochemically active valence lone pair of electrons.?
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Figure 5.2. The X-ray structure of ethanoxy-(N,N'-dimethyl-N,N'-bis(2-
thiolatoethyl)ethane-1,2-diamine)-bismuth(l11).

An example of a Type B structure involves a bismuth(V) atom bound to three phenyl
groups and two methanoate groups (Figure 5.3). Crystals of triphenylbismuth(V)
dimethanoate grew from acetone under ambient conditions.?” The X-ray structure
reveals a distorted trigonal bipyramidal geometry. The distances between the bismuth
centre and the bonded carbon atom of the phenyl groups are 2.19 A and 2.23 A, while
the distances between the bismuth atom and the carboxyl oxygen atom of methanoate
are 2.27 A. The bond distances are comparable to those of triphenyl bismuth(V)

bis(trifluoroacetate).?

Figure 5.3. The X-ray structure of bis(methanoato)-triphenyl-bismuth(V).?” The

phenyl rings are rendered in a stick arrangement for clarity.
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A Type C example involves a complex of bis(pyridine)bismuth(l11) triethanoate which
forms an eight-coordinated structure and has a distorted dodecahedron geometry
(Figure 5.4) (which has been observed for other bismuth complexes).?3! Six of the
eight coordination sites are filled by ethanoate ligands.?® The distances from the
bismuth atom to the oxygen atoms of the ethanoate ligands range between 2.25 A and
2.80 A while the distances from the metal centre to the nitrogen atoms of the pyridyl
rings are at distances of 2.53 A and 2.62 A.

Figure 5.4. The X-ray structure of tris(ethanoato-O,0")-bis(pyridine-N)-
bismuth(111).2° The piridyl rings are rendered in a stick arrangement for clarity. The
positions of the hydrogen atoms of one methyl group of ethanoate ligands were not

determined.

A Type D structure involves bidentate coordination to the metal centre, with an
example of bismuth(ll) trifluoroacetate. Crystals of bismuth(ll) trifluoroacetate are
well-defined and rhombohedral in shape, though when exposed to air turn red and
rapidly degrade to metallic bismuth over time, however, crystals can be preserved in
solvents (mainly benzene, xylene, toluene) under an inert atmosphere at low
temperatures for long periods of time®? The X-ray structure reveals two
crystallographically independent dibismuth(ll) tetrabridged units of trifluoroacetate,
with each metal centres in distorted square pyramidal geometries with one bismuth
atom and four oxygen atoms (Figure 5.5). One of the independent units resides on an
inversion centre. The Bi-Bi distances are 2.94 A and 2.96 A, while the Bi-O distances
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range from 2.34 A to 2.43 A and are typical distances when compared to similar

bismuth(11) and bismuth(I11) complexes that also exhibit a paddle wheel structure.3?-34

Figure 5.5. The X-ray structure of tetrakis(u2-trifluoroethanoato-0,0")-di-bismuth(Il)
displaying both crystallographically independent structures in the unit cell rendered in

a stick arrangement for clarity.®

Structures in the CSD also involve more than one carboxylate bonding type to the
metal centre. For instance, the X-ray structure of  bismuth(lll)
2,5-pyridinedicarboxylate salt hydrate with a monoprotonated
2,5-pyridinedicarboxylic acid ligand. Crystals (stable to moisture unlike the
bismuth(1l) complexes discussed above) of a prism morphology formed from the
cooling of a reaction mixture of bismuth(lll) nitrate pentahydrate and
2,5-pyridinedicarboxylic acid in water.>®> The coordination sphere around the
bismuth(111) atom involves five oxygen atoms and two nitrogen atoms to create a
distorted polyhedral geometry.® The X-ray structure contains Type B and C
coordination bonding to the bismuth(I1l) atom, along with a zigzag pattern of the
packing structure, displayed in Figure 5.6. Type B bonding is involved with the
monoprotonated and 2,5-pyridinedicarboxylate ligands at Bi-O distances of 2.25 A
and 2.21 A, respectively. Type C (chelate) bonding occurs from the carboxylate group
of the 2,5-pyridinedicarboxylate ligand, at Bi-O distances of 2.39 A and a longer
distance of 2.87 A. The bismuth(l11) centre also coordinates to two nitrogen atom of
monoprotonated and 2,5-pyridinedicarboxylate ligands at distances Bi-N of 2.56 A
and 2.54 A, respectively. Additionally, a water molecule is coordinated to the metal

centre at a Bi-O distance of 2.49 A. Hydrogen bonding also occurs from one of the
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hydrogen of the water molecule to the carbonyl oxygen atom of an opposite molecule
of a monoprotonated 2,5-pyridinedicarboxylate ligands, at an OH---O distance of 2.66
A. The hydrogen bond between water and adjacent monoprotonated

2,5-pyridinedicarboxylate ligand results in an overall 3D framework.®

Figure 5.6. The X-ray structure of catena-[(p2-pyridine-2,5-dicarboxylato)-aqua-(5-
carboxypyridine-2-carboxylato)-bismuth(111)].2° The structures is rendered in a stick

arrangement for clarity of the ligands.

A structure in the CSD that exhibits both Type C and D coordination to a bismuth(I11)
centre is that of bismuth(I11) 2,2-dimethylpropanoate. Crystals of this compound were
obtained by slow sublimation in a vacuum-sealed tube placed in a furnace at
temperatures below its melting point (164 °C).%® The X-ray structure reveals
crystallographically independent tetrameric units of Bi(O2CsHo)s (Figure 5.7). The
Bi(Ill) atoms in each tetramer obtain a tetrahedron geometry and each tetramer
includes chelating Type C and bidentate Type D coordination. The chelating Bi-O
distances range between 2.13 A and 2.77 A, while the bidentate Bi-O distances range
between of 2.19 A and 2.52 A.
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Figure 5.7. The X-ray structure of tetrakis((2-2,2-dimethylpropanoato-O,0')-bis(2,2-
dimethylpropanoato-O,0')-bismuth(l11)), rendered in a stick arrangement for clarity
of the ligands.®® The positions of the hydrogen atoms of the propanoate ligands were

not determined.

Lastly, Type B and D coordination is present in structures in the literature with
2,2°2”-nitrilotriacetate (NTA) bismuth(l11) dihydrate as an example. Crystals formed
from the recrystallisation of this complex from water to give crystals suitable for X-ray
analysis. The X-ray structure revealed that the NTA ligand coordinates in a
tetradentate arrangement involving the nitrogen atom (a Bi-N distance of 2.50 A) and
three carboxylate oxygen atoms (a Bi-O distances ranging between 2.25 A and 2.50 A)
(Figure 5.8).%” The bismuth(Il1) centre is eight-coordinate, and coordinates to two
water molecules (at Bi-O distances of 2.40 A and 2.77 A) and to the oxygen atoms of
an adjacent NTA bismuth(l11) unit (at Bi-O distances of 2.54 A and 2.67 A). The
bismuth(111) centre is in an intermediate geometry between square antiprism and a
dodecahedron arrangement.®” Hydrogen bonds are also present between one of the
hydrogen atoms of a water molecule to the carboxylate oxygen atom of the NTA
ligand at a long O---O distance of 2.88 A, while another hydrogen bond also occurs
from the hydrogen atom of the other water molecule to the carbonyl oxygen atom of
the NTA ligand, at a shorter O---O distance of 2.64 A.
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Figure 5.8. The X-ray structure of catena-((us-nitilotriethanoato)-di-aqua-
bismuth(111)).3” The structure is rendered in a stick arrangement for the clarity of the

ligands.

Based on the CSD results and the lack of bismuth complexes with long-chain aliphatic
ligands, the synthesis of bismuth(lll) carboxylates with PCDA was undertaken.
Bismuth chloride (BiCls) and triphenylbismuth (BiPhs) were combined with PCDA in
solution. Also, bismuth oxide (Bi.O3) and aluminium oxide (Al2O3) were
mechanically ground with the salt Li-PCDA (Form A), with and without LAG using
water. It is important to note that this work was started in February 2020 and represents

a preliminary study due to the COVID-19 pandemic.

5.2. Results and Discussion

5.2.1. Synthesis of Bismuth Complexes in Solution

A mixture of BiClz and PCDA in methanol was stirred at room temperature for seven
hours in 1:2 and 1:3 ratios, respectively. The product of the 1:2 reaction was isolated
after the solvent was removed under vacuum to give a pale pink powder, while the
product of the 1:3 ratio was isolated by filtration and placed on top of a drying oven
overnight to remove excess solvent, which also resulted in a pale pink powder. Initial
PXRD analyses of BiClz and PCDA in both stoichiometries reveal that the 1:2 product
is @ mixture of PCDA and a new material, evident by the initial peaks at 5.2 ° (new
material) and 5.6 ° (which belongs to PCDA), along with additional peaks that do not
belong to either BiClz or PCDA (Figure 5.9). However, the product of the 1:3 ratio
only displays one additional peak that is not present in either of the starting materials,
but is present in 1:2 ratio, at a 20 value of 12.0 °. Therefore, BiClz and PCDA in the
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1:3 ratio is mostly unreacted PCDA. These findings are also supported by the FTIR
analyses of the materials (Figure 5.10). The product in the 1:2 ratio displays
similarities with PCDA (such as the CH2 and CHg stretches in the range of 2950 and
2850 cm™), and reduced intensities of the carbonyl stretch (1691 cm™), the methylene
wagging bands (in the range of 1350 — 1000 cm™), the C-C(COO) stretch (930 cm™),
and the CH2 rocking mode (723 cm™), which suggests the sample is mostly unreacted
PCDA. The product also has similarities with BiCls due to the broad band at 3471 cm™*
(indicative of the O-H stretch of the water impurity in BiClzs) and the band at
1740 cm™. The FTIR spectra of the 1:3 product and pure PCDA are identical,
confirming that it is unreacted PCDA.

The ssNMR spectra of BiClz and PCDA in a 1:2 ratio shows multiple additional peaks
in the alkane region (14-36 ppm) when compared to the spectrum of PCDA,
suggesting multiple differences in the chemical environments of aliphatic chains in
the two compounds (Figure 5.11). The positions of the alkyne and carboxylate peaks
in the spectra of BiClz and PCDA in a 1:2 ratio and PCDA are the same, apart from
the intensities of the peaks are increased in the product mixture. Solution
crystallisation experiments were also attempted using 10 mg and 20 mg of BiCls and
PCDA in a 1:2 ratio and (with and without seeds of the same material) dissolved in
2 mL of acetone after brief sonication. After the slow evaporation of solvent over two

weeks, no crystals of suitable quality for SC-XRD were obtained, however.
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Figure 5.9. The experimental PXRD patterns of PCDA and the products in 1:2 and 1:3
stoichiometries, and the calculated pattern of BiCls.%®
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Figure 5.10. The FTIR spectra of BiCls, PCDA, and the products in 1:2 and 1:3

stoichiometries.
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Figure 5.11. The ssNMR spectra of BiClz and PCDA in a 1:2 ratio with added breaks

in the x-axis for comparative purposes.

An important observation of BiCls and PCDA in a 1:2 ratio is the colour change from
pink to blue when exposed to ambient light for approximately six hours, which was
not observed for PCDA alone (Figure 5.12). This finding suggests that the presence of
bismuth greatly enhances the photosensitivity of PCDA. To further investigate this,
the powder was exposed to UV radiation (254 nm) for varying durations and changed
from pale pink to blue after one minute of irradiation, and from light blue to black
after one hour (Figure 5.13), whereas PCDA alone turns black after two hours of
irradiation. The enhanced photoreactivity of is reflected in the ssSNMR spectra,
particularly in the alkene region (100 — 130 ppm) (Figure 5.14). From integration of
the intensities of the alkyne peaks to the intensities of the alkene peaks, it can be
approximated that the monomer to polymer conversion for BiClz and PCDA ina 1:2
ratio after one hour is <25 % and after one day is <45 %, which is greater than for

PCDA itself for both durations of UV exposure.
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Figure 5.12. Both sides of a glass vial containing BiCls and PCDA in a 1:2 ratio and
placed under a shelf in the lab for approximately six hours shows a colour change

when exposed to ambient light.

Original 1 min 5 mins 30 mins 1 hour 1 day

Figure 5.13. Photographs of BiClz and PCDA in a 1:2 ratio exposed to UV radiation
for one minute up to one day.
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Figure 5.14. The ssNMR spectra of BiCls and PCDA in a 1:2 ratio before and after

exposure to UV radiation (254 nm) for one hour and one day.

As many of the resulting bismuth carboxylates in the CSD search contain
triphenylbismuth, BiPhs was combined with PCDA in a 1:2 ratio, respectively, in
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acetone and stirred at room temperature for seven hours. Excess solvent was removed
under vacuum to yield a pale pink powder. The PXRD analysis of BiPhs combined
with PCDA revealed many additional peaks that are not present in the patterns for
PCDA or BiPhz alone (for example the peaks at 6.2, 10.0, 12.1 °), suggesting the
formation of a new material (Figure 5.15). However, the FTIR spectrum of BiPh3
combined with PCDA is almost identical to PCDA, apart from the bands that can be
attributed to BiPhs, such as the small band at 1569 cm™ and the increased intensity of
the band at 692 cm™ (Figure 5.16). Therefore, the PXRD and FTIR analyses suggest
that BiPhs combined with PCDA is a mixture of product and unreacted PCDA.
Additionally, solution crystallisation experiments containing 10 mg and 20 mg of the
product (with and without seeds of the same material) were dissolved in 2 mL of
methanol after brief sonication. After the slow evaporation of solvent over two weeks,
no crystals of suitable quality for SC-XRD were obtained. Therefore, further work is

required to understand the synthesis and products of BiPhz and PCDA.
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Figure 5.15. The experimental PXRD patterns of PCDA, BiPhsz combined with PCDA,
and the calculated pattern of BiPh3.*®
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Figure 5.16. The FTIR spectra of BiPhs, PCDA, and the product BiPhsz-2PCDA.

5.2.2. Synthesis of Bismuth and Aluminium PCDA Complexes by
Mechanochemical Grinding
Along with bismuth complexes, aluminium oxide is also radiation sensitive and is
often incorporated into various types of dosimeters.*®** To contrast the stirring in
solution experiments of bismuth chloride and triphenyl bismuth with PCDA, the
mechanical grinding of bismuth and aluminium oxide (with and without the liquid
assisted grinding of water) was undertaken with the lithium salt of PCDA (Li-PCDA,
Form A) in 1:2 ratios, respectively. As Li-PCDA is already deprotonated, it was
assumed to be a simple way to react with bismuth and aluminium oxide. The FITR
spectra of Bi.O3 and Al>O3 combined with Li-PCDA with and without LAG display
identical spectra to unreacted Li-PCDA (Figure 5.17). As Bi»O3z and Al>Os and
Li-PCDA with LAG remain unchanged, only the samples without LAG were
submitted for PXRD analysis. The PXRD pattern of Bi.Oz and Li-PCDA is different
to that of Li-PCDA alone (with the addition of the peak at 21.8 °), however, the noisy
baseline of makes it difficult to conclude whether the sample is a mixture of a the
reagents and a new material (Figure 5.18). The PXRD pattern of Al,Oz and Li-PCDA
is identical to Li-PCDA. Therefore, grinding Bi-Oz and Al.Os with Li-PCDA in a ball
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mill did not yield new materials. Thus, the synthesis of Bi.Ozand Al,O3 with Li-PCDA

by solution methods are more likely to result in bismuth carboxylates.

——— Al,0, and Li-PCDA LAG
—— Al,0, and Li-PCDA
—— Bi,0, and Li-PCDA LAG
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Figure 5.17. The FTIR spectra of Li-PCDA (Form A) combined with Bi>Os and Al,O3,
synthesised with and without water (LAG). All FTIR spectra are identical to Li-PCDA
(Form A).
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Figure 5.18. The PXRD patterns of Li-PCDA (Form A) combined with Bi»Os and
Al2O:s.

5.3. Conclusion

No aliphatic long-chain bismuth carboxylates are currently reported in the literature.
The preliminary results of reacting bismuth chloride with PCDA in a 1:2 ratio,
respectively, suggests the formation of a highly photoreactive bismuth(l1l) PCDA
complex, however, additional work is needed to fully characterise the new material.
From the limited evidence available, it appears that BiClz and PCDA (1:2) and BiPh3
and PCDA (1:2) are mixtures of the starting reagents and did not form a bismuth
carboxylate complex. Meanwhile, the reactions of Bi,O3z and Al2Os with Li-PCDA in
a ball mill with and without liquid assisted grinding, do not result in metal carboxylates
and remain as unreacted Li-PCDA. These experiments should be repeated in solution
with PCDA in an attempt to synthesise metal carboxylates of PCDA.

5.4. Experimental
Additional information relating to the materials and instrumentation used in this work

can be found in Chapter 6.
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BiCls and PCDA (1:2)

BiCl; and PCDA was prepared by combining bismuth(lll) chloride (0.20 g, 0.63
mmol) and PCDA (0.48 g, 1.27 mmol) in 80 mL of methanol and stirred for seven
hours at room temperature with solvent removed under vacuum to give a pale pink
powder. PXRD and FTIR analyses indicate a mixture of starting materials and product;
FTIR (cm™): FTIR (cm™): 3471, 2956 v(CHz)asym, 2918 v(CH2)asym, 2848 v(CH3)symm,
1740, 1691 v(C=0), 1466 3(CH.), 1439, 1415, 1350 »(CH>), 1326 w(CH>), 1291
®(CHy), 1264 ©(CH>), 1222 o(CH>), 1194 o(CH>), 1173, 1124 v(C-C), 1098 v(C-C),
991, 933 vC-C(CO0), 723 p(CHy).

BiCls and PCDA (1:3)

BiCl; and PCDA was prepared by combining bismuth(lll) chloride (0.20 g, 0.63
mmol) and PCDA (0.71 g, 1.90 mmol) in 100 mL of methanol and stirred for seven
hours at room temperature. The pink powder was isolated by gravity filtration,
however, the PXRD and FTIR analysis indicated that the reaction was unsuccessful,
FTIR (cm™): 2956 v(CH3)asym, 2918 v(CH2)asym, 2848 v(CH3)symm, 1691 v(C=0), 1467
0(CHy), 1443, 1417, 1350 w(CHz), 1326 o(CHz2), 1291 o(CH2), 1264 o(CH>), 1222
®(CHz), 1194 o(CHz), 1124, 1098, 1029, 933 vC-C(COO0), 722 p(CH>), 683.

BiPhs and PCDA

BiPhs and PCDA was prepared by combining triphenylbismuth(lll) (0.15 g, 0.34
mmol) and PCDA (0.25 g, 0.68 mmol) in 60 mL of acetone and stirred for seven hours
at room temperature. Excess solvent was removed under vacuum to give a pale pink
powder, however, PXRD and FTIR analyses indicate a mixture of starting materials
and product; FTIR (cm™): 3043, 2956 v(CH3)asym, 2918 v(CHz2)asym, 2848 v(CH3)symm,
1691 v(C=0), 1569, 1467 d(CH2), 1443, 1417, 1350 w(CH2), 1326 w(CH2), 1291
o(CHy), 1264 o(CH2), 1222 ®»(CHz), 1194 »(CH), 1124, 1098, 1029, 933 vC-
C(C00), 722 p(CHy), 692.

Bi-O3z and Li-PCDA

Bi»Os and PCDA was prepared by grinding bismuth(I11) oxide (0.20 g, 0.43 mmol)
and Li-PCDA (Form A) (0.33 g, 0.86 mmol) in a ball mill in a Retsch MM 200 mixer
mill for 45 minutes at a frequency of 20 s to yield a grey coloured powder. PXRD
and FTIR analyses indicate that the reaction was unsuccessful; FTIR (cm™): 2956
V(CH3s)asym, 2918 v(CH2)asym, 2848 v(CH3)symm, 1691 v(C=0), 1467 5(CH2), 1443,
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1417, 1350 o(CH2), 1326 o(CHz), 1291 o(CHz2), 1264 o(CHz2), 1222 ©»(CH2), 1194
o(CHz), 1124, 1098, 1029, 933 vC-C(COO0), 722 p(CH2), 685. Repeating the
mechanochemical grinding of Bi20O3-2Li-PCDA with a drop of water to facilitate
liquid assisted grinding resulted in the same FTIR analysis without LAG, therefore,

no new material was synthesised.

Al2O3 and Li-PCDA

Al>,O3 and PCDA was prepared by grinding aluminium(I11) oxide (0.10 g, 0.98 mmol)
and Li-PCDA (Form A) (0.75 g, 1.96 mmol) in a ball mill in a Retsch MM 200 mixer
mill for 45 minutes at a frequency of 20 s to yield a lilac coloured powder. PXRD
and FTIR analyses indicate that the reaction was unsuccessful; FTIR (cm™): 2956
V(CH3s)asym, 2918 v(CH2)asym, 2848 v(CH3s)symm, 1691 v(C=0), 1467 3(CH2), 1443,
1417, 1350 o(CH2), 1326 w(CH>), 1291 o(CHz2), 1264 o(CH2), 1222 ©»(CH2), 1194
o(CHz), 1124, 1098, 1029, 933 vC-C(COO), 722 p(CH.), 685. Repeating the
mechanochemical grinding of Al>Os-2Li-PCDA with a drop of water to facilitate
liquid assisted grinding resulted in the same FTIR analysis without LAG, therefore,

no new material was synthesised.
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6. Experimental

6.1. Materials

10,12-Pentacosadynoic acid and lithium 10,12-pentacosadiynoate (Li-PCDA) “short
hairs” and “long hairs” morphology was supplied by Ashland LLC, with all other
reagents and solvents purchased from standard commercial sources and used without

further purification.

6.2. Instrumentation

Powder X-Ray Diffraction

Powder X-ray diffraction (PXRD) was performed using a Bruker D8 powder X-ray
diffractometer. Samples were mounted on a silicon single-crystal wafer and analysed
using CuKa radiation at a wavelength of 1.5406 A. X-rays were produced using an
operating voltage of 40 kV and current of 40 mA. Samples were scanned over an angle

range of 2-40 ° 20, with a step size of 0.02 ° and a scan rate between 0.5-1.5 s/step.

Single Crystal X-ray Diffraction
Single Crystal X-ray Diffraction (SC-XRD) data were collected by either Dr Dmitry

S. Yufit or Dr Andrei Batsanov using one of three methods:

1. At a temperature of 120.0(2) K, using either MoKa or CuKa radiation with
wavelengths of 0.71073 A and 1.54178 A, respectively, on a Bruker D8
Venture diffractometer (Photon100 CMOS detector, IuS-microsource,
focusing mirrors) equipped with a Cryostream 700+ (Oxford Cryosystems)
open-flow nitrogen cryostat. Single crystals were coated in perfluoro polyether
225 oil, mounted on a MiTeGen sample holder and placed directly into the
precooled cryostream.

2. At a temperature of 120.0(2) K on an XCalibur Agilent, Sapphire3
diffractometer equipped with Cryostream 700 Nitrogen cryostat and using
MoK radiation with a wavelength of 0.71073 A.

3. Atatemperature of 100.0(2) K at 119 beamline (Dectris Pilatus 2M pixel-array
photon-counting detector, undulator, graphite monochromator, A = 0.6889 A)

at the Diamond Light Source, Oxfordshire.
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All structures were solved using direct methods and refined by full-matrix least
squares on F? for all data using SHELXL! and OLEX2? software.>* All non-hydrogen
atoms were refined with anisotropic displacement parameters. C-H hydrogen atoms
were placed in calculated positions, assigned an isotropic displacement factor that is a
multiple of the parent carbon atom and allowed to ride. H atoms attached to oxygen
atoms were located on the difference map when possible or placed in calculated
positions. X-ray powder diffraction patterns were performed on glass slides, using a
Bruker AXS D8 Advance diffractometer, with a Lynxeye Soller PSD Detector, using
CuKa radiation at a wavelength of 1.5406 A. CCDC deposition numbers 2000830-
2000837.

Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) was carried out using a Perkin Elmer
Spectrum 100 spectrometer, fitted with a diamond universal Attenuated Total
Reflectance (ATR) accessory. Eight scans were collected for each sample at a

resolution of 2 cm™ over a wavenumber region of 4000 cm™ to 500 cm™.

Thermogravimetric Analysis
Thermogravimetric analysis (TGA) was carried out by Mr Douglas W. Carswell using
a TA Instruments Q 500 TGA analyser. Between 1 and 5 mg of sample was weighed

into platinum pans and dry nitrogen was used as the purge gas (flow rate: 60 mL min™).

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was performed by Mr Douglas W. Carswell
using a Perkin Elmer 8500 calorimeter, calibrated using an indium standard (melting
point onset = 156.6 °C, heat of fusion = 28.57 J g!). Between 1 and 3 mg of sample
was weighed accurately (£0.01 mg) into sealed aluminium pans and dry nitrogen was

used as the purge gas (flow rate: 50 mL min).

Solid-State Nuclear Magnetic Resonance Spectroscopy

13C Solid-state NMR spectra were recorded at 100.63 MHz using a Bruker Avance 111
HD spectrometer and a 4 mm magic-angle spinning probe. Spectra were obtained
using cross-polarisation with a 20 s recycle delay with 7 ms contact time at ambient
probe temperature (approx. 25 °C) at a sample spin rate of 10 kHz with 400 repetitions.

Spectral referencing was with respect to an external sample of neat tetramethylsilane.
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Elemental Analysis
Elemental analysis was performed by Dr Emily R. Unsworth using an Exeter CE-440

Elemental Analyser.

Mass Spectrometry
Mass spectra data was collected by Dr David Parker. The ASAP technique were
recorded using an LCT Premier XE mass spectrometer (Waters Ltd) heating

approximately 1 mg of powder isothermally at 350 °C.

Raman Spectroscopy
Raman spectra were collected by Dr Larry Senak of Ashland LLC on a Perkin Elmer
Ramanstation 400F with 5-10 accumulations of 10-60 second scans, using an

excitation laser with a wavelength of 785 nm.

Ultraviolet Irradiation
The powdered cocrystal and salt samples were placed on filter paper in a dark box and
exposed to a 6-Watt handheld UV light at 254 nm or 365 nm. The powdered samples

were mixed at regular intervals to ensure an even exposure of the bulk to irradiation.

6.3. References
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7. Closing Remarks

7.1.  Conclusion

The X-ray structure of PCDA is the first reported structure of its kind and along with
the short-chain lithium model salts, gives an insight into the structures of the Li-PCDA
forms. Itis hypothesised that Form A is hydrated and crystallises in a monoclinic space
group with a similar lamellar spacing to PCDA itself, while Form B crystallises in a
triclinic space group. The coordinated water molecule to the lithium centre changes
how the carboxylate chains pack in Form A compared to Form B which subsequently
affects the photoreactivity of the Li-PCDA forms. Form A displays a reduced
photosensitivity in (which is most like PCDA) and Form B displays an enhanced
photoreactivity compared to PCDA and Form A due to the relative positioning of the
reactive moieties. An alternative to Li-PCDA is the lithium salt of HDDA as it proves
to be more photosensitive than either of the forms of Li-PCDA, evident by the <33 %
monomer to polymer conversion after one day of UV exposure. The Li-PCDA and
Li-HDDA structures must adhere to the topochemical postulate, though no SC-XRD
structures were obtained. In contrast, the X-ray structure of Na-PCDA (1:3) has a
different bonding environment to Li-PCDA involving monodentate and bridging
ligands, though is not sensitive to radiation, thus proving that a structure must comply

to all of the topochemical postulate criteria for polymerisation to occur.

Model compounds of short-chain n-alkyl carboxylic acids cocrystallised with
dipyridyl  derivatives  (4,4’-azopyridine,  4,4’-bipyridyl,  trans-1,2-bis(4-
pyridyl)ethylene) nicely model the interactions of PCDA with the same bifunctional
aromatic compounds, though due to the bulky nature of the coformers, the cocrystals
are outside of the optimum criteria for polymerisation. Interestingly, when PCDA is
combined with bifunctional aliphatic 4,4’-bipiperidine, a salt is formed that also does
not adhere to the topochemical postulate and is consequently photostable. However,
PCDA forms salts with aliphatic amines (morpholine, piperidine, ethylenediamine,
diethylamine, n-butylamine) and all change colour in response to UV radiation
(though the photoreactivity of 2PCDA:-ethylenediamine was not studied), with
2PCDA -piperidine and 2PCDA-diethylamine displaying the greatest photoconversion
from monomer to polymer out of all the PCDA salts. Therefore, these materials are of

commercial importance, especially for dosimetric applications. Additionally, the
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photoreactivity of PCDA is further enhanced when complexed with bismuth, though

additional work is required to fully understand the new material.
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7.2. Future work

7.2.1. PCDA Cocrystals and Salts

Results from Chapter 4 show that all dipyridyl compounds (4,4’-azopyridine,
4,4’-bipyridyl, trans-1,2-bis(4-pyridyl)ethylene) with PCDA form cocrystals that do
not photopolymerise as the topochemical criteria adhered to, and therefore, there is
currently no example of a photoreactive PCDA cocrystal. As a result, additional
cocrystallisation and salt formation experiments with PCDA were undertaken, with
co- and salt formers chosen due to their pKa values. For cocrystallisation to occur, the
ApKa must be less than 2 or 3 log units, while salt formation is expected for a greater
difference.’ ? The pKa of PCDA is 4.78.2 The co- and salt formers shown in Table 7.1
were combined in varying ratios and placed in a ball mill for 45 minutes at a frequency
of 20 s and the formation of a new material (or not) was confirmed by PXRD, FTIR,
and ssNMR analyses. However, the experiments in ratios that did not yield a new
material (PCDA with phenazine, mebendazole, piroxicam, cytosine) should be
repeated at a different stoichiometry. Additionally, none of the confirmed cocrystals
or salts were exposed to UV radiation due to time constraints caused by the COVID-19
pandemic. It is of importance that these stoichiometry and irradiation studies are
undertaken to investigate the photoreactivity of each new material, as they may be of

commercial interest as the radiochromic ingredient in dosimeters.

Ratio
ApKa = pKa (base) — | Expected new _
Coformer ) _ (base:acid)
pKa (acid) material
1:1 | 1:2 ] 1:3
2-Aminopyridine 6.86% —4.78 = 2.08 Cocrystal
3-Aminopyridine | 5.98%—4.78 =1.20 Cocrystal -:
4-Aminopyridine 8.95* - 4.78 =4.17 Salt
Pyrazine 0.65*—4.78 =—4.13 Salt
2-Aminopyrazine | 3.07°-4.78=-1.71 Cocrystal
Piperazine 9.70°—-4.78 =4.92 Salt
Phenazine 1.60%* - 4.78 =-3.18 Cocrystal -:
2-Aminopyrimidine | 3.68* -4.78 =-1.10 Cocrystal
Isoniazid 3.50*-4.78=-1.28 Cocrystal
Iproniazid 13.66" —4.78 = 8.88 Salt
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Imidazole 6.95% -4.78=2.17 Cocrystal
Mebendazole 5.01°-4.78=0.23 Cocrystal
Piroxicam 5.46° - 4.78 = 0.68 Cocrystal
Cytosine 4.40* - 478 =-0.38 Cocrystal

Table 7.1. The co- and salt formers mechanically ground with PCDA for 45 minutes
at a frequency of 20 s. A green box indicates the formation of a new material at a
specific ratio, while a red box suggests that no new material was formed at that ratio.

A white box indicates that ratio was not attempted.

Additional future work would also include choosing a coformer or a salt former not
already attempted that is likely to contain the OH---N supramolecular synthon.
Examples of compounds crystallised with PCDA to form a cocrystal are included in
Table 7.2, along with potential salt formers that could further modify the
photoreactivity of PCDA. The possibility of a salt cocrystal is not ruled out.

Compound ApKa = pKa (base) — pKa (acid) | Ratio (base:acid)
Cocrystals
4-Cyanopyridine 1.90*-4.78 =-2.88 1:1
2-Amino-5-chloropyridine 4811 —4.78=0.03 1:1
Pyridine 5.23'2 478 =0.45 1:1
1,3-Di(4-pyridyl)propane 5.42° - 4.78 = 0.64 1:2
Salts

1-Adamantylamine 10.71'%- 4,78 =5.93 1:1
Pyrrolidine 11.27* - 4,78 = 6.49 1:1
1-(4-Pyridyl)piperazine 10.73% - 4.78 =5.95 1:2
Guanidine 13.60% - 4.78 = 8.82 1:3

Table 7.2. Examples of coformers and salt formers that can be combined with PCDA
to form cocrystals and salts to further investigate the topochemical postulate of
reactivity.

7.2.2. Photosensitive Metal Salts

Following on from Chapter 5, PCDA could be combined with other
radiation-absorbing heavy metal elements such as lead, tin, antimony, and thallium,
with the aim of synthesising PCDA-heavy metal carboxylates that enhance the

photosensitivity of PCDA. The ability to enhance radiation sensitivity is of significant
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commercial interest, especially to obtain a wide range of dose and therapy ranges for

dosimetric applications.t’ 18

7.2.3. Supramolecular Photoreactive Gels

Recent work highlights the use of PCDA with - and p-glutamine to form
supramolecular organogels.®® It was found that enantiomeric and racemic assemblies
of the amino acid adjust the packing of the PCDA monomer (and display nanotube,
left and right handed twisted ribbons, and nanosheet structures observed by scanning
electron microscopy) to result in significant colour differences when exposed to UV
radiation. Using a similar methodology outlined in this paper, it may be possible to
combine the PCDA cocrystals and (organic and metal) salts with amino acids and
gelators to investigate their subsequent photoreactivity in gel media compared to

powder form.
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8. Appendices

8.1.  Full Crystallographic Information for Structures in Chapter 2

PCDA

Crystal information

Empirical formula C25H4202
Formula weight (g/mol) 374.58
Temperature (K) 100.0
Crystal system triclinic
Space group P-1
a (A) 4.5738(3)
b (A) 5.3909(3)
c(A) 46.647(3)
a (°) 88.6499(15)
B () 88.5073(14)
7 () 81.4017(14)
Volume (A%) 1136.64(12)
VA 2
pealc (g/cmd) 1.094
u (mm™) 0.063
F(000) 416.0

Crystal size (mm?)

0.12x0.04 x 0.01

Radiation

Synchrotron (A = 0.6889)

20 range for data collection (°) 1.694 to 58.994
Index ranges -6<h<6,-7<k<7,-66<1<65
Reflections collected 21023
Independent reflections 6893 [Rint = 0.0574, Rsigma = 0.0775]
Data/restraints/parameters 6893/0/249
Goodness-of-fit on F2 1.035

Final R indexes [[>=20c (I)]

R1=0.0640, wR, = 0.1772

Final R indexes [all data]

R1=0.0802, wR2 = 0.1886

Largest diff. peak/hole (A3)

0.53/-0.27

Table 8.1. The crystallographic information of PCDA.




Refinement Model Description

Number of restraints - 0, number of constraints - unknown.

Details:
1. Fixed Uiso

At 1.2 times of: All C(H,H) groups

At 1.5 times of: All C(H,H,H) groups

2.a Secondary CH2 refined with riding coordinates:

C2(H2A,H2B), C3(H3A,H3B), C4(H4A,H4B), C5(H5A,H5B), C6(H6A,H6B),

C7(H7A,H7B), C8(H8A,H8B), C9(H9A,HIB), C14(H14A H14B),
C15(H15A,H15B), C16(H16A,H16B), C17(H17AH17B), C18(H18A,H18B),
C19(H19A,H19B), C20(H20A,H20B), C21(H21AH21B),  C22(H22A,H22B),
C23(H23A,H23B), C24(H24A,H24B)
2.b Idealised Me refined as rotating group:
C25(H25A,H25B,H25C)
Na-PCDA
Crystal information
Empirical formula Ci00H167NaOs
Formula weight (g/mol) 1520.32
Temperature (K) 100.0
Crystal system triclinic
Space group P-1
a (A) 5.3007(6)
b (A) 7.9037(9)
c (A) 54.510(6)
o (%) 91.674(3)
B () 92.680(3)
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y (°) 92.463(4)
Volume (A% 2278.0(4)
Z 1
pealc (9/cmd) 1.108
u (mm) 0.068
F(000) 842.0
Crystal size (mm?) 0.203 x 0.029 x 0.008
Radiation Synchrotron (A = 0.6889)
20 range for data collection (°) 2.176 to 49.998
Index ranges -6<h<6,-9<k<9,-66<1<66
Reflections collected 27970
Independent reflections 8701 [Rint = 0.1030, Rsigma = 0.2141]
Data/restraints/parameters 8701/0/497
Goodness-of-fit on F2 1.005
Final R indexes [[>=2c (I)] R1=0.0998, wR> = 0.2260
Final R indexes [all data] R1=0.1257, wR2 = 0.2559
Largest diff. peak/hole (A% 0.56/-0.38

Table 8.2. The crystallographic information of Na-PCDA.

Refinement Model Description

Number of restraints - 0, number of constraints - unknown.
Details:

1. Fixed Uiso

At 1.2 times of: All C(H,H) groups

At 1.5 times of: All C(H,H,H) groups, All O(H) groups
2. Others

Fixed Sof: H2(0.5)

3.a Secondary CH2 refined with riding coordinates:

266




C2(H2AH2B), C3(H3A,H3B), C4(H4AH4B), C5(H5A,H5B), C6(H6A,H6B),
C7(H7AH7B), C8(H8A,H8B), CI(HIA HIB), C14(H14A,H14B),
C15(H15A,H15B), C16(H16AH16B), C17(H17A,H17B), C18(H18A,H18B),
C19(H19A,H19B), C20(H20A,H20B), C21(H21A,H21B),  C22(H22A,H22B),
C23(H23A,H23B), C24(H24A H24B), C2A(H2AA H2AB), C3A(H3AA, H3AB),
C4A(HAAA HAAB), C5A(H5AA H5AB), C6A(HBAA,HBAB), CTA(H7AA,H7AB),
C8A(HSAA HBAB), CIA(HIAA,HIAB), C14A(H14C,H14D), C15A(H15C,H15D),
C16A(H16C,

H16D), C17A(H17C,H17D),  C18A(H18C,H18D),  CI19A(H19C,H19D),
C20A(H20C,H20D),

C21A(H21C,H21D), C22A(H22C,H22D), C23A(H23C,H23D), C24A(H24C,H24D)
3.b Idealised Me refined as rotating group:

C25(H25A,H25B,H25C), C25A(H25D,H25E,H25F)

3.c ldealised tetrahedral OH refined as rotating group:

02(H2), O3(H3)

8.2.  Full Crystallographic Information for Structures in Chapter 3

2BuUtA-bpe

Crystal information
Empirical formula 2(C4HgO2) x C12H10N2
Formula weight (g/mol) 358.43
Temperature (K) 120.0
Crystal system triclinic
Space group P-1
a (A) 6.5688(4)
b (A) 6.9189(4)
c(A) 11.4828(7)
a (°) 78.001(3)
B () 78.333(3)
7 () 70.295(3)
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Volume (A%) 475.61(5)
Z 1
pealc (g/cm?®) 1.251
u (mm™) 0.087
F(000) 192.0

Crystal size (mm?®)

0.43x0.24 x0.11

Radiation MoKa (A =0.71073)
20 range for data collection (°) 6.328 to 58.992
Index ranges -0<h<9,-9<k<9,-15<1<15
Reflections collected 10103
Independent reflections 2644 [Rint = 0.0481, Rsigma = 0.0440]
Data/restraints/parameters 2644/0/170
Goodness-of-fit on F2 1.039

Final R indexes [[>=2c (1)]

R1=0.0409, wR2> = 0.1138

Final R indexes [all data]

R1=0.0530, wR2 = 0.1217

Largest diff. peak/hole (A3)

0.42/-0.21

Table 8.3. The crystallographic information of 2butA-bpe.

2PentA-bpe

Crystal information

Empirical formula C22H30N204
Formula weight (g/mol) 386.48
Temperature (K) 120.0
Crystal system triclinic
Space group P-1
a (A) 6.8211(5)
b (A) 7.1875(6)
c(A) 11.8334(10)
a (°) 91.310(4)
B(°) 105.957(3)
7 () 111.187(3)
Volume (A% 515.24(7)
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VA 1
pealc (g/cmd) 1.246
1 (mmY) 0.086
F(000) 208.0

Crystal size (mm?)

0.38 x0.22 x 0.19

Radiation

MoK (A = 0.71073)

20 range for data collection (°)

6.136 to 57.988

Index ranges

-9<h<8,-9<k<9,-16<1<16

Reflections collected 10001
Independent reflections 2725 [Rint = 0.0282, Rsigma = 0.0291]
Data/restraints/parameters 2725/0/187
Goodness-of-fit on F2 1.072

Final R indexes [[>=2c (I)]

R1=0.0414, wR2 = 0.1151

Final R indexes [all data]

R1=10.0534, wR, = 0.1211

Largest diff. peak/hole (A)

0.41/-0.19

Table 8.4. The crystallographic information of 2pentA-bpe.

2EicoA-azp

Crystal information

Empirical formula 2(C20H4002) x C10HgN4
Formula weight (g/mol) 809.24
Temperature (K) 120.0
Crystal system triclinic
Space group P-1
a (A) 5.460(3)
b (A) 6.853(3)
c(A) 33.412(18)
a (°) 85.955(14)
B () 87.011(14)
v (°) 74.218(15)
Volume (A%) 1199.5(11)
Z 1
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Pcalc (g/Cmg) 1120
u (mm™) 0.070
F(000) 448.0

Crystal size (mm?)

0.31 x 0.05 x 0.02

Radiation MoKa (A =0.71073)
20 range for data collection (°) 4.892 to 53.996
Index ranges -6<h<6,-8<k<8,-42<1<42
Reflections collected 19656
Independent reflections 5216 [Rint = 0.2025, Rsigma = 0.2931]
Data/restraints/parameters 5216/0/267
Goodness-of-fit on F2 0.921

Final R indexes [[>=2c (1)]

R1=0.0873, wR2 = 0.1403

Final R indexes [all data]

R1=0.3014, wR2 = 0.2036

Largest diff. peak/hole (A)

0.23/-0.27

Table 8.5. The crystallographic information of 2eicoA-azp.

Refinement Model Description

Number of restraints - 0, number of constraints - unknown.

Details:

1. Fixed Uiso

At 1.2 times of: All C(H) groups, All C(H,H) groups

At 1.5 times of: All C(H,H,H) groups

2.a Secondary CH2 refined with riding coordinates:

C2(H2A,H2B), C3(H3A,H3B), CA4(H4AH4B), C5(H5AH5B), C6(H6A,HEB),

C7(H7AH7B),

C19(H19A,H19B)

C8(H8A,HSB),
C11(H11A,H11B), C12(H12AH12B),
C15(H15A,H15B), C16(H16A,H16B), C17(H17A,H17B),

CI(HI9A,HIB), C10(H10A,H10B),
C13(H13AH13B), C14(H14A,H14B),
C18(H18A,H18B),

2.b Aromatic/amide H refined with riding coordinates:
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C22(H22), C23(H23), C24(H24), C25(H25)

2.c Idealised Me refined as rotating group:

C20(H20A,H20B,H20C)

Azp-ClI

Crystal information

Empirical formula C10H7CIN4
Formula weight (g/mol) 218.65
Temperature (K) 296.15
Crystal system monoclinic
Space group P2i/c
a (A) 3.7694(4)
b (A) 6.0715(6)
c(R) 21.0713(19)
a (°) 90
B () 93.130(4)
y (©) 90
Volume (A% 481.52(8)
VA 2
pealc (9/cmd) 1.508
u (mm) 0.364
F(000) 224.0

Crystal size (mm?)

0.36 x 0.15 x 0.03

Radiation

MoKa (A =0.71073)

20 range for data collection (°) 5.808 to 56.968
Index ranges -5<h<5,-8<k<8,-28<1<28
Reflections collected 6773
Independent reflections 1204 [Rint = 0.0555, Rsigma = 0.0405]
Data/restraints/parameters 1204/1/78
Goodness-of-fit on F 1.217

Final R indexes [[>=2c (I)]

R1=10.0678, wR2 = 0.1464
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Final R indexes [all data]

R1=0.0737, wR2 = 0.1491

Largest diff. peak/hole (A-3)

0.57/-0.53

Table 8.6. The crystallographic information of azp-ClI.

Refinement Model Description

Number of restraints - 1, number of constraints - unknown.

Details:

1. Twinned data refinement

Scales: 0.9848(15) 0.0152(15)

2. Fixed Uiso

At 1.2 times of: All C(H) groups

3. Shared sites

{C2, C2AH{C4A, C4}

4. Restrained distances

CI1A-C4A 1.73 with sigma of 0.005

5. Uiso/Uaniso restraints and constraints

Uanis(C4A) = Uanis(C4)Uanis(C2) = Uanis(C2A)

6. Others

Fixed Sof: CI1(0.44) CILA(0.06) C2(0.5) C2A(0.5) H2A(0.5) C4(0.5) C4A(0.5)

7.a Riding coordinates:

C1(H1), C5(H5)

7.b Aromatic/amide H refined with riding coordinates:

C2A(H2A), C4(H4)
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8.3.  Full Crystallographic Information for Structures in Chapter 4

2PCDA-azp
Crystal information
Temperature (K) 120 260
Empirical formula C30H4sN202 C3z0H4sN202
Formula weight (g/mol) 466.69 466.69
Crystal system triclinic triclinic
Space group P-1 P-1
a (A) 5.3544(3) 5.3649(4)
b (A) 6.8239(4) 6.8410(6)
c (A) 39.920(2) 40.791(3)
a (°) 87.742(4) 89.513(3)
B () 88.869(4) 88.843(3)
v () 75.291(4) 75.671(3)
Volume (A3 1409.64(14) 1450.2(2)
YA 2 2
pealc (g/cm?®) 1.100 1.069
u (mm) 0.522 0.066
F(000) 512.0 512.0

Crystal size (mm?)

0.32 x 0.09 x 0.02

0.31 x 0.08 x 0.01

Radiation

CuKoa (A = 1.54178)

MoKa (A =10.71073)

20 range for data

collection (°)

4.43 10 137.98

3.994 t0 51.992

Index ranges

Reflections collected

33397

19879

Independent reflections

5160 [Rint = 0.1445,
Rsigma = 00888]

5727 [Rint = 0.0775,
Rsigma = 00985]

Data/restraints/parameters 5160/0/312 5727/0/312
Goodness-of-fit on F? 1.090 0.964
Final R indexes [[>=20¢ R:1 =0.0994, wR, = R1=0.0630, wR2 =
N] 0.1798 0.1293
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R1=0.1569, wR2 =

Final R indexes [all data]
0.2017

R1=0.1894, wR: =
0.1707

Largest diff. peak/hole

0.20/-0.20
(A®)

0.22/-0.17

Table 8.7. The crystallographic information of 2PCDA-azp.

Refinement Model Description for the 120 K Structure
Number of restraints - 0, number of constraints - unknown.
Details:

1. Fixed Uiso

At 1.2 times of: All C(H) groups, All C(H,H) groups

At 1.5 times of: All C(H,H,H,H) groups

2.a Secondary CH2 refined with riding coordinates:

C2(H2A,H2B), C3(H3A,H3B), C4(H4A,H4B), C5(H5A,H5B), C6(H6A,H6B),
C14(H14A,H14B),

C7(H7A,H7B), C8(H8A,HSB), CI(H9A,HIB),

C15(H15A,H15B), C16(H16AH16B), C17(H17A,H17B),
C19(H19A,H19B), C20(H20A,H20B), C21(H21A H21B),

C23(H23A,H23B), C24(H24A,H24B)

2.b Aromatic/amide H refined with riding coordinates:
C1S(H1S), C2S(H2S), C4S(H4S), C5S(H5S)

2.c Idealised Me refined as rotating group:

C25(H25A,H25B,H25C)

Refinement Model Description for the 260 K Structure
Number of restraints - 0, number of constraints - unknown.

Details:

C18(H18A H18B),
C22(H22A,H22B),
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1. Fixed Uiso

At 1.2 times of: All C(H) groups, All C(H,H) groups
At 1.5 times of: All C(H,H,H) groups

2.a Secondary CH2 refined with riding coordinates:

C2(H2AH2B), C3(H3A,H3B), CA4(H4AH4B), C5(H5A,H5B), C6(H6A,H6B),
C7(H7A,H7B), C8(H8A,H8B), CI(HIA,HIB), C14(H14A,H14B),
C15(H15A,H15B), C16(H16AH16B), C17(H17A,H17B), C18(H18A,H18B),
C19(H19A,H19B), C20(H20A,H20B), C21(H21AH21B),  C22(H22A,H22B),
C23(H23A,H23B), C24(H24A,H24B)

2.b Aromatic/amide H refined with riding coordinates:
C1S(H1S), C2S(H2S), C4S(H4S), C5S(H5S)
2.c ldealised Me refined as rotating group:

C25(H25A,H25B,H25C)

2PCDA-4bipy
Crystal information
Temperature (K) 100 260
Empirical formula CeoHg2N204 CeoHg2N204
Formula weight (g/mol) 905.35 905.35
Crystal system monoclinic monoclinic
Space group P2i/c P2i/c
a(A) 5.4415(2) 5.4783(3)
b (A) 8.9535(4) 8.9976(5)
c (A) 55.673(3) 56.951(4)
o (°) 90 90
5(°) 90.8823(10) 92.506(2)
7 () 90 90
Volume (A%) 2712.1(2) 2804.5(3)
YA 2 2
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peale (g/cm®) 1.109 1.072

u (mm™) 0.064 0.065
F(000) 996.0 996.0
Crystal size (mm?) 0.12 x 0.04 x 0.03 0.42 x 0.15 x 0.08
o Synchrotron (A =
Radiation MoKa (A =10.71073)
0.6889)

20 range for data collection

) 1.418 t0 57.994 4.584 to 53.998

“7<h<7,-12<k<12, | -6<h<6,-11 <k<I1lI,
Index ranges

-78 <1<78 -712<1<72
Reflections collected 47696 33629
) 7923 [Rint = 0.0663, 6085 [Rint = 0.0445,
Independent reflections
Rsigma = 00476] Rsigma = 00442]
Data/restraints/parameters 7923/0/303 6085/0/303
Goodness-of-fit on F2 1.069 1.092
R1=0.0529, wR; = R1=0.0631, wR2 =
Final R indexes [[>=2c (1)]
0.1510 0.1373
_ ) R1=0.0562, wR> = R1=0.1039, wR; =
Final R indexes [all data]
0.1553 0.1511
Largest diff. peak/hole (A) 0.65/-0.34 0.19/-0.16

Table 8.8. The crystallographic information of 2PCDA-4bipy.

Refinement Model Description for the 100 K Structure
Number of restraints - 0, number of constraints - unknown.
Details:

1. Fixed Uiso

At 1.2 times of: All C(H) groups, All C(H,H) groups

At 1.5 times of: All C(H,H,H) groups

2.a Secondary CH2 refined with riding coordinates:
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C2(H2A,H2B), C3(H3A,H3B), CA4(H4AH4B), C5(H5AH5B), C6(H6A,HEB),
C7(H7A,H7B), C8(H8A,HSB), CI(HI9A,HIB), C14(H14A H14B),
C15(H15A,H15B), C16(H16AH16B), C17(H17A,H17B), C18(H18A,H18B),
C19(H19A,H19B), C20(H20A,H20B), C21(H21AH21B),  C22(H22A,H22B),
C23(H23A,H23B), C24(H24A,H24B)

2.b Aromatic/amide H refined with riding coordinates:
C1S(H1S), C2S(H2S), C4S(H4S), C5S(H5S)
2.c Idealised Me refined as rotating group:

C25(H25A,H25B,H25C)

Refinement Model Description for the 260 K Structure
Number of restraints - 0, number of constraints - unknown.
Details:

1. Fixed Uiso

At 1.2 times of: All C(H) groups, All C(H,H) groups

At 1.5 times of: All C(H,H,H) groups

2.a Secondary CHZ2 refined with riding coordinates:

C2(H2AH2B), C3(H3A,H3B), C4(H4AH4B), C5(H5A,H5B), C6(HBA,H6B),
C7(H7A,H7B), C8(HS8A,H8B), CI(H9A,HIB), C14(H14A,H14B),
C15(H15A,H15B), C16(H16AH16B), C17(H17A,H17B), C18(H18A,H18B),
C19(H19A,H19B), C20(H20A,H20B), C21(H21AH21B),  C22(H22A,H22B),
C23(H23A,H23B), C24(H24A,H24B)

2.b Aromatic/amide H refined with riding coordinates:
C26(H26), C27(H27), C29(H29), C30(H30)
2.c ldealised Me refined as rotating group:

C25(H25A,H25B,H25C)
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2PCDA:-bpe

Crystal information

Temperature (K) 120 260
Empirical formula Cz1H47NO2 Cz1H47NO2
Formula weight (g/mol) 465.69 465.69
Crystal system monoclinic monoclinic
Space group P2i/c P2i/c
a(A) 5.4494(3) 5.4847(4)
b (A) 8.9235(5) 8.9801(6)
c (A) 57.441(3) 58.562(4)
a (°) 90 90
B(°) 92.643(2) 90.849(3)
v () 90 90
Volume (A3) 2790.2(3) 2884.1(3)
Z 4 4
pealc (g/cm?®) 1.109 1.073
« (mm) 0.067 0.065
F(000) 1024.0 1024.0
Crystal size (mm?) 0.36 x 0.31 x 0.23 0.38 x 0.11 x 0.05

Radiation

MoKa (A =10.71073)

MoKa (A =0.71073)

20 range for data

collection (°)

4.26 to0 56.98

4.174 t0 51.992

Index ranges

-7<h<7,-11<k<11,-
74<1<77

-6<h<6,-11<k<11,-
71<1<72

Reflections collected

34945

35479

Independent reflections

6537 [Rint = 0.0635,
Rsigma = 00794]

5644 [Rint = 0.1111,
Rsigma = 00964]

Data/restraints/parameters 6537/1/321 5644/0/311
Goodness-of-fit on F? 1.034 1.030
Final R indexes [[>=2c R1=0.0560, wR2 = R1=0.0797, wR» =
] 0.1073 0.1370
. ) R1=0.1242, wR2 = R1=10.1870, wR2 =
Final R indexes [all data]
0.1255 0.1681
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Largest diff. peak/hole

0.20/-0.28
(A%

0.14/-0.18

Table 8.9. The crystallographic information of 2PCDA-bpe.

Refinement Model Description for the 120 K Structure
Number of restraints - 0, number of constraints - unknown.
Details:

1. Twinned data refinement

Scales: 0.707(3) 0.293(3)

2. Fixed Uiso

At 1.2 times of: All C(H) groups, All C(H,H) groups

At 1.5 times of: All C(H,H,H) groups, All O(H) groups
3. Others

Fixed Sof: C6S(0.6) H6S(0.6) C6SA(0.4) HE6SA(0.4)

4.a Riding coordinates:

O1(H1)

4.b Secondary CH2 refined with riding coordinates:

C2(H2AH2B), C3(H3A,H3B), C4(H4AH4B), C5(H5A,H5B), C6(H6A,H6B),
C14(H14A,H14B),
C18(H18A,H18B),
C22(H22A,H22B),

C7(H7A,H7B), C8(H8A,HSB), CI(HIA,HIB),

C15(H15A,H15B), C16(H16AH16B), C17(H17A,H17B),
C19(H19A,H19B), C20(H20A,H20B), C21(H21A H21B),

C23(H23A,H23B), C24(H24A,H24B)

4.c Aromatic/amide H refined with riding coordinates:

C1S(H1S), C2S(H2S), C4S(H4S), C5S(H5S), C6S(H6S), CESA(HESA)

4.d Idealised Me refined as rotating group:

C25(H25A,H25B,H25C)
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Refinement Model Description for the 260 K Structure

Number of restraints - 0, number of constraints - unknown.

Details:

1. Fixed Uiso

At 1.2 times of: All C(H) groups, All C(H,H) groups

At 1.5 times of: All C(H,H,H) groups

2. Others

Fixed Sof: C6S(0.6) H6S(0.6) C7S(0.4) H7S(0.4)

3.a Secondary CH2 refined with riding coordinates:

C2(H2A,H2B), C3(H3A,H3B), CA4(H4AH4B), C5(HSAH5B), C6(H6A,HEB),

C7(H7A,H7B), C8(HS8A,H8B),
C15(H15A,H15B), C16(H16A,H16B),
C19(H19A,H19B), C20(H20A,H20B), C21(H21A,H21B),
C23(H23A,H23B), C24(H24A,H24B)

3.b Aromatic/amide H refined with riding coordinates:
C1S(H1S), C2S(H2S), C4S(H4S), C5S(H5S), C6S(H6S), C7S(H7S)

3.c Idealised Me refined as rotating group:

C25(H25A,H25B,H25C)

CI(H9A,HIB),
C17(H17A,H17B),

C14(H14A,H14B),
C18(H18A,H18B),
C22(H22A,H22B),

2PCDA-bipip
Crystal information
Empirical formula CeoH104N204

Formula weight (g/mol) 917.45
Temperature (K) 120

Crystal system triclinic
Space group P-1

a(A) 5.5770(4)
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b (A) 11.8339(8)
c(A) 23.0041(15)
o (°) 100.670(2)
B () 96.096(2)
v (°) 103.007(2)
Volume (A% 1436.25(17)
YA 1
pealc (9/cm?) 1.061
u (mm™) 0.064
F(000) 510.0
Crystal size (mm?) 0.767 x 0.314 x 0.1
Radiation MoKa (A =10.71073)
20 range for data collection (°) 4.388 to 65
Index ranges -8<h<8,-17<k<16,-34<1<34
Reflections collected 36532
Independent reflections 10400 [Rint = 0.0455, Rsigma = 0.0478]
Data/restraints/parameters 10400/0/312
Goodness-of-fit on F2 1.019

Final R indexes [[>=2c (1)]

R1=10.0497, wR2 = 0.1263

Final R indexes [all data]

R1=0.0754, wR2 = 0.1398

Largest diff. peak/hole (A®)

0.51/-0.26

Table 8.10. The crystallographic information of 2PCDA-bipip.

ButA-morph

Crystal information

Empirical formula CgH17NO3
Formula weight (g/mol) 175.22
Temperature (K) 120.0
Crystal system monoclinic
Space group C2/c
a (A) 20.0926(14)
b (A) 8.0678(6)
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c (A) 11.6061(8)
a (°) 90
B(°) 97.064(3)
y (°) 90
Volume (A% 1867.1(2)
Z 8
pealc (g/em?3) 1.247
u (mm™) 0.094
F(000) 768.0
Crystal size (mm?) 0.44 x 0.25 x 0.21
Radiation MoKa (A =10.71073)
20 range for data collection (°) 5.446 to 58.994
Index ranges 27<h<27,-11<k<11,-16<1<16
Reflections collected 13471
Independent reflections 2587 [Rint = 0.0313, Rsigma = 0.0265]
Data/restraints/parameters 2587/0/177
Goodness-of-fit on F 1.023
Final R indexes [I>=2c (1)] R1 = 0.0356, wR> = 0.0931
Final R indexes [all data] R1 =0.0505, wR, =0.1011
Largest diff. peak/hole (A% 0.36/-0.20

Table 8.11. The crystallographic information of butA-morph

2PCDA-dietam

Crystal information

Empirical formula (C25H4202) X (C25H4102)" x CaH12N*

Formula weight (g/mol) 822.30

Temperature (K) 120.0
Crystal system monoclinic

Space group P2/n

a (A) 9.5968(6)

b (A) 4.6441(3)

c(A) 57.520(4)
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a (°) 90
B(°) 92.590(2)
7 (°) 90
Volume (A%) 2561.0(3)
VA 2
pealc (g/cmd) 1.066
u (mm™) 0.065
F(000) 916.0
Crystal size (mm?) 0.5x0.12x0.1
Radiation MoKa (A =10.71073)
20 range for data collection (°) 4.276 to 55.996
Index ranges -12<h<12,-6<k<5,-72<1<75
Reflections collected 30938
Independent reflections 6051 [Rint = 0.0502, Rsigma = 0.0501]
Data/restraints/parameters 6051/0/274
Goodness-of-fit on F? 1.049

Final R indexes [[>=2c (I)]

R1=10.0561, wR, = 0.1217

Final R indexes [all data]

R1=0.0945, wR2 = 0.1361

Largest diff. peak/hole (A3)

0.21/-0.18

Table 8.12. The crystallographic information of 2PCDA-dietam.

Refinement Model Description

Number of restraints - 0, number of constraints - unknown.

Details:

1. Fixed Uiso

At 1.2 times of: All C(H,H) groups

At 1.5 times of: All C(H,H,H) groups, All O(H) groups

2. Others

Fixed Sof: H2(0.5)
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3.a Secondary CH2 refined with riding coordinates:

C2(H2AH2B), C3(H3A,H3B), C4(H4AH4B), C5(H5A,H5B), C6(HBA,H6B),
C7(H7A,H7B), C8(H8A,HSB), CI(HI9A,HIB), C14(H14A H14B),
C15(H15A,H15B), C16(H16A,H16B), C17(H17AH17B), C18(H18A,H18B),
C19(H19A,H19B), C20(H20AH20B), C21(H21AH21B),  C22(H22A,H22B),
C23(H23A,H23B), C24(H24A,H24B), C26(H26A,H26B)

3.b Idealised Me refined as rotating group:
C25(H25A,H25B,H25C), C27(H27A,H27B,H27C)

3.c Idealised tetrahedral OH refined as rotating group:

02(H2)
PCDAbutam
Crystal information
Empirical formula C29Hs3NO2
Formula weight (g/mol) 447.72
Temperature (K) 120.0
Crystal system monoclinic
Space group P2:
a (A) 4.5934(6)
b (A) 56.597(9)
c(A) 5.5096(6)
a (°) 90
B (°) 99.130(10)
y (%) 920
Volume (A%) 1414.2(3)
Z 2
pealc (9/cmd) 1.051
u (mm™) 0.064
F(000) 500.0
Crystal size (mm?®) 0.36 x 0.08 x 0.05
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Radiation MoKa (A =10.71073)
20 range for data collection (°) 7.21053.97
Index ranges -5<h<5,-66<k<72,-6<1<7
Reflections collected 14179
Independent reflections 5663 [Rint = 0.1264, Rsigma = 0.2319]
Data/restraints/parameters 5663/22/293
Goodness-of-fit on F2 1.026
Final R indexes [[>=2c (1)] R1=10.1156, wR2 = 0.2163
Final R indexes [all data] R1=0.2387, wR2 = 0.2784
Largest diff. peak/hole (A) 0.32/-0.24

Table 8.13. The crystallographic information of PCDA-butam.

Refinement Model Description

Number of restraints - 22, number of constraints - unknown.

Details:

1. Fixed Uiso

At 1.2 times of: All C(H,H) groups, All N(H,H,H) groups

At 1.5 times of: All C(H,H,H) groups

2. Rigid body (RIGU) restrains

C15, C16, C17, C18, C19

with sigma for 1-2 distances of 0.001 and sigma for 1-3 distances of 0.001

3.a Secondary CH2 refined with riding coordinates:

C2(H2AH2B), C3(H3A,H3B), C4(H4AH4B), C5(H5A,H5B), C6(HBA,H6B),
C7(H7A,H7B), C8(H8A,HSB), CI(HIA,HIB), C14(H14A H14B),
C15(H15A,H15B), C16(H16A,H16B), C17(H17AH17B), C18(H18A,H18B),
C19(H19A,H19B), C20(H20A,H20B), C21(H21AH21B),  C22(H22A,H22B),
C23(H23A,H23B), C24(H24AH24B), C26(H26AH26B), C27(H27A, H27B),

C28(H28A,H28B)
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3.b Idealised Me refined as rotating group:

C25(H25A,H25B,H25C), N1(H1A,H1B,H1C), C29(H29A,H29B,H29C)
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