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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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external stimuli e.g. a foreign additive such as glass, hair, or dust).23 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.21 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.24 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.25 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.23, 26 The two models of crystal nucleation are outlined in 

Figure 1.2. 

 

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. c) 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. 
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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.22 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.22 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.27, 28 However, this theory is limited as factors 

such as supersaturation are not considered.27 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.29 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.30 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.31 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.32 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 
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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 lid.33 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.34 

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.35 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.35 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.35 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.35 
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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.35 

 

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.36, 37 In the 
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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.108 Both structures photopolymerise, as the inter-alkyne distances are 3.65 

and 3.53 Å,109 respectively, and are within the topochemical postulate of 3.8 Å.108 

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 Å and 3.57 Å, respectively.109 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.109 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.109, 110 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 °.109 

 

Figure 1.7. The X-ray structure of DA-1PhC in the crystallographic (010) plane. 
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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.119 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).120 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.42 In this cocrystal system, 

the carbon-carbon triple bonds of the diacetylenes are separated by a distance of 

3.94 Å 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 Å.120 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).120 In this system, the adjacent diacetylenes 

stack with a reactive inter-alkyne distance of 4.06 Å 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 Å. 

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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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.129 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.129 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.129 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.130 The difference in 

helicity of the hydrogen-bonded chains is a result of a 10 ° stacking angle change,130 

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).131  

 

Figure 1.22. The structure of (S,S)-octa-3,5-diyn-2,7-diol.  
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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.139-142 

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.133  

 

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

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.143 

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).143 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.143 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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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 1976,144 thermochromism has become an important property for many 

functional materials, with thermochromic liquid crystals and leuco dyes as some of 

the more popular examples.145, 146 Thermochromism in diacetylenes, especially 

PCDA, has been extensively studied and potential sensing applications include 

electrothermochromic displays,147 counterfeiting detection,148 printable149 and 

microfluidic150 thermal sensors, and smart textiles.151 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.152 When the PCDA vesicles were heated to around 

65 °C, only the red species is observed (Figure 1.26).152, 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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which is displayed by a visible blue-to-red transition upon heating and a red-to-blue 

transition on cooling.168 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).149 The reason for the impressive thermoreversibility is due to 

the bisurea tape formation that forms hydrogen-bonded networks throughout the 

polydiacetylene.149 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.149 A system with PCDA and a combined 

acetylurea group displays thermochromic reversibility up to temperatures of 150 °C.169 

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.169, 170  

 

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 1.32. 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.173 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.173 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.173 In contrast to polymerised PCDA films, 

polymerised PCDA vesicles also change colour with increasing pH.173 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.173 This partial rearrangement is accompanied by growth in 

the absorbance spectra at 650 nm to observe a blue colour.173 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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in the presence of OH- ions from blue-to-red (Figure 1.33).179 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.179  

 

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.180, 181 Solvatochromic materials have been developed that can 

distinguish between different organic solvents, mainly through the use of polymer 

films.182, 183 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.183 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).183 The 

ability of the PCDA/copolymer films to change colour to specific solvents makes for 

a simple but effective solvatochromic and fluorescence sensor.  
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which are attached to the carboxylic acid group of PCDA (Figure 1.35).187 For PCDA, 

there is no difference to the thermochromic properties in D2O or H2O 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 D2O but not in 

H2O in the temperature range of 25-70 °C.187 The preference of HEEPCDA for D2O 

in the colour reversibility may be due to stronger hydrogen bond interactions present 

with D2O than in H2O.187 For the case of vesicles of APPCDA, the vesicles are 

thermochromically reversible in H2O but not in D2O 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.187 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.  

 

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

1.6.5.   The Effect of Metal Ions 

Materials containing PCDA and PCDA derivatives have been successful at the 

detection of different metal ions including alkali metals (lithium,188 sodium,189, 190 and 

caesium191, 192), transition metals (chromium(III),193 manganese(II),194 nickel(II),195 

copper(II),195 zinc(II),195-204 silver(I),194, 205 cadmium(II),168, 194, 206 iridium(III), 207 

gold(III),208 and mercury(II),193, 194, 209) and post-transition metals and metalloids 

(aluminium(III),193 arsenic(III),193, 209 tin(IV),193 and lead(II)193, 205, 210-212), and  the 

lanthanide element terbium(III).213, 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.197 

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.197 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.197 Therefore suggesting that when the PCDA-ZnO 

nanocomposites are heated, the PCDA polymer side chains rearrange to incorporate 

the strain on the system.197 Additional work on PCDA-Zn(II) nanocomposites includes 

the behaviour of monocarboxylic polydiacetylenes with different alkyl chain lengths, 

with the polydiacetylenes nanocomposites combined with zinc(II) ions and zinc 

oxide.198, 215, 216 Shortening 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.198 

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.152, 198 However, when the alkyl segment adjacent to the carboxyl head group is 

reduced, the colour-changing temperature trend is unpredictable in the Zn(II)/ZnO 

nanocomposites.198  

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.207 Polymerised PCDA itself is fluorescent, 

though only in the red form, while the blue polymer form is non-emissive.208, 217 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.207 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).150 It was observed that the fluorescence of the red phase 

became more intense with increasing temperature (40-60 °C) until the polydiacetylene 



39 
 

is exposed to excessive heat (70-78 °C), where the fluorescence is then quenched and 

cannot be reversed.150, 153 The sensing properties of PCDA vesicles have also been 

explored with the lanthanides, specifically though the use of PCDA-functionalised 

thiacalix[4]arene vesicles.218 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(III) ions in particular. The transition is not observed when the two 

components are individually exposed to lanthanide ions.218 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(III) when compared to PCDA-2.218 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.218 An additional lanthanide ion that has 

been used in combination with PCDA is terbium(III) with bilayers of PCDA 

intercalated with terbium(III) ions positioned at the carboxyl head group of PCDA.214 

The nanosheets of PCDA-Tb(III) exhibited reversible thermochromism and reversible 

fluorescence up to temperatures of 90 °C.214  

 

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.219 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.219 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.220 The chromic transition exists even without the 

excitation laser present and without any heating of the contact zone.219 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.219 Once the red 

phase is established, additional tip-induced mechanochromism does not affect the red 

phase of polymerised PCDA.219  

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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when exposed to current cycles lower than 30 mA, with the CNTs reversing to the 

original blue state after only two seconds from the removal of the current.223 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 CNTs are exposed 

to the applied current.223, 224 At higher current values, it is expected that the 

polydiacetylene will permanently deform, resulting in irreversible chromism of the 

PCDA-CNTs.223 It was discovered that when the PCDA-CNTs are exposed to 

mechanical stress, the colour of the CNTs 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.223 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 

red-to-blue.223 Electrochromic and mechanochromic PCDA-CNTs make for 

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).225 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.225 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.225 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.225 
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spatial resolution and dose accuracy, and does not exhibit any dose rate, energy or 

temperature-dependent effects.233  

 

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

permission from reference 226. 

 

Figure 1.40. Radiochromic film labels used for irradiation detection on blood bags. 

Figure reproduced from reference 232.  

 

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,177, 236-239 viruses,240-242 

bacteria,174, 243-245 sugars,246-248 and active ingredients.249 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.250 

Polydiacetylene biosensors have real-world applications within the field of food 

safety, with PCDA vesicles able to detect the presence of Salmonella bacteria,251 along 

with the detection of eight commonly used sanitisers and surfactants used in the food 

industry.252 Recent work on treating bacterial infections includes the detection of 

pore-forming toxins by PCDA.243 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.243 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.243 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.253-255 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.249 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).256 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.256 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.257, 258 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.259 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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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 

(pH1N1), through the modification of PCDA materials.238 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.240 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.240 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.240 

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  









51 
 

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.103, 

122, 269, 270 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.188 As a result, this work will contribute to the improvement of 

radiochromic materials for dosimetric purposes.  
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An example of a typical Cu(II) complex is the X-ray structure of 

diammonia-bis(decanoato)copper(II) monohydrate (Figure 2.3). The Cu(II) ion is in a 

square planar geometry and is joined to two ammine nitrogen atoms at Cu-N distances 

of 1.95 and 2.06 Å.28 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 Å. The carbonyl 

oxygen atoms of the carboxylates also interact with the Cu(II) atom at long distances 

of 2.59 and 2.76 Å 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 Å, and to the nitrogen atoms at a slightly longer O···N distances of 3.02 and 

3.08 Å.28 

 

Figure 2.3. The X-ray structure of diammonia-bis(decanoato)copper(II) monohydrate 

(water molecule omitted). The positions of the three hydrogen atoms for each ammine 

ligand were not determined.28 

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(II) centre joined to two bridging and two bidentate undecanoate ligands, 

with two chains that are crystallographically independent (Figure 2.4).25 The Zn-O 

distances range between 1.93 and 2.04 Å. The packing structure displays a lamellar 

stacking of polymeric sheets of the metal carboxylate that run parallel to (001).25 The 

alkyl chains of the carboxylate ligands are in an all-trans conformation. This structure 

crystallises in the orthorhombic Pna21 space group. Two other polymorphs of this 

structure are known from unit cell data in the monoclinic space groups P21/c and Cc 

and are likely to differ in packing of the carboxylate alkyl chains.25 
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Figure 2.5. The X-ray structure of diammine-bis(dodecanoato-O)-cobalt(II), displayed 

in the crystallographic a) (010) and b) (001) axes.29 

An additional diamine structure with two n-alkyl carboxylate ligands consists of a 

platinum(II) carboxylate complex with two monodentate pentadecanoate ligands and 

a homopiperazine ligand in a boat conformation, forming a chelate ring with 

platinum(II).30 The metal centre is in a slightly distorted square planar geometry, with 

Pt-N distances of 2.00 and 2.01 Å, and Pt-O distances of 2.00 and 2.04 Å (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 Å. 
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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 CH2 peaks with slightly 

different chemical environments, which are followed by two distinct CH2 peaks at 

26.1 ppm and 21.7 ppm. The peaks assignable to the CH3 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.  

 

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.47, 51, 52, 55-58  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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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 

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.  

 

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. 

 

Figure 2.19. The ssNMR 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-1, and surprisingly, a photopolymer (ene-yne) alkyne band at 2100 cm-1, 

along with an alkene band at 1444 cm-1, 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-1) and the monomeric alkyne 

band (2256 cm-1) in the spectrum appear reduced relative to the intensity of the 

photopolymer alkyne and alkene bands at 2100 cm-1 and 1444 cm-1. 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-1) and polymeric (2100 cm-1 and 1444 cm-1) 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.59 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.60 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) 

Reflux 

(R) 

500 58 1 day Acetone, 100 

500 72 7 days 
n-Butanol, methanol 

(1:1), 100 

Oven (O) 

100 65 1 hour n/a 

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 ssNMR 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 ssNMR 

spectra. Additionally, when PCDA is heated to 100 °C, a small peak also is present at 
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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-1 confirming that this initial material is unreacted PCDA. 

The material with platelet morphology is also very similar to PCDA by ssNMR, 

though with a low intensity additional peak in the carboxylate region, with a chemical 

shift of 181.0 ppm (Figure 2.29). 

 

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. 

 

Figure 2.29. The ssNMR 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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Figure 2.37. The DSC thermogram of a heat-cool-heat cycle of Form A from room 

temperature to 200 °C. 

 

Figure 2.38. The DSC thermogram of a heat-cool-heat cycle of Form B from room 

temperature to 200 °C. 




























































































































































































































































































































































































