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ABSTRACT 

 

 

 

POLYDIACETYLENE-BASED SUPRAMOLECULAR SYSTEMS: SYNTHESIS, 

CHARACTERIZATION, AND APPLICATIONS 

 

 

GİZEM BELİKTAY 

 

Materials Science and Nano Engineering, MSc Thesis, June 2023 

 

Thesis Supervisor: Dr. Eric Meng Meng Tan 

 

 

Keywords: Polydiacetylenes, Self-assembly, Supramolecular interactions, Colloidal 

systems, Food sensor 

 

 

Polydiacetylenes (PDAs) are useful conjugated polymers for studying supramolecular 

interactions and sensing applications. External stimuli disrupt the planar conjugated 

backbone of PDAs, resulting in a blue-to-red color transition and activated fluorescent 

signal. Modifying diacetylene monomers improved resistance to external triggers through 

enhanced head group interactions or facilitated the detection of specific molecules, 

thereby increasing sensitivity. This thesis investigates the covalent attachment of bulky 

mBzA (m-amino benzoic acid) and linear DETA (diethylenetriamine) molecules to the 

carboxylic head group of two DA monomers, namely PCDA and TCDA, with different 

alkyl tail lengths. Their responses were evaluated under various triggers using self-

assembled PDA vesicles, enabling three-dimensional exposure to the stimuli. Testing 

mBzA-substituted PDA vesicles under basic conditions and varying photopolymerization 

duration revealed decreased sensitivity to high pH with prolonged UV irradiation and 

allowed reversibility in mBzA-functionalized vesicles. Furthermore, DETA-

functionalized PDA with a shorter alkyl tail initially produced purple-colored vesicles. 

The effect of the initial intermediate phase was assessed by comparing monocarboxylic 

and longer alkyl tail monomers under various external triggers, including acid and 

alcohol. The intermediate phase promoted the purple-to-red color transition despite being 

thermodynamically more stable than the blue phase. However, exposure to liquid ethanol 

and acetic acid vapor resulted in the presence of a small fraction of blue phase in 

poly(TCDA-DETA) vesicles but not in poly(PCDA-DETA) vesicles, indicating the 

significant role of inter- and intra-chain interactions in strain release through chain 

distortion and realignment. Electrospun fibers of DETA-functionalized and 
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monocarboxylic diacetylenes were employed for solid-phase sensor applications. Food 

spoilage sources such as wine, milk, and chicken were used. The results revealed that 

amine-substituted PDA/PEO fibers were affected by the spoilage of those products. 

However, more in-depth analysis is needed to optimize their response to the actual 

spoilage of the food products.  
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POLİDİASETTİLEN BAZLI SUPRAMOLEKÜLER SİSTEMLER: SENTEZ, 

KARAKTERIZASYON VE UYGULAMALAR 

 

 

 

GİZEM BELİKTAY 

 

Malzeme Bilimi ve Nano Mühendislik, Yüksek Lisans Tezi, Temmuz 2023 
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Anahtar Kelimeler: Polidiasetilenler, Kendiliğinden birleşme, Supramoleküler 

etkileşimler, Kolloidal sistemler, Gıda bozulma sensörü 

 

 

Polidiasetilenler (PDA'lar) supramoleküler etkileşimleri ve sensör uygulamalarını 

incelemek için kullanışlı konjuge polimerlerdir. Dış etkiler, PDA'ların düzlemsel konjuge 

yapısında bir bozulmaya neden olarak maviden kırmızıya renk geçişi ve floresan sinyali 

vermesi ile sonuçlanır. Diasetilen monomerlerinin modifikasyonu, güçlendirilmiş baş 

grup etkileşimleri yoluyla tetikleyicilere karşı hareket direnci geliştirir veya belirli 

moleküllerin algılanmasını kolaylaştırarak hassasiyeti artırır. Bu tezde, ağır mBzA ve 

lineer DETA moleküllerinin, farklı alkil kuyruk uzunluklarına sahip PCDA ve TCDA 

olmak üzere iki DA monomerinin karboksilik baş grubuna kovalent bağlanması ve dış 

etkenlere verdiği cevap çalışılmıştır. Kendiliğinden oluşan PDA vezikülleri kullanılarak 

üç boyutlu maruz kalma sağlanmış ve bu yapılar çeşitli etkiler altında değerlendirilmiştir. 

Bazik koşullar altında mBzA ile modifiye edilmiş PDA vezikülleri fotopolimerizasyon 

süresinin de değiştirilmesi ile test edilmiştir. Sonuçlar, uzun süreli UV radyasyonuna 

maruz kalan PDA’ların yüksek pH’a karşı duyarlılıklarının azalmasının yanı sıra bu 

veziküllerin tersinir renk değişimi cevabı verdiğini ortaya koymuştur. Diğer taraftan, daha 

kısa alkil kuyruğuna sahip DETA ile fonksiyonlandırılmış PDA vezikülleri başlangıçta 

mor renkli görünmektedirler. Başlangıçtaki ara fazın etkisi, asit ve alkol gibi çeşitli dış 

etkenler altında monokarboksilik ve daha uzun alkil kuyruklu monomerler ile 

karşılaştırılarak değerlendirilmiştir. Termodinamik olarak mavi faza kıyasla daha kararlı 

olmasına rağmen, ara fazda mordan kırmızıya renk geçişinin hızlandığı görülmüştür. 
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Bununla birlikte, sıvı etanol ve asetik asit buharına maruz kalma, poli(TCDA-DETA) 

veziküllerinde küçük bir mavi faz fraksiyonunun varlığına neden olurken poli(PCDA-

DETA) veziküllerinde olmamıştır, bu da zincirler arası ve zincir içi etkileşimlerin zincir 

bozulması ve yeniden kurulması yoluyla gerinim salınımında önemli rol oynadığını 

göstermektedir. Katı faz sensör uygulamaları için, DETA ile fonksiyonelleştirilmiş ve 

monokarboksilik diasetilenlerin elektropsun fiberleri kullanılmıştır. Gıda bozulması 

deneylerinde şarap, süt ve tavuk kaynakları kullanılmıştır. Sonuçlar, amin modifiyeli 

PDA/PEO fiberlerinin kırmızı faza döndükleri gözlemlenmiştir. Bununla birlikte, gıda 

ürünlerinin gerçek bozulmasına tepkilerini optimize etmek için daha derinlemesine 

analizlere ihtiyaç vardır.  
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  INTRODUCTION 

 

Sensors are necessary tools in various fields, building a bridge between people and the 

environment. They detect and measure physical, chemical, and biological changes, 

providing a deeper understanding of processes. Chemical sensors using conjugated 

polymers are particularly notable due to their rapid response. These polymers, known for 

their exceptional electrical and optical properties, are widely studied in sensing. Their 

electron delocalization allows for conductivity or fluorescence changes when exposed to 

specific stimuli, making them highly versatile for detecting various substances and a 

favored choice in sensor development. 

Among these conjugated polymers, polydiacetylene (PDA) stands out due to its unique 

chromatic behavior when subjected to environmental changes, including variations in 

solvent,1 temperature,2 ions,3, and analytes.4 This property has led to the widespread 

exploration and application of PDAs in electronic and chemical sensors. Typically, PDAs 

exhibit a deep blue color once polymerized, which changes to red under stimuli. PDAs 

own this optical transition to their supramolecular interactions, including hydrogen 

bonding, π-π stacking, and dispersion forces within its polymeric structure. These non-

covalent interactions play a crucial role in the assembly (or re-assembly) and the stability 

of PDAs. By altering the polymeric backbone of diacetylene (DA) monomers by 

modifying the hydrophobic tail and the head group (see Figure 1.1), these supramolecular 

interactions can be studied on their formation and response to various stimuli.  

 

Figure 1.1 Chemical structure of diacetylene monomer 

 

In this master thesis, a comprehensive investigation was conducted on various types of 

DA monomers prepared by modifying the headgroup structure of DAs having different 

alkyl tails. These variations were utilized in fine-tuning and understanding the chemical 

properties of PDA. The self-assembled form in aqueous solutions was predominantly 
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utilized to explore PDA’s response to external stimuli, including acids, solvents, 

temperature, and pH. The influence of initial conformation on external stimuli was 

analyzed on amine modified PDA assemblies having different alkyl tails.5 The 

photopolymerization dependency and its effect on PDAs having bulky head-group and 

different alkyl tails under high pH were characterized. Furthermore, along with the vesicle 

form, fibers were also employed to explore their potential in applied sensor systems. This 

thesis aims to shed light on the properties and applications of polydiacetylene for potential 

employment in conjugated polymer-based sensor development. 

 Supramolecular Interactions 

 

Supramolecular chemistry deals with the less energetic non-covalent inter- and intra-

molecular interactions. Described by Jean-Marie Lehn as "chemistry beyond the 

molecule”6, this chemistry field governs many fundamental processes such as self-

organization,7 analyte binding,8 enzymatic reactions,9 protein-protein complex 

assemblies,10, 11 cellular recognition.12 Energy range of covalent bonds typically falls 

within the 100 to 400 kJ mol-1. The secondary noncovalent interactions exhibit relatively 

weak strengths ranging from less than 5 kJ mol-1 to 250 kJ mol-1.13 These energies are 

given in the following table.14 

Table 1. 1. Strengths of several interactions 14 

Type of interaction or bonding strength (kJ mol-1) 

Covalent bond 100-400 

Coulomb 250 

Hydrogen bond 10-65 

Ion-dipole 50-200 

Dipole-dipole 5-50 

Cation-π 5-80 

π - π 0-50 

van der Waals forces <5 

Hydrophobic effects Difficult to assess 

Metal-ligand 0-400 
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 Conjugated Polymers 

Conjugated polymers are a class of polymers that exhibit unique electronic properties. 

The most commonly used conjugated polymers are shown in Figure 1.2. These polymers 

possess alternating single and double (or triple) bonds in their backbone, leading to π-

conjugation. This results in a relatively low energy gap between their highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), making 

them known as semiconductor polymers. Their optical properties allow for specific 

wavelength absorbance15 and fluorescent16 changes, which find applications in fields such 

as light-emitting diodes (LEDs),17  photovoltaic cells18, and sensors19. Weak secondary 

bonds such as π-π stacking and hydrogen bonding play a notable role in emerging those 

changes. The delocalized π electrons enhance these polymers' electronic and optical 

characteristics, while secondary interactions contribute to self-assembly, purity, 

organization, and crystalline structure. By implementing molecular modifications, the 

supramolecular organization of conjugated polymers can be finely tuned, resulting in 

control of their physical properties. Due to their weak nature and restricted potential 

energy surface depth, comprehending the strength and spatial preferences of π-π 

interactions, hydrogen bonds, electrostatic forces, and hydrophobic interactions is 

challenging. Therefore, analyzing the response to substituent impact is useful to address 

this challenge and understand the rational design of supramolecular structures.20  

 

 

Figure 1. 2 The chemical structures of commonly used conjugated polymers 
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 Polydiacetylenes 

PDAs are a class of conjugated polymers that exhibit unique optical properties, making 

them attractive for applications in colorimetric and fluorometric sensors.21 These 

polymers are formed through the self-assembly of amphiphilic DA monomers, forming 

organized structures with favorable geometric arrangements as shown in Figure 1. 3.22-24 

When exposed to 254 nm UV light, neighboring DA monomers undergo topochemical 

polymerization via a 1,4-addition reaction, resulting in alternating ene-yne polymer 

chains with a delocalized network of π electrons.25 The continuous planar arrangement 

creates overlapping π orbitals, facilitating the movement of loosely bonded π-electrons 

along the polymeric chain.26 The delocalization of π-electrons within the PDA structure 

leads to distinct energy levels known as the HOMO and the LUMO.27 These energy levels 

play a crucial role in the electronic behavior of PDAs. The extent of delocalization of the 

π-electrons determines the effective conjugation length of the polymer chain.28 The 

energy gap between the HOMO and LUMO levels falls within the visible spectrum, 

typically in the orange-yellow region. As a result, PDA exhibits a characteristic blue as a 

complementary color.29 The delocalized π-electrons enable efficient charge transport 

along the polymeric chain, leading to high electrical conductivity.30  

PDAs exhibit a blue-to-red color transition when exposed to stimuli such as heat,31 pH,32 

pressure,33 or chemical34, and biological23, 35 recognition events, which the naked eye can 

easily observe.36 The blue-to-red color transition is associated with changes in the 

polymer backbone conformation and is accompanied by a shift in the absorption peak.37 

Red-phase PDAs have an absorption peak at approximately 540 nm.38 Additionally, blue-

phase PDAs are nonfluorescent, while red-phase PDAs exhibit enhanced fluorescence.39 

The on-off fluorescent property can be effectively utilized to detect the presence of an 

analyte, particularly in biological studies.40 The polymerization of PDA typically does 

not require catalysts or initiators, resulting in highly pure materials.41 PDAs can be 

fabricated in various forms, including aggregates, films, and powders, through self-

assembly processes.38, 42-44  
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Figure 1. 3  Chemical structure of PDA illustrating the hydrophobic alkyl tail, ene-yne 

bond, and the head group 

 

 Self-assembly of DAs and Photopolymerization 

The amphiphilic nature of DAs promotes self-assembly through various non-covalent 

interactions such as hydrogen bonding, π-π stacking, dispersion forces, ionic bonding, 

and electrostatic interactions.45 Properly aligned diacetylene monomers with a tilt angle 

of 45° and a spacing of 5 Å undergo photopolymerization through 1,4 addition reaction 

under Ultraviolet (UV), gamma ray (γ), or thermal irradiation on various substrates and 

media as shown in Figure 1. 4.46-48 These interactions lead to the assembly of PDA 

molecules into supramolecular ordered structures like films on solid surfaces,49 vesicles 

via hydration50, and blends with other polymers51. The resulting polymer has a planar 

conformity and visible blue color.46  

 

 

Figure 1. 4 Schematic drawing of 1,4 addition polymerization of PDA 
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The terms vesicle and liposome are often used interchangeably in the literature. 23 

Throughout this thesis, “vesicles” are used. Vesicles are versatile tools due to their 

straightforward preparation and large volume capacity. Additionally, studying the 

behavior of vesicles under stimuli allows the evaluation of three-dimensional effects, 

which can be useful for analysing supramolecular interactions.34 Bilayer vesicles in an 

aqueous suspension are obtained by hydrating and sonicating a thin film from dissolved 

DA monomers above the phase transition temperature.23 One of the key points is that the 

ones that properly aligned vesicles can undergo 1,4-addition polymerization upon 

exposure to UV or γ irradiation, yielding colored solutions.23, 52 Figure 1.5 illustrates DA 

lipid monomer, 2D and 3D versions of the polymer vesicle. The absorption of light by 

vesicles is at different characteristic wavelengths, such as ~640 nm (yielding blue color) 

and ~540 nm (yielding red color), depending on their length of planarity.52 Other addition 

types, 1,2- or 1,3- addition, inhibit photopolymerization. Polymerization of the hydrated 

bilayer structure remains intact following UV irradiation, as evidenced by Transmission 

Electron Microscopy (TEM) images,52, 53  which demonstrated that the integrity of 

monomeric vesicles is unaffected by exposure to UV light.54 The self-assembly behavior 

of monomeric vesicles, as well as the following photopolymerization, are determined by 

the architectural characteristics of the lipid diacetylenes, which are governed by various 

non-covalent interactions.52, 55 Several studies utilized H+ ions to enhance the efficiency 

of polymerization by contributing to the correct spatial arrangement.36, 56, 57  

 

Figure 1. 5 Schematic drawing of an aliphatic DA monomer, 2D and 3D illustration of 

polymer vesicles    
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 Molecular recognition and color change mechanism 

PDAs exhibit color change properties driven by the conformational transition and 

therefore changes in effective conjugation length.58 The low energy gap between HOMO 

and LUMO relies on the uninterrupted planarity of the polymer repeating units, 

determining the effective conjugation length and optical absorption properties.59 When 

the polymer is exposed to an external stimulus, the structural arrangement of the backbone 

transforms from a planar to a twisted ribbon-like structure while creating disorders in 

conjugation, as shown in Figure 1. 6.5 In this conformation, the energy gap increases. 

Hence, the absorption occurs in shorter wavelengths accompanied by a visible color 

change from blue to red.46, 48 Additionally, while the rigid planar conformation exhibits 

no fluorescence, the transition to a semi-rigid twisted backbone gives a fluorescence 

signal. The disordered structure creates new states where excitons can relax, generating a 

fluorescent signal. 36, 40, 51, 60 

 

Figure 1. 6 Schematic drawing of blue-to-red conformation transition 
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 Variations in diacetylene monomers 

1.3.3.1. Variations in alkyl chain (tail) length 
 

PDAs are amphiphilic molecules with an alkyl spacer positioned between the head group 

and the diacetylene moiety and an alkyl tail on the hydrophobic side.61 These spacers play 

a significant role in inter and intra-chain interactions, ultimately determining the nature 

of color transitions exhibited by PDAs. Notably, a decrease in the length of the alkyl tail 

significantly impacts the behavior of polydiacetylenes due to reduced dispersion forces, 

specifically interchain interactions. It is worth mentioning that the presence of strong head 

group interactions can render the difference in alkyl tail length negligible, thus resulting 

in reversible thermochromism of PDA vesicles.62 Conversely, weak interactions between 

the head groups amplify the effects of alkyl tail length on the behavior of PDAs under 

external stimuli, such as temperature or alcohol.61, 63, 64 The pronounced influence of alkyl 

tail length on PDAs can be attributed primarily to decreased dispersion forces between 

the hydrophobic alkyl side, resulting from fewer alkyl chains.64, 65 In the context of the 

thermochromic transition, melting plays a pivotal role, as it impacts the flexibility of 

conformation and subsequent structural rearrangement.63 Differential scanning 

calorimetry (DSC) analysis of PDA vesicles with varying alkyl tail segments, both in the 

hydrophobic region and between the diacetylene moiety and the head group, further 

supports this notion by demonstrating that shorter alkyl tails yield reduced melting 

temperatures.64 These dependencies are closely tied to the alkyl tail in the hydrophobic 

section. Furthermore, the alkyl segment connecting the hydrophilic head group and the 

diacetylene moiety, i.e., the alkyl side bonded to the head group, also affects PDAs’ 

packing and transition behavior.66 In this thesis, two common diacetylene monomers were 

utilized: 10,12-Tricosadiynoic acid (TCDA) and 10,12-Pentacosadiynoic acid (PCDA) 

having 23 and 25 carbon, respectively (see Figure 1.7). 

 

Figure 1. 7 Chemical structures of diacetylene monomers used in this thesis 
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1.3.3.2. Variations in head group 
 

Diacetylenes provide a versatile platform for functionalization, allowing for the 

customization of their properties for various applications.67 Functionalization strategies 

for target-specific recognition include amide bond formation using EDC/NHS coupling60, 

68 or acyl chloride62. The reaction mechanisms are shown in Figures 1. 6 and 1. 7. 

Esterification reactions with hydroxyl groups expand the versatility of diacetylenes, while 

solid-phase peptide synthesis is employed for incorporating peptide segments. 

Functionalization of diacetylenes offers a tailored approach to create receptors, capture 

biomolecules, detect ions, and achieve reversibility in PDAs.44 

 

Figure 1. 8 Acyl chloride (A) and -mBzA (B) substitution of diacetylene monomer 
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Figure 1. 9 NHS-EDC coupling (A) and DETA (B) substitution of diacetylene monomer 

 

 Polydiacetylene-Based Sensors and Applications 

PDAs exhibit color change to various stimuli such as solvents 61, 65, 69 and VOCs 23, 

temperature 28, 63, 70-73, pH 74, and various analytes 40, 46, 75. One of the most studied stimuli 

affecting the behavior of PDAs is temperature. The double and triple bonds in the side 

chain induce a strain on the PDAs backbone, preventing the chain's movement. Increasing 

temperature relieves the strain on the backbone and enhances chain mobility. While 

analyte detection dominantly depends on the head group function, all PDAs respond to 

an increase in temperature with a conformation transition, namely a blue-to-red 

transition.31 The head group functionality affects the hydrogen bond network, which 

could generate either an earlier or later response to increasing temperature.76 

Additionally, in applications requiring a reversible response, reversible thermochromic 

polydiacetylene (PDA) forms can be achieved through nanoparticle introduction,28, 71, 77-

79 head group modification, 31, 80-83 and photopolymerization duration change 84 are 

employed to obtain reversible thermochromic PDA forms.   

Substituting the carboxylic head group of commercial PDAs with other functional head 

groups allows the detection or enhances the sensitivity towards various analytes and ions. 

For example, modification of diacetylene monomer with phenylboronic acid (PBA) 

induced higher sensitivity to hydrogen peroxide than the commercial ones.85 Structural 
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modifications that enhance hydrogen bonding can tune the pH response.36, 56, 80, 86  

Observing colorimetric and fluorescent transitions of a molecule upon exposure to an 

organic solvent is called solvatochromism. Identifying or differentiating an organic 

solvent from a medium is important in various chemical, biological, and industrial 

processes 87. The solvatochromism of polydiacetylenes depends on the polarity of the 

solvent to which they are exposed. Although the functionalization of the headgroup 

allows for making customized PDA-based materials, the development of solvent-specific 

PDA materials possess a challenge22, except for several examples1, 88. Nevertheless, the 

structural variations in solvents affect the conformational change of polydiacetylenes, 

thereby leading to alternative approaches to differentiate the colorimetric changes.22, 87, 89, 

90 For instance, smartphone applications 91 and sensor arrays 92 have been employed as 

strategies to build a solvent fingerprint database. Also, different forms of PDAs are used 

to enhance their applicability.93 Additionally, studying the effect of different solvents 

could be useful for understanding the structural mechanism of color change and 

supramolecular interactions.61, 65, 94, 95 

Conjugating target receptors to diacetylene moieties opens possibilities for the analytical 

detection of biological molecules.23 Several reviews on this concept highlight the 

opportunities that PDA-based materials offer.22, 35, 96, 97 After the first report of sialic acid-

modified PDA-based sensors for detecting influenza, various strategies have been 

employed for applicable diagnostics.23, 98, 99 By various functionalization routes, the living 

organism, protein, or the releasing products could be detected.35 
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CHAPTER 2. MATERIALS AND METHODS 

 

This section provides information on the materials and methods employed in this thesis. 

Commercial diacetylene monomers, TCDA and PCDA, with alkyl tail lengths of 23 and 

25 carbons, respectively, were employed in this research. Their carboxylic terminal 

groups were altered to obtain monomers with functional groups, meta-aminobenzoic acid 

(mBzA) and diethylene triamine (DETA). The preparation of monomer vesicles and 

photopolymerized vesicles is given in detail.  

The polymeric vesicles are then subjected to various stimuli depending on their head 

group. Hydrochloric acid (HCl), acetic acid, and ethanol in liquid and vapor forms were 

used on DETA-modified PDA vesicle solutions. The mBzA-substituted PDA vesicles 

were exposed to high pH conditions and extended UV irradiation.  

Furthermore, DETA-functionalized diacetylene monomers were used for PDA-based 

composite electrospun fibers where polyethylene oxide (PEO) served as a matrix 

polymer. The solution preparation and electrospinning process were described. Real-time 

food spoilage experiments were conducted using wine, milk, and chicken, along with the 

vapor phase of ethanol and acetic acid exposure. The effect of humidity was also 

evaluated on the deterioration of fibers. 

The principles of the characterization tools employed in this study are briefly explained. 

Monomer modification was confirmed by using Fourier-Transform Infrared 

Spectroscopy (FTIR) and Nuclear Magnetic Resonance Spectroscopy (NMR) 

characterization methods. UV-Visible Spectroscopy, Fluorescence and Dynamic Light 

Scattering spectroscopy (DLS) tools were used to monitor the optical and structural 

changes in PDA vesicles. FTIR characterization was performed to study molecular 

transitions and Scanning Electron Microscopy (SEM) images were captured to analyze 

morphological changes in the electrospun fiber mats. Finally, photos were recorded to 

highlight the visual monitoring of the colorimetric response of PDAs. 

 

 Materials 

PCDA (10,12-Pentacosadiynoic acid), TCDA (10,12-Tricosadiynoic acid), N-

hydroxysuccinimide (NHS), diethylenetriamine (DETA), oxalyl chloride, 

tetrahydrofuran, anhydrous tetrahydrofuran, acetic acid, dimethyl sulfoxide (DMSO), 

polyethylene oxide (PEO) and polytetrafluoroethylene (PTFE) filters (0.45 μm) were 

purchased from Sigma-Aldrich. 1-(3-(dimethylamino)propyl)-3-ethylcarbodi-imide 
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hydrochloride (EDC-HCl) was purchased from TCI. Chloroform, ethanol, and diethyl 

ether were purchased from Isolab Chemicals. Dichloromethane (DCM), anhydrous 

dichloromethane, dimethylformamide (DMF), and methanol were purchased from 

Scharlab. Hydrochloric acid (HCl) was purchased from Carlo Erba Reagents. 

Triethylamine, acetone, and potassium hydroxide (KOH) were purchased from Merck. 3-

aminobenzoic acid (mBzA) was purchased from AlfaAesar. polyvinylidene fluoride  

(PVDF) filters (0.45 μm) were purchased from Whatman. All chemicals were used as 

received unless otherwise stated. Milli-Q water (18.2 Ω) was used as an ultrapure water 

source. 

 

 Synthesis of diacetylene monomers 

This thesis used two end group types to modify the diacetylene monomers: 

diethylenetriamine (DETA) to see the effect of additional H-bonding due to polyamine 

groups and meta-aminobenzoic acid (mBzA) to see the effect of a bulky aromatic head 

group on structural changes.  

 

 Functionalization with meta-aminobenzoic Acid (mBzA) 

Modification of PCDA: The carboxy-substituted anilido diacetylene, PCDA-mBzA (3-

(pentacosa-10,12-diynamido) benzoic acid) monomer was obtained by slightly altering 

an earlier protocol. First, PCDA (100.5 mg, 0.27 mmol) was dissolved in 4 mL of 

anhydrous DCM in a round-bottom flask wrapped up with aluminum foil to provide a 

dark environment in the reaction vessel. The solution was flushed with nitrogen before 

adding oxalyl chloride (300 μl) and anhydrous DMF dropwise. The reaction mixture was 

refluxed under nitrogen and stirred overnight at 45°C. DCM was evaporated via a rotary 

evaporator to concentrate the solution. The resulting product (PCDA-Cl) was dissolved 

in 1 ml of anhydrous DCM and combined separately with 3-amino benzoic acid (45.1 mg, 

0.33 mmol) in 3 ml of anhydrous THF. Then, the reaction mixture was stirred at room 

temperature under nitrogen for 24 hours after adding 300 µl of triethylamine. The solvents 

were evaporated via a rotary evaporator before the product (PCDA-mBzA) was fully 

redissolved in 2.5 ml of THF. To purify PCDA-mBzA, a solution mixture containing 

methanol, acetone, 0.1 M HCl, and Milli-Q (1:1:1:1) volume ratio was prepared. The 

product was dispersed in 40 ml of this mixture and then centrifuged. After repeating this 

process 3 times, the precipitate was collected and dried in a vacuum oven at 45°C. Finally, 



33 

 

the monomer was stored in a glass vial wrapped in aluminum foil at 4°C. (PCDA-mBzA, 

48.6 mg). 13C NMR (176 MHz, DMSO-d6, 295 K): δ= 174.51, 171.92, 171.48, 167.21, 

139.50, 131.22, 128.92, 123.75, 123.03, 119.71, 78.01, 77.99, 65.36, 36.71, 36.41, 34.76, 

33.66, 32.34, 31.33, 29.03, 28.97, 28.88, 28.74, 28.69, 28.63, 28.53, 28.40, 28.36, 28.34, 

28.22, 28.20, 28.18, 27.73, 27.70, 25.04, 24.67, 24.48, 22.13, 18.29, 18.28, 13.99. 1H 

NMR (700 MHz, DMSO-d6, 295 K): δ= 10.05 (s, 1H), 8.22 (s, 1H), 7.81 (d, 1H), 7.59 

(d, 1H), 7.40 (t, 1H), 2.27-2.18 (m, 6H), 1.60-1.23 (m, 32H), 0.85 (t, 3H) ppm. 

 

Modification of TCDA: The same method was used to convert TCDA into TCDA-mBzA 

(3-(tricosa-10,12-diynamido) benzoic acid), yielding 56.3 mg. 13C NMR (176 MHz, 

DMSO-d6, 295 K): δ= 174.51, 171.92, 171.53, 171.44, 167.20, 139.55, 139.45, 131.19, 

128.92, 123.75, 123.09, 122.99, 119.75, 119.66, 78.01, 65.36, 36.71, 36.41, 36.36, 34.76, 

33.65, 32.34, 31.32, 29.03, 28.94, 28.90, 28.80, 28.79, 28.73, 28.69, 28.62, 28.52, 28.41, 

28.36, 28.22, 28.19, 27.73, 27.71, 25.04, 24.67, 24.48, 22.12, 18.28, 13.99. 1H NMR (700 

MHz, DMSO-d6, 295 K): δ= 10.05 (s, 1H), 8.22 (s, 1H), 7.81 (d, 1H), 7.59 (d, 1H), 7.40 

(t, 1H), 2.27-2.18 (m, 6H), 1.60-1.23 (m, 30H), 0.85 (t, 3H) ppm. 

 Functionalization with diethylene triamine (DETA) 

Modification of PCDA: Firstly, PCDA was converted to PCDA-NHS (pentacosa-10,12-

diynoic acid 2,4-dioxo-pyrrolidin-1-yl ester) by using a slightly different method.1, 2 A 

round-bottom flask containing PCDA (100 mg, 0.27 mmol) dissolved in 3 mL of DCM 

was wrapped up with aluminum foil to a dark environment. The solution was flushed with 

nitrogen before adding NHS (50 mg, 0.43 mmol) and EDC (104 mg, 0.54 mmol) 

dissolved in 5 mL of DCM in a separate flask. The reaction mixture was stirred overnight, 

and then the DCM was removed by evaporation under nitrogen. The resulting product 

was extracted using diethyl ether and washed with water three times. The diethyl ether 

was removed, and the remaining substance was dried at room temperature in a vacuum 

oven overnight to give 60.6 mg of PCDA-NHS, yielding 40.4%.  

Then, PCDA-NHS (60.6 mg, 0.13 mmol) was dissolved in 8 mL of DCM, followed by 

dropwise addition of 1 mL of DETA. The mixture was stirred overnight. The solvent was 

then removed using a nitrogen stream. The resulting product was extracted with diethyl 

ether, washed with water three times, and dried at room temperature. Finally, the product 

was placed in a vacuum oven, resulting in the formation of N-(2-(pentacosa-10,12-

diynoyloxy) amino) ethyl) ethane-1,2-diamine (PCDA-DETA) with a yield of 169.7 mg. 
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(PCDA-DETA) (169,7 mg).13C NMR (125 MHz, CDCl3): δ= 173.43, 65.36, 52.03, 

48.70, 41.80, 39.24, 37.25, 36.95, 32.92, 32.07, 30.18, 29.85, 29.63, 29.50, 29.40, 29.33, 

29.25, 29.08, 29.02, 28.92, 28.51, 28.45, 25.88, 22.84, 19.35, 14.27 ppm. 1H NMR (500 

MHz, CDCl3): δ= 3.33-3.37 (q, 3H), 2.66-2.82 (t, 6H), 2.15-2.25 (m, 6H), 1.25-1.58 (m, 

30H), 0.84-0.89 (t, 3H) ppm. 

Modification of TCDA: The same method was used to convert TCDA into TCDA-NHS 

and then into TCDA-DETA (N-(2-(tricosa-10,12-diynoyloxy) amino) ethyl) ethane-1,2-

diamine), which gave a yield of 142.7 mg. 13C NMR (126 MHz, CDCl3): δ= 173.43, 

65.52, 52.03, 48.70, 45.48, 41.79, 39.23, 36.95, 32.04, 30.20, 29.86, 29.71, 29.63, 29.45, 

29.40, 29.33, 29.25, 29.08, 29.01, 28.92, 28.51, 28.45, 25.88, 22.83, 19.34, 14.27 ppm. 

1H NMR (500 MHz, CDCl3): δ= 3.33-3.37 (q, 3H), 2.66-2.82 (t, 6H), 2.15-2.25 (m, 6H), 

1.25-1.59 (m, 30H), 0.83-0.89 (t, 3H) ppm. 

 

 Equipment 

Rotary Evaporator: The rotary evaporator functions by lowering the boiling temperatures 

of solvents under low pressure and selectively removing solvents from mixtures. A 

rotating flask in the heat bath enhances the surface area of the solvent and ensures even 

heat distribution along the flask wall. Because of these characteristics, the rotary 

evaporator is a significant solvent extraction and purification instrument in various study 

domains. In this thesis, Heidolph-Vap Core is used. 

UV Lamp Source: UV Lamp has two different wavelengths, 254 nm and 361 nm, 

corresponding to UVC and UVB radiation, respectively. These two wavelengths are 

specific regarding their capabilities for various biological tools. The photopolymerization 

of PDAs was achieved at 254 nm exposure with CAMAG ® UV Cabinet 4 (8 W). 

ATR-FTIR: Fourier-Transform Infrared Spectroscopy (FTIR) is a versatile analytical 

technique used to detect the vibrational modes of molecules. Molecules have their 

vibrations, including stretching, bending, and scissoring. By applying Fourier Transforms 

to analyze the specific frequencies a substance absorbs, the vibrational modes are 

identified, enabling the determination of the functional groups and chemical bonds 

present. Typically, these vibrational modes are between 4000 and 400 cm-1.100 Attenuated 

Total Reflectance (ATR) is an accessory for FTIR to measure samples such as liquids. 

The high-refractive-index crystal enables multiple reflections of IR radiation to reach the 

sample and minimizes the amount of sample required for analysis.101 In this thesis, 

Shimadzu, IRAffinity-1S equipped with an ATR accessory from Pike Technologies is 
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used. All the ATR-FTIR spectra were recorded over the 4000-1000 cm-1 range with a 

resolution of 4 cm-1 and 20 total scans. 

NMR: Nuclear Magnetic Resonance (NMR) is an analytical tool for studying atomic 

nuclei. It measures the magnetic field of nuclei by aligning their spins in the presence of 

a strong magnetic field. Appling radiofrequency (RF) pulses causing transitions of nuclei 

to different energy states. Then returning to their original alignment emits a signal in RF 

which is detected and analyzed. NMR is commonly used in organic chemistry to validate 

the synthesis and identify the structure of molecules. Two main protons are concerned, 

1H and 13C, to identify the chemical shifts in the samples.102 In this thesis, 1H NMR and 

13C NMR spectra were recorded on a Bruker AVANCE NEO 700 NMR 

Spectrophotometer. 

UV-Vis: UV-Visible Spectroscopy is a popular analytical technique for determining the 

optical characteristics of materials in the ultraviolet and visible light ranges. The Beer-

Lambert rule, which relates the absorbance (A) of light to the concentration (c) of the 

material, the path length (l) of the sample holder cuvette, and the molar absorptivity (ɛ) 

of the material, is the fundamental principle of UV-Vis spectrometry. UV-Vis 

spectroscopy is frequently used to determine the concentration of solutes in solution, the 

presence of nanoparticles and molecules and for sensory applications where the material’s 

optical property changes with stimuli. Furthermore, since the absorption spectrum reflects 

the energies of electronic transitions, UV-Vis spectroscopy can be used to analyze the 

electronic structure of materials.103 In this thesis, the UV-Vis absorption spectra were 

collected using a PG Instruments T80+ spectrophotometer for monitoring the optical 

response of PDA-based vesicles. 

Fluorescence Spectroscopy: Fluorescence spectroscopy measures the electromagnetic 

radiation emitted by the molecule in an excited state when irradiated with light. The 

fluorescence signal is one of the photoluminescence events that is the emitted radiation 

from a singlet state when the molecule absorbs a specific energy. The emitted light has a 

longer wavelength compared to absorbed light. Fluorescence has many practical 

advantages in various fields. For instance, monitoring the fluorescence intensity changes 

is used to understand and control the detection or activation of biological samples.104 The 

fluorescence emission measurements were performed on a Shimadzu RF-6000 

fluorescence spectrometer. 

DLS: Dynamic Light Scattering (DLS) was employed as a characterization method to 

determine the size of colloidal particles within a solution. By illuminating the sample with 
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laser light, the instrument analyzes the particles' behavior in the solution, particularly their 

Brownian motion. Based on this analysis, the instrument generates a size distribution 

profile that provides information about the intensity, volume, and number of particles.105 

In this thesis, DLS experiments were conducted using the Malvern Zetasizer NANO ZS 

apparatus at an angle of 173°, with a 633 nm laser, to monitor the changes in size and 

distribution profiles of the PDA vesicles under the influence of external stimuli. 

SEM: Scanning Electron Microscopy (SEM) is a useful tool to visualize the surface 

features of samples closely. A primary electron beam interacts with the specimen, 

creating secondary and backscattered electrons within the interaction volume. The 

secondary electrons are emitted from a few tens of nanometers which gives information 

about surface morphology.106  In this thesis, Leo Supra 35VP is used and operated at 15 

kV for imaging PDA-PEO electrospun fibers. Before SEM measurements, all fibers were 

coated with gold-palladium (Au/Pd) coating of 3 layers using Cressington Sputter Coater.  

 Methods 

 Polymerization 

Vesicle preparation: The vesicles were prepared by hydrating the dissolved diacetylene 

monomers in an appropriate solvent, followed by sonication. Specifically, a nitrogen (N2) 

purging process was employed to obtain a thin white film at the bottom of a glass vial 

from the dissolved diacetylene monomers. Milli-Q water at 80°C was added, and the 

resulting solution was sonicated for one hour at 80°C. The amount of Milli-Q water was 

adjusted to obtain a concentration of 1 mM.  A 0.45 μm syringe filter was utilized to 

prevent agglomeration between the dissolving and solvent evaporation steps. The vial 

was covered with aluminum foil to ensure darkness and prevent undesired 

photopolymerization. Following the sonication step, the glass vials were kept at 4°C 

overnight to facilitate the formation of monomeric vesicles. The next day, the solutions 

were directly transferred to a glass petri dish and exposed to a 254 nm UV light source 

for a definite period (the UV exposure duration was varied for mBzA-substituted 

diacetylenes, and for fixed at 10 minutes for DETA-substituted diacetylenes). The 

solvents and the type of filters used in this study are summarized in Table 2.  

Table 2. 1. Solvents and type of filters used during vesicle preparation. 

Monomer Solvent Filter 

PCDA THF 0.45 μm PVDF 
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TCDA Ethanol 0.45 μm PVDF 

PCDA-mBzA DMSO 0.45 μm PTFE 

TCDA-mBzA DMSO 0.45 μm PTFE 

PCDA-DETA Chloroform 0.45 μm PVDF 

TCDA-DETA Chloroform 0.45 μm PVDF 

 

Electrospun Fibers: The electrospinning procedure involved the direct mixture of the 

DA monomer and PEO matrix. The DA monomers were dissolved in chloroform and 

subsequently mixed with the PEO matrix polymer, also dissolved in chloroform. The 

mixing ratio was maintained at a mass ratio of 7.2:1 for PEO to DA. The solution was 

stirred overnight before the spinning process to ensure homogeneity. The electrospinning 

parameters were set as follows: an applied voltage of 25 kV, a solution flow rate (injection 

speed) of 0.5 ml/h, and a distance of 15 cm between the needle tip and the aluminum foil 

substrate. The monomers PCDA, TCDA, PCDA-DETA, and TCDA-DETA were utilized 

in this study. After unpolymerized DA-containing PEO fibers are obtained, the fiber mat 

is exposed to UV irradiation at 254 nm for 10 minutes and blue-colored fiber mats are 

obtained from poly(PCDA)-PEO, poly(TCDA)-PEO, and poly(PCDA-DETA)-PEO 

whereas poly(TCDA-DETA)-PEO showed a hue characterized by a combination of 

purple and blue tones. 

 Exposure Experiments 

Liquid Exposure Experiments: The mBzA functionalized PDA vesicles were subjected 

to high pH conditions. A titration process was employed using solutions of 0.05 M, 0.1 

M, and 0.5 M KOH to obtain high pH values. For the PDA-DETA vesicle solutions, the 

titration was performed using either 0.1 M HCl or 0.1 M acetic acid until the desired 

acidic pH level was reached. They were also exposed to excess ethanol by adding 600 μL 

of absolute ethanol to 200 μL (1 mM) of PDA vesicle solution. The same procedures were 

conducted in all experiments on monocarboxylic poly(PCDA) and poly(TCDA) samples 

to compare the head group functionality. 

Vapor Exposure Experiments: The vapor from a volatile liquid was generated with a 

vapor delivery setup consisting of a 15 cm glass bubbler, a mass flow controller 

(GMC1200, Atovac), an N2 stream (99.9%) regulated to 1.5 bar pressure, tubes, and a 

syringe. 10 ml of liquid solvent (ethanol or acetic acid) (99.9%) was prepared and placed 

inside the glass bubbler. The output of the bubbler was connected to a syringe via a tube. 
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PDA solutions were exposed to solvent vapor by inserting a needle. With the help of 

nitrogen as the carrier gas, solvent vapor from the bubbler was directed to the PDA 

solution inside a plastic microcentrifuge vial. A mass flow controller controlled the input 

flow of nitrogen at 50 standard cubic centimeters per minute (sccm). Solvent vapor 

continued to flow into the sample for 5 and 10 minutes for acetic acid and ethanol vapors, 

respectively. The same procedure was applied for ethanol and acetic acid exposure to 

PDA-PEO electrospun fibres. 

Food Spoilage Experiments: Wine, milk, and chicken were employed as the test 

materials. For the milk and wine spoilage experiments, glass vials containing milk and 

wine were used with fibers cut in 1 cm x 1 cm dimensions and stuck to the inner side of 

each vial’s lid. The lids were subsequently closed, and the fibers were monitored 

periodically for over two days. Photos were recorded at definite time intervals, and FTIR 

spectra was used to assess the structural changes.  

Regarding the chicken spoilage experiment, a fresh chicken and a humidity sensor were 

placed in a chamber. PDA-PEO fibers in 1 cm x 1 cm dimensions were cut and attached 

to the inside of the lid. Photos were recorded at definite time intervals by using a digital 

camera. The experimental setup is given in Figure 2.1. 

 
Figure 2. 1. Experimental setup to detect chicken spoilage with PDA-based colorimetric 

sensors. 
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CHAPTER 3. PDAs with mBzA HEAD GROUP 

This chapter presents the photopolymerization time influence on mBzA-substituted PDA 

vesicles and their response to high pH conditions. Firstly, the head group modification of 

diacetylene monomers is evaluated by NMR and FTIR spectra. Then, PDAs prepared at 

different photopolymerization durations were evaluated for their high pH response, 

structural changes and reversible colorimetric response. Methods such as UV-Visible and 

fluorescence spectroscopy were employed to monitor optical responses. Dynamic light 

scattering is used to evaluate the change in the polymer vesicle sizes prepared at different 

photopolymerization durations and after exposure.  

 

 Characterization of mBzA-DA Monomers 

The proton nuclear magnetic resonance spectroscopy (1H NMR) and the carbon nuclear 

magnetic resonance (13C NMR) spectroscopy are employed to evaluate the protons of 

substituted functional groups of mBzA to diacetylene monomers.  

The 1H NMR spectra of PCDA-mBzA are provided in Figure 3. 1Figure 3. 1. Figure 3. 1 

1H NMR spectrum of PCDA-mBzA with the interval 7.4 – 12.0 ppm as an inset.The distinctive 

protons associated with PCDA are observed at chemical shift values of δ 0.85 ppm, δ 

1.60-1.23 ppm, and δ 2.27-2.18 ppm, which correspond to a triplet signal arising from the 

hydrophobic tail end, multiplet signals from the alkyl chain, and multiplet signals from 

protons close to the C=O bond and diacetylene moiety, respectively. The emergence of 

new peaks within the range of δ 7.40 ppm to δ 12.0 ppm confirms the occurrence of 

chemical bonding between the mBzA functional group and PCDA. The terminal 

carboxylic acid proton appears as a singlet at δ 10.05 ppm. The proton of the secondary 

amide appears as a singlet at δ 8.22 ppm. Lastly, the peaks observed as a doublet, doublet, 

and triplet at δ 7.81 ppm, δ 7.59 ppm, and δ 7.40 ppm, respectively, can be attributed to 

the benzene ring of the mBzA functional group.26 

 



40 

 

 

Figure 3. 1 1H NMR spectrum of PCDA-mBzA with the interval 7.4 – 12.0 ppm as an 

inset. 

The carbon nuclear magnetic resonance (13C NMR) result of PCDA-mBzA is given in 

Figure 3. 2, where the emergence of new peaks between 115.0 ppm and 173.0 ppm 

confirms the mBzA substitution to PCDA monomer.62  

 
Figure 3. 2 13C NMR spectrum of PCDA-mBzA with the interval 7.4 – 12.0 ppm as an 

inset. 

The 1H NMR and 13C NMR data obtained from modifying TCDA monomer with mBzA 

are presented in Figure 3. 3 and Figure 3. 4, respectively. Similarly, the appearance of 

triplet, doublet, and doublet signals at chemical shift values of δ 7.40 ppm, δ 7.59 ppm, 

and δ 7.81 ppm, respectively, confirm the presence of a benzene ring. Furthermore, the 

proton chemical shift at δ 10.0 ppm indicates the OH group at the carboxylic terminal. 
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The new peaks between 115.0 and 173.0 ppm in 13C NMR also validate the chemical 

modification of TCDA with mBzA.  

 

Figure 3. 3 1H NMR spectrum of TCDA-mBzA with the interval 7.4 – 13.0 ppm as an 

inset. 

 

Figure 3. 4 13C NMR spectrum of TCDA-mBzA with the interval 7.4 – 12.0 ppm as an 

inset. 

FTIR Spectroscopy is used to assess the vibrational bands present in mBzA functional 

group and to evaluate the band shifts in the chemical structure of diacetylenes.  

The spectra of the mBzA functionalized monomers are demonstrated in Figure 3. 5. The 

commercial DA monomers are included again for a clear comparison. All monomers' 

symmetric and asymmetric stretching vibrations of alkyl side chains are around ~2847 

cm-1 and ~2918 cm-1, respectively. The carbonyl stretching vibrations located at ~1692 
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cm-1 and ~1657 cm-1 are assigned to the terminal carboxyl group of unmodified DA 

monomers and the amide group of mBzA substituted ones, respectively. In the mBzA-

modified DA monomers, the new bands at ~1593 cm-1 and ~1543 cm-1 show the presence 

of the phenyl group and the CNH vibrations, respectively.107  

 

Figure 3. 5 FT-IR spectra of (A) PCDA, (B) PCDA-mBzA, (C) TCDA, and (D) TCDA-

mBzA monomers 

 The Effect of Photopolymerization Duration on PDA vesicles 

 

 Optical Properties of Vesicles – Studied by Visual Imaging and UV-Visible 

Spectroscopy Method 

The absorption spectra are used to assess the optical response of PDA vesicles to 

increased UV photopolymerization duration. The monomer vesicles were irradiated for 

1-, 3-, 5-, 10-, 15-, and 20-minutes with 254 nm UV light and subsequently, their 

absorption spectra were recorded by UV-Vis spectroscopy. 

The photopolymerization of DA monomer vesicles under 1 minute of UV irradiation 

leads to polymer vesicle solutions at different tones of blue. Among the commercial 

diacetylene monomers, PCDA and TCDA, the latter attains a darker blue color upon 

photopolymerization. The mBzA-substituted diacetylene monomer vesicle solutions 
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yield lighter blue color solutions after photopolymerization. A shorter alkyl chain length 

promotes the higher packing of TCDA monomers due to the weak van der Waals 

interactions. Therefore, darker blue color of poly(TCDA) vesicle solution than the rest is 

observed indicating higher polymerization efficiency.29, 108 Figure 3. 6 illustrates the 

absorption spectra of four PDAs, each characterized by an excitonic peak at 

approximately 640 nm and a vibronic shoulder at around 590 nm.24 The absorption 

profiles of all PDA vesicle solutions exhibit a similar trend, demonstrating an increasing 

intensity with prolonged UV irradiation. This trend is visually apparent in PDA solutions.  

 

Figure 3. 6 Absorption spectra of PDA vesicle solutions as a function of irradiation time, 

with corresponding photographs indicating each spectrum. 

For better comparison, the intensity and absorption wavelength profiles are plotted in 

Figure 3. 7 as a function of UV irradiation time. The maximum absorption intensity 
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experiences a significant rise within the first 5 minutes of UV exposure, while further 

increments in UV irradiation time (from 5 to 20 minutes) result in a comparatively smaller 

increase (Figure 3. 7. A.). With the initiation of UV exposure, the vesicle solutions contain 

monomers, oligomers, and polymers.109 Polymer conversion proceeds with the continued 

UV irradiation. The intensity profile suggests that the photopolymerization of monomeric 

vesicles is nearly complete after 5 minutes of UV irradiation.84, 109-111 Prolonged exposure 

time continues to facilitate the photopolymerization of the vesicles, although at a 

comparatively slower conversion rate.24, 109, 111, 112 It can be inferred that PDAs with 

shorter alkyl tails exhibit higher photopolymerization efficiency.113 

 

Figure 3. 7 The changes in absorption intensity (A) and maximum (λmax) (B) of PDA 

vesicles photopolymerized at different times. 

Figure 3. 7. B shows the initial maximum absorption of PDA vesicles. The λmax of 

poly(PCDA) was 643 nm after 1 minute of UV irradiation, while the rest were at 641 nm. 

This difference could be due to various experimental processes.85, 114 Along with the 

difference in hydrophobic tail length and structure of the headgroups, the vesicle 

preparation process, including the type of organic solvent used, sonication time, and 

storage conditions, also affects the packing of the monomers. All PDA solutions exhibited 

similar colorimetric behavior. The general decrease in absorption wavelength up to 10 

minutes indicates that the polymerized, blue-colored vesicles are affected by UV light 

irradiation, resulting in a change in electronic properties. While poly(PCDA) and 

poly(PCDA-mBzA) showed a continuous shift towards shorter wavelengths, 

poly(TCDA) and poly(TCDA-mBzA) remained unchanged from 10 to 20 minutes of 

irradiation. As the polymer chain length increases, greater rotational freedom and a 

tendency for conformational transitions are observed.59, 115 Both poly(PCDA) and 

poly(PCDA-mBzA) have longer hydrophobic tail lengths compared to their counterparts. 

Increasing photoirradiation leads to longer polymer chains,84 which enhances chain 
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mobility. Increased mobility leads to rearrangement of the backbone causing interrupted 

conjugation length and a blue shift.59 Additionally, due to the high energy of UV light, 

the PDAs might experience degradation and chain scission along the conjugated 

backbone, leading to a rearrangement of the PDA lipids, which could contribute to the 

blue shift in λmax.
23, 116, 117 However, this structural rearrangement does not dominate the 

system, as the observed color of the solutions is still blue, and the absorption in the red 

phase does not exceed the blue phase absorption wavelength. The following section of 

the thesis discusses the effect of longer photoirradiation time on an external stimulus, pH, 

and its reversibility properties on PDA vesicle solutions.  

 

 Size of Vesicles – Studied by Dynamic Light Scattering Method 

The structure of PDA vesicles as a function of UV duration is evaluated using the dynamic 

light scattering method. Figure 3. 8 presents the size distribution of PDA vesicles under 

varying durations of UV light exposure (1, 3, 5, 10, 15, and 20 minutes). 1-minute 

photopolymerization forms a vesicle solution with distinct populations ranging in mean 

sizes of 46 nm, 73 nm, 67 nm, and 150 nm for poly(PCDA), poly(TCDA), poly(PCDA-

mBzA), and poly(TCDA-mBzA), respectively. The initial polydispersity index (PDI) 

values, ranging from 0.2 to 0.3, are demonstrated in Figure 3. 9 B. Prolonged UV 

irradiation shows a subtle decrease in vesicle size for all PDAs except for poly(TCDA-

mBzA), which exhibits more reduction in size from 150 nm to 125 nm (see Figure 3. 9 

A). While photopolymerization proceeds, the formation of yne-ene conjugation induces 

an attraction among DA monomers, which might decrease vesicle size. 84, 112, 118 

Furthermore, the vesicles maintained their respective single-size populations, except for 

poly(PCDA), which exhibited minor populations at 8 nm and 2 nm with prolonged UV 

irradiation, which can also be seen in plotted PDI values. The DLS results suggest that 

variations in hydrophobic packing and head group interactions are instrumental during 

the self-assembly of monomer vesicles (Figure 3.8 E). Once the vesicles are formed, UV 

exposure to light for up to 20 minutes does not significantly alter the size distribution 

profile. 
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Figure 3. 8 (A-D) Size profiles of PDA vesicles irradiated for 1, 3, 5, 10, 15, and 20 

minutes and E) schematic non-covalent interactions on mBzA-substituted diacetylene 

head group 
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Figure 3. 9 Hydrodynamic Radii (Rh) (A) and PDI values (B) of PDA vesicles as a 

function of irradiation time 

 

   Colorimetric Response of PDAs to High pH Conditions  

The preceding section examined the influence of UV irradiation time on polymer 

conversion in solution. The results revealed that prolonged exposure to UV irradiation, 

specifically up to 20 minutes, increased polymer conversion. The current section explores 

the effect of prolonged UV irradiation on the colorimetric transition of mBzA-substituted 

polydiacetylene (PDA) vesicles as the pH increases. Short (3 minutes) and long (20 

minutes) UV irradiation durations were chosen as representative time frames for 

comparison. The visual appearance, absorption, fluorescence profiles, and size changes 

of the vesicles were evaluated to assess the differences.  

The response to pH can be observed at increasing pH levels since commercially available 

and modified PDAs contain a carboxylic acid head group. In a neutral environment, the 

vesicle solutions are stable due to the non-covalent interactions, including hydrogen 

bonds, electrostatic interactions between the head group, and the dispersion forces 

between the alky chains of PDA lipids.113 Introducing OH- ions to the system 

deprotonates the carboxylic acid forming negatively charged carboxylate ions.74, 119, 120 

This acid-base reaction breaks the hydrogen bonds in the head group and induces 

Coulombic repulsion due to the formed carboxylate ions.121 The formed stress on the 

backbone results in a structural realignment to obtain relaxation, and the red phase forms.5 

The visual appearances of vesicle solutions irradiated for 3 and 20 minutes to increase pH 

level are given in Figure 3. 10. The vesicles irradiated for 3 minutes appear light blue 

color at pH 7, whereas the ones irradiated for 20 minutes appear dark blue color. Adding 

KOH to the solutions allows a transition from blue to red to be visually followed.   
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Figure 3. 10 Photos of vesicle solutions photopolymerized for 3 and 20 minutes to high 

pH 

Structural transitions from planar to twisted (non-planar)93 are characterized by 

absorption and fluorescence spectroscopy, as shown in Figure 3. 11, 3. 12, 3. 13, and 

3.14. The vesicles photopolymerized for 3 minutes exhibited a characteristic blue phase 

peak at around 640 nm with a vibronic shoulder at 590 nm.80 As pH increases, the 

characteristic red phase peak at around 540 nm emerges, eventually dominating the 

system.62 The blue phase peak disappears completely when the pH increases to 12 and 9 

for poly(PCDA) and poly(TCDA), respectively. However, poly(PCDA-mBzA) and 

poly(TCDA-mBzA) turned to the red phase at higher pH values and still exhibited the 

blue phase even at very high pH levels (pH=13). As expected, the PDAs with long alkyl 

tails turned to red phase at a higher pH level than those with shorter hydrophobic tails.64  
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Figure 3. 11 UV-Vis spectra of 3 minutes UV irradiated A) poly(PCDA), B) 

poly(TCDA), C) poly(PCDA-mBzA), D) poly(TCDA-mBzA) upon increasing of pH 

Since poly(PCDA) vesicles have stronger dispersion forces between DA molecules, they 

resist more to the introduction of OH- ions. The mBzA substituted ones however, resist 

the present OH- ions in the system through their strong head group interactions 

constituting hydrogen bonds and aromatic interactions.61 The unusual response of 

poly(TCDA-mBzA) can be seen from visual images and absorption spectra compared to 

poly(PCDA-mBzA) vesicles. Even though both modified polymer vesicles have the same 

headgroup, the shorter alkyl chain containing PDA, namely poly(TCDA-mBzA), 

experiences a later response to pH compared to the longer alkyl tail poly(PCDA-mBzA). 

This unique behavior is similar when both vesicles undergo 20 minutes of 

photopolymerization before exposure to basic conditions. This behavior suggests that the 

presence of a bulky head group dominated the weak dispersion forces resulting from 

shorter hydrophobic tail and the system becomes more resistive to conformational 

transitions.61 The 20 minutes irradiated vesicle solutions generally showed a transition 

from blue to red at higher pH values compared to their 3 minutes irradiated counterparts. 

Since the longer photopolymerization results in more conversion from monomer to 
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polymer, the fluidity of the solution decreases and a more stable polymer solution is 

obtained.112 Therefore, the interactions between the PDA membrane and OH- ions 

become difficult to exert strain on the polymer backbone.  

 

Figure 3. 12 UV-Vis spectra of 20 minutes UV irradiated A) poly(PCDA), B) 

poly(TCDA), C) poly(PCDA-mBzA), D) poly(TCDA-mBzA) upon increasing pH 

The fluorescence spectra of PDA vesicles exhibited an off-to-on response upon adding 

KOH. The conformational transition on the backbone creates additional energy states 

where an excited electron from the HOMO level could emit a photon to those states, 

releasing a fluorescence signal. The rate of increments in the intensity of the fluorescence 

signal is parallel with the rate of the blue-to-red color transition.  
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Figure 3. 13 Fluorescence spectra of 3 minutes UV irradiated A) poly(PCDA), B) 

poly(TCDA), C) poly(PCDA-mBzA), D) poly(TCDA-mBzA) upon increasing of pH 

 

 

Figure 3. 14 Fluorescence spectra of 20 minutes UV irradiated A) poly(PCDA), B) 

poly(TCDA), C) poly(PCDA-mBzA), D) poly(TCDA-mBzA) upon increasing of pH 

The delayed response can also be attributed to the PDA vesicles' stronger non-covalent 

interactions. The calculated colorimetric response (CR%) and maximum absorption 
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wavelength values are plotted in Figures 3. 15 and 3.16 for all the PDA vesicle solutions. 

The poly(TCDA) vesicles are not affected by longer photopolymerization compared to 

the rest since both short and long UV irradiated vesicles turned completely to the red 

phase at pH 9. This behavior might be due to the weak dispersion forces that could not 

resist the insertion of OH- ions into the system.64, 74  

 

Figure 3. 15 CR% of PDA vesicles UV irradiated for A) 3 minutes and B) 20 minutes as 

a function of pH 

 

Figure 3. 16 λmax comparison of PDA vesicles irradiated for 3 minutes and 20 minutes 

with corresponding labels at the bottom 

The hydrophobic tail, hydrogen bonding, and aromatic interactions affect the self-

assembly behaviour and photopolymerization of PDA vesicles.113 Adding KOH to the 

solution showed an increasing trend in vesicle sizes. Figure 3. 17 and Figure 3. 18 show 

the size distribution response of PDA vesicles irradiated short (3 minutes) and long (20 

minutes) UV duration to increase pH.  
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Figure 3. 17 Size distribution profiles of poly(PCDA) and poly(TCDA) vesicles UV 

irradiated for 3 and 20 minutes upon increasing pH 

 

 

Figure 3. 18 Size distribution profiles of poly(PCDA-mBzA) and poly(TCDA-mBzA) 

vesicles UV irradiated for 3 and 20 minutes upon increasing pH 
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The insertion of hydroxide ions (OH-) to the system deprotonates the carboxylic 

headgroup.118, 120 Thus, the electrostatic repulsion between the DA monomers creates 

spatial disturbances, thus increasing of vesicle size and transition from blue to red phase. 

 Reversible Colorimetric Response of PDAs 

A study for the reversibility of the modified PDA vesicles was conducted under both short 

and long UV irradiation durations, to explore the inter and intra-chain interactions of the 

system. The optical response was assessed using UV-Vis spectroscopy. 

The conformation transition of commercial PDAs from the planar blue phase to the 

twisted, non-planar red phase when exposed to an external trigger is irreversible. Upon 

removal of the trigger, the rearrangement does not occur since the thermodynamically 

stable phase is the red phase.45 The coulomb interaction forces the weak hydrogen bonds 

that fail to restore to their original state and permanently distort PDAs' backbone. 26, 80, 84 

Several studies reported the effect of functional head groups such as amide, aromatic or 

carboxylic acid attached to DA monomer on the reversible chromatism, especially on 

thermochromism.62, 82 Results indicated the necessity of cooperative, stable, and strong 

hydrogen bonding among head groups to obtain reversibly chromatic PDAs.32, 62, 71, 80 

Therefore, the -mBzA substituted PDA vesicles were tested for their reversibility 

properties. Initially, blue-colored PDA vesicles were titrated with KOH to reach pH 13 

and then turned back to pH 7 by adding HCl. To evaluate the effect of UV irradiation 

time on reversibility, the 3- and 20 minutes UV photopolymerization durations were 

selected as short and long exposure durations. The colorimetric reversibility tests of 

poly(PCDA-mBzA) and poly(TCDA-mBzA) were summarized in Figure 3. 19 andFigure 

3. 20 for both irradiation durations. As can be seen in Error! Reference source not 

found., the PDA vesicles irradiated for 3 minutes did not show any recovery of the blue 

phase when HCl was added to the solution. Instead, a slight drop in intensity for both 

poly(PCDA-mBzA) and poly(TCDA-mBzA) vesicles is seen due to the dilution effect. 

Additionally, the agglomeration is visible in poly(TCDA-mBzA) vesicles due to the salt 

formation.32, 36, 56 When the same reversibility test was conducted on 20 minutes irradiated 

vesicles, some of the red phases of PDA returned to the blue phase accompanied by an 

intensity drop (see Figure 3. 20). The recovery of the blue phase in poly(PCDA-mBzA) 

is dominating the system. In contrast, the red and blue phase intensities in poly(TCDA-

mBzA) are almost even, giving both vesicles a purple color. This behavior suggests that 

the prolonged photopolymerization contributes to the degree of freedom of the PDA 
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backbone, where  

 

Figure 3. 19 Absorption spectra and corresponding photographs of poly(PCDA-mBzA) 

vesicles irradiated for A) 3 minutes and B) 20 minutes during reversibility test; initial 

state (pH 7), increasing of pH to 13 and decreasing back to pH 7 

neutralization of the solution allows some of the vesicles to return to their original blue 

state.57 Even though poly(TCDA-mBzA) has later transitioned to the red phase upon 

increasing pH, the acidification process is not as effective as in poly(PCDA-mBzA).  

 
Figure 3. 20 Absorption spectra and corresponding photographs of poly(TCDA-mBzA) 

vesicles irradiated for A) 3 minutes and B) 20 minutes during reversibility test; initial 

state (pH 7), increasing of pH to 13 and decreasing back to pH 7 
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This indicates either the system experiencing resistance to complete conformational 

transition from planar to non-planar twisted form or the strain relaxation of the chain is 

managed somehow that prevents the further realignment from exerting the strain. Thus, 

unlike thermochromic reversibility, prolonged UV irradiation contributes to the pH 

reversibility of PDA vesicles ones the headgroup interactions are enhanced.21, 84 
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CHAPTER 4. PDAs with DETA HEAD GOUP 

 

This chapter presents the influence of initial conformation on DETA-modified PDA 

vesicles and the alkyl tail length to various external triggers, including low pH, ethanol 

and acetic acid. The modification of diacetylene monomers is evaluated by NMR and 

FTIR spectra. Then, the effect of initial conformation on PDA vesicles to the stimuli was 

evaluated by analysing the UV-Vis spectroscopy, DLS, and visual appearance. 

 

 Characterization of Modified DA Monomers 

The proton nuclear magnetic resonance spectroscopy (1H NMR) and the carbon nuclear 

magnetic resonance (13C NMR) spectroscopy are employed to evaluate the protons of 

substituted functional groups of DETA to diacetylene monomers.  

The 1H NMR and 13C NMR spectra of both PCDA-DETA and TCDA-DETA are 

provided in Figure 4. 1 andFigure 4. 4 . The characteristic protons of PCDA were 

observed at chemical shift values of δ 0.84-0.89 ppm, δ 1.58-1.25 ppm, and δ 2.25-2.15 

ppm in Figure 4. 1, as previously evaluated. New peaks emerged between δ 2.81-2.67 

ppm and δ 3.33-3.37 ppm, confirming the presence of ethylene diamine (DETA) at the 

polar head of the PCDA monomer.  

 

Figure 4. 1 1H NMR spectrum of PCDA-DETA 

The 13C NMR in Figure 4. 2 the new peaks at 40 ppm and 60 ppm indicate the chemically 
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bonded DETA to PCDA.  

 

Figure 4. 2 13C NMR spectrum of PCDA-DETA 

Similarly, the characteristic TCDA protons appeared at δ 0.83-0.89 ppm, δ 1.59-1.25 

ppm, and δ 2.25-2.15 ppm and the newly emerged peaks between δ 2.82-2.66 ppm and δ 

3.33 – 3.37 ppm in Figure 4. 3 and 40-60 ppm in Figure 4. 4 confirms the successful 

modification of TCDA-DETA.122 

 

 
Figure 4. 3 1H NMR spectrum of TCDA-DETA 
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Figure 4. 4 13C NMR spectrum of TCDA-DETA 

FTIR Spectroscopy is used to assess the vibrational bands present in DETA functional 

group and to evaluate the band shifts in the chemical structure of diacetylenes.  

The FTIR spectra are demonstrated in Figure 4. 5 for the commercial and DETA-

substituted DA monomers. DETA- substituted DA monomers show a new peak at around 

3300 cm-1 corresponding to N-H stretching vibrations. The unmodified ones give almost 

identical spectra where the bands at 2916 cm-1 and 2846 cm-1 correspond to symmetric 

and asymmetric stretching vibrations of alkyl chains (CH2).
64, 77, 123 These bands showed 

a small shift to higher wavenumber in alkyl side chains of DETA functionalized DA 

monomers. The carbonyl stretching vibration in the carboxylic head group shows a 

distinct peak at 1691 cm-1 for PCDA and TCDA, whereas DETA-substituted monomers 

show the carbonyl stretching in the amide bond at around 1643 cm-1 with a lower 

wavenumber domain than the commercial ones. The enhanced hydrogen bonds between 

the polyamine head group might be contributed to this shift. The new peaks appear at 

around 1546 cm-1 and 1110 cm-1 for modified DA monomers corresponding to N-H 

bending and C-N stretching, respectively. The methylene scissoring bands of alkyl side 

chains are between 1461 cm-1 and 1416 cm-1.124 



60 

 

 

Figure 4. 5 FT-IR spectra of (A) PCDA, (B) PCDA-DETA, (C)TCDA, and (D) TCDA-

DETA monomers 

 

 Colorimetric Response of PDAs to Low pH Conditions  

The presence of a carboxylic head group does not promote any acid-base reaction on the 

polydiacetylene chain when the pH is lowered.74 So, the commercially available PCDA 

and TCDA polymers do not show a conformational change, thus a colorimetric response.  

However, modification of the head group with amine-containing moiety favors the ionic 

interactions between hydrogen ions and the amine group. The consequent structural 

changes affect the electronic state of polydiacetylene showing a blue-to-red phase 

transition and becoming fluorescent.120 

 

 Optical Properties of Vesicles – Studied by Visual Imaging and UV-Visible 

Spectroscopy Method 

In this section, two different acid sources, one of them being strong acid, HCl, and the 

other as an organic acid with an alkyl chain containing carboxylic acid, acetic acid were 

used to obtain predetermined pH. Their absorption spectra were recorded by UV-Vis 

spectroscopy to evaluate the optical transition in PDA vesicles. 
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As previously mentioned, the non-covalent interactions affect the efficient packing of the 

monomers. A proper alignment gives blue-colored polydiacetylenes. Variations in this 

alignment yield either purple or red polydiacetylenes or no change of color indicating 

unsuccessful packing. As demonstrated in Figure 4. 6Error! Reference source not 

found., poly(TCDA-DETA) initially yields purple color which means that the effective 

π-electron delocalization is interrupted at some locations on the planar backbone leading 

to an intermediate phase consisting of blue and red phase vesicles.5 Comparison of 

chromatic transitions of initially blue and purple PDA vesicles provides useful 

information about how the thermodynamically intermediate phase allows the 

rearrangement of conjugated backbone in the presence of external stimuli.  

The absorption spectra of PDA vesicle solutions upon exposure to hydrochloric acid and 

acetic acid are given in Figure 4. 6 and Figure 4. 7. The titrations were performed to reach 

the pH values of 4 and 3 for all exposures. The color transition occurs in modified vesicles 

by protonating the terminated amine molecules with H+ ions to form NH3
+. The electronic 

repulsion between these positively charged ammonium ions is causing rearrangement of 

the conjugated backbone transitioning to the red phase.119, 125 Initially, poly(PCDA-

DETA) exhibited blue-colored vesicles with maximum absorption at 630 nm. By 

lowering the pH to 4 with acetic acid, a new peak emerged at around 540 nm, indicating 

the presence of a red phase. The blue and red peaks show almost equal intensities, 

suggesting that pH 4 can be considered an intermediate phase with a purple colour 

visually appearing. Further addition of acetic acid diminishes the blue phase in 

poly(PCDA-DETA) without complete elimination. The already emerged red peak at 540 

nm dominates the system indicating the significant interruption of the planarity of the 

conjugated backbone.80 Initially, purple-colored poly(TCDA-DETA) exhibited similar 

color transition behavior with poly(PCDA-DETA) upon exposure to acetic acid. 

Nevertheless, due to the system being in the intermediate phase, the peak at 540 nm 

already starts dominating the system at pH 4. Lowering the pH to 3 almost eliminates the 

blue phase. Both vesicle systems contain polyamine terminated polar group; however, 

shorter alkyl tail length of poly(TCDA-DETA) results in weaker dispersion forces 

between hydrophobic tails of PDA lipids which promotes the rearrangement of the 

backbone in poly(TCDA-DETA) more than poly(PCDA-DETA).29 This indicates that 

PDA systems with an already organized 59 nonplanar intermediate phase require a lower 

amount of external stimuli compared to PDAs with a planar conformation to form 

structural rearrangement on the backbone.5  
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Figure 4. 6 UV-Vis absorption spectra of poly(PCDA-DETA) to (A) HCl and (C) acetic 

acid addition; poly(TCDA-DETA) to (B) HCl and (D) acetic acid addition with 

photographs attached above each spectrum, (E) schematic illustration of introduction of 

acetic acid into the DETA-substituted diacetylene monomers 

Absorption spectra of PDA vesicles were measured following the addition of HCl as 

shown in Figure 4. 6. C-D. Interestingly, diatomic acid produced unusual colorimetric 

transition in polyamine-modified vesicle systems despite being stronger than acetic acid. 
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The emergence of a new peak at around 540 nm was observed, accompanied by a 

bathochromic shift of the blue phase in poly(PCDA-DETA) vesicles, indicating some 

resistance on the conjugated backbone to H+ ions.113 The response of poly(TCDA-DETA) 

vesicles to adding HCl resembled that of acetic acid, where the absorption in the red phase 

gradually increased as the pH lowered. Nonetheless, the blue phase remained in this 

system without showing a bathochromic shift. These unusual results indicate that the 

introduction of diatomic acid might not cause relaxation on the conjugated backbone like 

acetic acid. This can be attributed to the swelling of the PDA vesicles where the alkyl tail 

of acetic acid is more likely to enter the hydrocarbon region of PDA lipids compared to 

Cl- ions when HCl is used as an H+ ion source.113, 120 Previous studies have shown that 

diacetylenes with amine headgroups can impede photopolymerization due to the 

shortening of the distance between DA units36, 56 To overcome this, HCl is introduced to 

the system before polymerization leading to the formation of salt through electrostatic 

interactions on the headgroup.113 This rearrangement of the self-assembled DA 

monomers facilitates the alignment, forming blue-colored PDAs upon UV irradiation. 

The observed red-shift in poly(PCDA-DETA), indicating an increase in effective 

conjugation length, may be attributed to this phenomenon.113 The addition of HCl seems 

to affect the backbone configuration increasing the conjugation of the PDA backbone.   

 

Figure 4. 7 UV-Vis absorption spectra of poly(PCDA) to (A) acetic acid and (B) HCl 
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addition; poly(TCDA) to (C) acetic acid and (D) HCl addition. 

Expectedly, poly(PCDA) and poly(TCDA) did not develop any red phase upon the 

addition of both acid types indicating that they retain their conformation during acid 

addition as shown in Figure 4. 7.74, 119 The slight decrease in absorption intensity can be 

attributed to the dilution effect and the agglomeration of PDA.120  

 Ethanol Exposure to PDA Vesicles 

 

Alcohol molecules have been observed to penetrate the head group of PDA layers, leading 

to a conformational change.65 To examine the effect of amine-substituted head groups on 

this insertion, ethanol is used. The analyses were conducted on two forms of PDA 

vesicles, blue and red phases. To obtain the red phase ethanol was added in excess based 

on the experimental procedure and literature65; however, the addition was kept the same 

for exposure to each vesicle. 

 Optical Properties of Vesicles – Studied by Visual Imaging and UV-Visible 

Spectroscopy Method 

The absorption spectra of PDA vesicles were recorded to assess the transitions between 

HOMO and LUMO levels of blue and red phase PDA vesicles. 

Figure 4. 8 shows the UV-Vis spectra of PDA vesicles before and after the excess addition 

of ethanol, with corresponding images placed at the top of each spectrum. The absorption 

at 633 and 640 nm of blue phase vesicles significantly declined when ethanol was added, 

while these peaks showed a blue shift to 540 and 545 nm for poly(PCDA) and 

poly(TCDA), respectively. The swelling of vesicles leads to the rearrangement of the 

conjugated backbone and causes an increase in the HOMO-LUMO energy gap.  
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Figure 4. 8 UV-Vis absorption spectra of A) poly(PCDA), B) poly(TCDA) vesicles 

before (blue) and after (red) addition of liquid ethanol and corresponding photographs of 

vesicle solutions, C) schematic drawing of introduction of ethanol molecule into the 

monocarboxylic diacetylene lipids. 

With the same amount of ethanol addition, the reduction of the blue phase is more in the 

poly(TCDA) vesicle system than the poly(PCDA) vesicle system. This behavior could be 

attributed to the stronger dispersion forces between the hydrophobic alkyl tail of 

poly(PCDA) resisting the movement. The UV-Vis spectra and images reveal that there is 

not any loss of intensity despite the excess addition of ethanol, suggesting that the 

agglomeration, which might be due to the changes in polarity, is negligible.61, 65  
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The absorption spectra of amine-substituted PDA vesicles before and after liquid ethanol 

addition are demonstrated in Figure 4. 9. The absorption of the blue phase at 625 nm in 

poly(PCDA-DETA) vesicle system transformed to red phase with the emergence of the 

peak at 542 nm. The UV-Vis spectrum shows the complete disappearance of the blue 

phase with a considerable intensity drop due to dilution with ethanol. With the same 

amount of liquid ethanol addition, the structural realignment, thus the red phase, is 

observed for both monocarboxylic and amine-tethered PDA vesicles, suggesting that the 

swelling of vesicles does not mainly depend on the head group's structure. However, with 

the same vesicle molar concentration and the same amount of ethanol addition, the 

poly(PCDA-DETA) system experienced a significant intensity drop. Thus, the response 

depends on the number of ethanol molecules introduced. Contrary to the addition of HCl, 

the poly(PCDA-DETA) vesicles do not show a bathochromic shift supporting the 

contribution of H ion to the alignment of the side chains.  

 

Figure 4. 9 UV-Vis absorption spectra of A) poly(PCDA-DETA), B) poly(TCDA-DETA) 

vesicles before (blue) and after (red) addition of liquid ethanol and corresponding 

photographs of vesicle solutions. 

Based on the absorption spectra, purple poly(TCDA-DETA) vesicles initially exhibit a 

similar intensity drop with dominant absorption at 545 nm attributed to the red phase. The 

vesicle image taken after the excess liquid addition implies that ethanol dilutes the system 

considerably. Nevertheless, the UV-Vis profile still shows the blue and red phases as 

intermediate phases. A similar profile was obtained when the pH was lowered to 3 by 

adding acetic acid. Despite the clear red color on the appearance of the vesicle, the 

absorption spectra still showed an absorbance intensity at the blue phase. (See Figure 4. 
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7) Similarly, the blue phase has not completely disappeared after adding ethanol in excess. 

The poly(TCDA-DETA) vesicles are believed to have interrupted the conjugated 

backbone due to a twisted ribbon-like shape. Therefore, even though the dispersion forces 

are weakest, after the external trigger, poly(TCDA-DETA) vesicles either exhibit 

resistance against a fully conformational transition or the system releases the strain 

through some other way. Consequently, the twisted side chains provide enough freedom 

to release the strain created by the perturbation of ethanol or acetic acid molecules.61 

 Size of Vesicles – Studied by Dynamic Light Scattering Method 

The swelling behavior is observed with dynamic light scattering and the color change of 

PDA vesicles is assessed. 

Figure 4. 10 shows the DLS spectra of poly(PCDA) and poly(TCDA) vesicles before and 

after ethanol addition in excess with the corresponding vesicle images at the top. The 

poly(PCDA) size profile shows two distinct peaks before adding ethanol, a major 

population with Rh=60 nm and a minor population with Rh=127 nm. On the other hand, 

the size profile of poly(TCDA) becomes singular with Rh=70 nm in the blue phase.  

 

Figure 4. 10 Size distribution profiles of A) poly(PCDA), B) poly(TCDA), before (blue) 

and after (red) addition of liquid ethanol and corresponding photographs of solutions 

In both cases, the shape of the size distribution profiles remains unchanged, with no 

growth of an additional peak when ethanol in excess is added into aqueous suspensions. 

Studies related to alcohol and surfactant exposure to PDA vesicles suggest that the ethanol 

molecules penetrate the inner layer of PDAs from their alkyl tail side. In contrast, the 

hydrophilic –OH group disturbs the hydrogen bonding of the outer layer of PDAs to 

minimize the energy. The insertion of ethanol molecules causes a strain relief within the 
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side chains leading to swelling of the vesicles. The reorganization of conjugated structure 

emerges in the red phase vesicles. The size profiles are increased almost three-fold, with 

Rh=127 nm and Rh=200 nm for poly(PCDA) and poly(TCDA) vesicles, respectively. The 

initial vesicle concentrations are kept at 1 mM, which is relatively high compared to the 

study in the literature. Therefore, even if the polarity of the aqueous medium is changed 

with the excess addition of ethanol, the vesicles resist disruption, which might be due to 

high vesicle concentration.5, 65 

Figure 4. 11 illustrates the size distribution histograms of amine-substituted poly(PCDA-

DETA) and poly(TCDA-DETA) vesicle solutions. In poly(PCDA-DETA), the DLS 

results showed the conversion of two-size profiles into one single-size profile when 

ethanol is added in excess to the solution. The hydrodynamic radii are 39 nm and 170 nm 

for blue and 230 nm for red phases. The size profile of poly(TCDA-DETA) followed a 

similar trend as the poly(PCDA) and poly(PCDA-DETA), where a minor population with 

Rh=53 and a major population with Rh=260 nm was observed before ethanol exposure.  

 

Figure 4. 11 Size distribution profiles of A) poly(PCDA-DETA), B) poly(TCDA-

DETA), before (blue) and after (red) addition of liquid ethanol and corresponding 

photographs of solutions 

It is clear from the corresponding vesicle images that the vesicle concentration in the 

poly(PCDA-DETA) system is highly declined, while this reduction is even more 

pronounced in the poly(TCDA-DETA) system making the DLS spectra in the red phase 

unreliable that could not fit the modelling in the instrument. The ethanol molecules and 

vesicle surface interaction could differ greatly from the monocarboxylic poly(PCDA) and 
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poly(TCDA). While the ethanol addition to all vesicle solutions is kept the same, the 

shrinkage of amine-substituted PDA vesicles suggests that these vesicles' swelling ability 

is less than the monocarboxylic ones. The ethyl spacers in DETA functional group might 

be making the penetration of ethanol molecules to the hydrophobic layers of PDA 

difficult. Instead, the excess addition of ethanol distorts the polarity of the suspension 

medium, which could disrupt amine-tethered vesicles. The intensity and conjugated 

length profiles of PDA vesicles are further evaluated by analyzing the UV-Vis spectra in 

the following section.65 

 

 Vapor Exposure to PDA Vesicles 

 

DETA-functionalized PDA vesicles are subjected to vapor forms of acetic acid and 

ethanol to assess the difference in forms of stimuli with the conformational and structural 

response of PDA vesicles. 

 

 Optical Properties of Vesicles – Studied by Visual Imaging and UV-Visible 

Spectroscopy Method 

The optical absorption spectra of PDA vesicles upon exposure to ethanol and acetic acid 

was analysed using UV-Vis spectroscopy to assess the conformational transition on the 

conjugated backbone.  

The UV-Vis spectra of monocarboxylic PDA vesicle solutions, before and after exposures 

to acetic acid and ethanol vapor, are depicted in Figure 4. 12. Additionally, the excess 

liquid ethanol addition results are included for visual comparison. The initial planar 

conjugated backbone of poly(PCDA) and poly(TCDA) vesicles exhibited maximum 

absorption at 631 nm and 641 nm, respectively, resulting in visually blue color. As 

anticipated, the bubbling of acetic acid into either vesicle solution did not induce the strain 

necessary for the structural reorganization of the PDA backbone. The visual appearance 

remained blue after 5 minutes of acetic acid bubbling. The absorption spectra of these 

vesicles also indicated that no additional electronic states were formed upon exposure to 

acetic acid vapor, as the spectra remained nearly unchanged. 

However, exposure to ethanol vapor again did not exhibit any spectral changes in the UV-

Vis plots. The visual appearance of the vesicles maintained their blue color. The low 

concentration of ethanol molecules cannot penetrate the inner layers of the 

monocarboxylic PDAs. The interactions likely occur primarily on the surface of the 
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vesicles, which does not exert sufficient strain to induce structural realignment in the 

polymer backbone, as seen in the case of excess ethanol addition.5  

 
Figure 4. 12 UV-Vis spectra of A) poly(PCDA) and B) poly(TCDA) vesicles upon 

exposure to acetic acid (AA) vapor, ethanol (EtOH) vapor, and liquid ethanol with the 

corresponding images on the left of each spectra. 

The absorption spectra of DETA-functionalized PDA vesicles, before and after acetic 

acid and ethanol vapor exposures, are illustrated in  Figure 4. 13, along with the spectra 

of liquid ethanol addition for comparison. Initially, the blue form of poly(PCDA-DETA) 

absorbed light at 626 nm, but this peak disappeared completely after exposure to acetic 

acid vapor. Instead, a new peak at 543 nm emerged, indicating the presence of a red phase. 

The poly(TCDA-DETA) vesicles in an intermediate purple phase comprising a blue 

phase fraction that absorbed light at 675 nm and a red phase fraction that absorbed light 

at 546 nm. Exposure to acetic acid vapor significantly reduced the intensity of the blue 

phase and resulted in visually red color due to the dominance of the red phase. This 

suggests a strong interaction between the amine groups and acetic acid, even with a low 

concentration of acetic acid molecules during vapor exposure. 

Interestingly, similar behavior was observed with acetic acid vapor exposure in 

poly(TCDA-DETA) vesicles, as seen with the addition of excess liquid ethanol. Despite 

the weaker dispersion forces between the hydrophobic alkyl tails of poly(TCDA-DETA), 

the blue phase peak was not eliminated but remained a small fraction after exposure to 

acetic acid vapor. In contrast, the blue phase disappeared completely in poly(PCDA-

DETA) upon exposure to acetic acid vapor despite the stronger dispersion forces in the 

hydrophobic tail. This suggests that the poly(TCDA-DETA) vesicle solution finds a 

dissipative pathway to release strain without converting to a fully twisted ribbon-like 

conformation, possibly due to its initial intermediate phase. Additionally, the blue phase 

of poly(PCDA-DETA) absorbed light at 626 nm, while the blue phase fraction in 

poly(TCDA-DETA) was present at 675 nm, indicating that the blue phase in poly(TCDA-
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DETA) vesicles has a longer conjugated length, which may contribute to the incomplete 

disappearance of the blue phase. 

 
Figure 4. 13 UV-Vis spectra of A) poly(PCDA-DETA) and B) poly(TCDA-DETA) 

vesicles upon exposure to acetic acid (AA) vapor, ethanol (EtOH) vapor, and liquid 

ethanol with the corresponding images on the left of each spectra. 

As observed in the vesicle images, exposure to ethanol vapor of amine-substituted 

vesicles tended to decrease the intensity of the absorption spectra. In the case of 

poly(PCDA-DETA), along with the decreased intensity, a small increment in the peak at 

543 nm was observed, indicating the emergence of the red phase. Similarly, in 

poly(TCDA-DETA), where the blue phase dominated before exposure, the red phase 

became dominant after 10 minutes of ethanol vapor exposure, indicating a conformational 

change in the backbone. However, since the concentration of ethanol molecules is lower 

during vapor exposure, the perturbation of ethanol molecules may be limited to the 

surface of the vesicles and could not penetrate deeper into the inner layers of the PDA. 

Nonetheless, the swelling of ethanol molecules is more pronounced in poly(TCDA-

DETA) vesicles, as evidenced by the DLS results showing a doubling in vesicle size, 

likely due to weaker dispersion forces (See Figure 4. 15). 

Furthermore, despite the similar spectra observed after exposure to ethanol vapor for 

monocarboxylic PDAs, DETA-functionalized PDA vesicles exhibited more pronounced 

conformational transitions, highlighting the susceptibility of the ethanol molecules by the 

amine groups.5, 61, 65 

 

 Size of Vesicles – Studied by Dynamic Light Scattering Method 

The swelling behavior of PDA vesicles upon vapor exposure to ethanol and acetic acid is 

evaluated using dynamic light scattering.  

When exposed to acetic acid and ethanol vapor, the size distribution of PDA vesicles is 

illustrated in Figure 4. 14The DLS spectra and vesicle image of excess liquid ethanol 
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addition were also included for visual comparison. Similar to exposure to liquid acetic 

acid, the monocarboxylic poly(PCDA) and poly(TCDA) exhibited no visible color 

change upon exposure to acetic acid vapor. The DLS results further demonstrate that the 

5-minute bubbling of acetic acid did not cause any rearrangement in the vesicle structure, 

as the size distribution profiles of the PDA vesicles before and after exposure remained 

similar. 

The colorimetric response of monocarboxylic PDA vesicles to the addition of excess 

liquid ethanol was evaluated in the previous section. The form of ethanol introduced to 

the systems is important regarding the stimulus concentration. The liquid ethanol was 

added at a concentration approximately three times that of the vesicle solution. However, 

in the case of ethanol vapor, the ethanol concentration in the vesicle solution is lower, 

resulting in a weaker disruption ability of hydrogen bonding in the polar head and a lack 

of structural transition.5 The swelling of the vesicles was not observed when exposed to 

ethanol vapor. 

Even after 5 and 10 minutes of vapor bubbling, the size distribution profiles remained 

unaffected, suggesting the absence of any mechanical forces that could induce 

conformational transitions. 

 

Figure 4. 14 DLS spectra of A) poly(PCDA) and B) poly(TCDA) vesicles upon exposure 

to acetic acid (AA) vapor, ethanol (EtOH) vapor, and liquid ethanol with the 

corresponding images on the left of each spectra. 

The size distribution profiles of DETA-substituted PDA vesicles and their visual 

appearances are presented in Figure 4. 15. Additionally, the results of liquid ethanol 

addition are included. The poly(PCDA-DETA) vesicles exhibited two populations: a 

minor population at 40 nm and a major population at 170 nm prior to the triggering 

exposure. After 5 minutes of bubbling with acetic acid, a colorimetric transition from blue 

to red was induced, accompanied by an interesting change in the size distribution. The 

major population shifted to 53 nm, while the minor population appeared at 182 nm. On 
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the other hand, the poly(TCDA-DETA) vesicles initially displayed two distinct size 

populations, with the minor population at 53 nm and the major population at 265 nm. 

Similarly, exposure to acetic acid vapor caused a switch in the populations, with the 53 

nm hydrodynamic radius vesicles becoming the major population. The mean Rh values 

remained nearly the same. The visual observations before and after exposure to acetic 

acid vapor revealed a transition from purple to red. 

Upon adding excess liquid ethanol, the PDA backbone undergoes a conformational 

transition due to vesicle swelling, similar to the monocarboxylic poly(PCDA) and 

poly(TCDA) vesicles. However, a 10-minute exposure to ethanol vapor did not result in 

any color change or structural rearrangement in the poly(PCDA-DETA) vesicles. 

Poly(TCDA-DETA), on the other hand, doubled its size with a minor population in 147 

nm and a major population at 660 nm, indicating the swelling of the poly(TCDA-DETA) 

lipid structure, but a visible color change could not be observed.61, 65  

 

 

 

Figure 4. 15 DLS spectra of A) poly(PCDA-DETA) and B) poly(TCDA-DETA) vesicles 

upon exposure to acetic acid (AA) vapor, ethanol (EtOH) vapor, and liquid ethanol with 

the corresponding images on the left of each spectra. 
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CHAPTER 5. PDA ELECTROSPUN FIBERS 

This chapter explores the potential of using PDA-based electrospun fibers instead of PDA 

vesicles in colorimetric detection of food spoilage.  The DETA-substituted DA monomers 

were chosen as the sensing material, and polyethylene oxide (PEO) served as matrix 

material in the polymer blend used to produce fibers. Fibers were produced with the 

electrospinning method and characterized with FTIR spectroscopy. Electrospun fibers 

were tested for their colorimetric response upon acetic acid and ethanol exposure. Fibers 

were also exposed to various food sources such as milk, wine and chicken spoilage 

conditions. The fiber color and structure changes were analyzed with visual and 

spectroscopic tools. 

 Characterization of PDA Fibers 

PDA-based fibers were obtained by photopolymerizing white color DA-PEO fiber mats 

under 254 nm UV exposure for 10 mins. The color of the electrospun fiber mat was 

converted to blue, confirming the successful polymerization. FTIR spectra of PEO 

powder and fibers produced with different DAs were recorded to check whether 

electrospun fibres consist of PEO and the DA monomer. Figure 5. 1 shows the FTIR 

spectra of PEO powder and fibers obtained by mixing PEO with four different DA 

monomers. The polymer blend that produces fibers contains significantly higher PEO 

concentrations than PDA. Therefore, the characteristic IR vibrations of PEO dominate 

the spectra in terms of intensity. The peak at 2880 cm-1 is attributed to the stretching of 

methylene (H-C-H) with no specific shift upon mixing with PDA, and a carbonyl group 

(C-O) vibration peak appears at 1097 cm-1.126 To assess the presence of characteristic IR 

bands of DAs, specific wavenumber intervals of the spectra are being focused in Figure 

5. 2. The amine bands of DETA-substituted DA monomers appear around 3296 cm-1 and 

3298 cm-1 for PEO-poly(PCDA-DETA) and PEO-poly(TCDA-DETA), respectively 

(Figure 5.2A). These regions have no observable IR transmission in the spectra of PEO 

and monocarboxylic PDA/PEO fibers. Mixing DA with PEO cause no changes in the 

methylene stretching vibrations of all components, as shown in Figure 5. 2 B. The ester 

(C=O) band of PEO-poly(PCDA) and PEO-poly(TCDA) appears at 1692 cm-1, whereas 

it is at 1722 cm-1 in the spectra of DETA modified DA monomers (Figure 5. 2C). The 

difference can be attributed to the stronger carbonyl bond, indicating that the hydrogen 

bonds are reduced when polyamine is attached to a diacetylene monomer.126 Figure 5. 2D 
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shows the C=C bond appearing at 723 cm-1 and 731 cm-1 for commercial DAs and DETA-

substituted ones, respectively.126 

 

Figure 5. 1 From top to bottom: FTIR spectra of PEO powder (black); electrospun fibers 

of PEO-poly(PCDA) (red), PEO-poly(TCDA) (blue), PEO-poly(PCDA-DETA) (green), 

and PEO-poly(TCDA-DETA) (purple). 

 

Figure 5. 2 Specific intervals of FTIR spectra of PEO powder and electrospun fibers. 



76 

 

 Colorimetric Response of PDA-based Fibers to Volatiles 

The electrospun fibers were exposed to ethanol and acetic acid vapors to assess their 

colorimetric response. The detailed experimental procedure was given in the Methods 

Section of this thesis. The color change in fibers was monitored visually from the recorded 

images, as shown in Figure 5. 3. Unlike the response of PDA vesicles to ethanol vapor 

exposure presented in Chapter 4 of this thesis, the electrospun fibers did not show a 

visually observable colorimetric response to ethanol vapor exposure. 

 

Figure 5. 3 Images of PEO-PDA electrospun fibers A) before and B) after ethanol vapor 

exposure. 

 

Figure 5. 4 SEM images of PEO-poly(PCDA-DETA) and PEO-poly(TCDA-DETA) 

electrospun fibers before and after acetic acid vapor exposure with corresponding visual 

images in the middle. 
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When fibers are exposed to acetic acid vapor, a colorimetric response as a color change 

from blue to red is observed for DETA-substituted PEO-PDA electrospun fibers (Figure 

5. 4). The SEM images were recorded for the fibers before and after the color change. 

After exposure to acetic acid vapors and transitioning from blue to red, the top layer of 

fibers lost their fiber structure but attached as if they were dissolved.  

 

 Colorimetric Response of PDA-Fibers during Food Spoilage 

Fibers were exposed to spoilage conditions of various food sources such as milk, wine 

and chicken by attaching to the inner wall of the food containers, as shown in Figure 5. 

5A for the wine spoilage experiment. The changes in fiber color were visually monitored 

for a definite time. Figure 5. 5B shows the colorimetric changes in fibers constituted of 

DETA-substituted DAs. After 1 day, poly(PCDA-DETA) containing fibers were purple 

colored, whereas the transition from purple to red phase is almost completed in 

poly(TCDA-DETA)-containing fibers. At the end of the second day, the poly(PCDA-

DETA) containing fibers were purple, while poly(TCDA-DETA) containing fibers were 

converted to red.  

 

Figure 5. 5 A) Image of PEO-PDA electrospun fibers attached to the cover of the bottles that 

contain equal amounts of red wine and B) their monitored images for 2 days  

 

Fibers consisting of monocarboxylic PDAs did not exhibit colorimetric response to 

volatiles of wine, indicating that specific interactions between released vapor from wine 

and the polyamine headgroup of DETA-substituted DA-containing fibers lead to the color 

change. Red wine spoilage at room temperature occurs over days, sometimes weeks.127, 

128 Considering the short duration of two days for a red wine to spoil at room temperature, 

the colorimetric response obtained from fibers cannot indicate spoilage. Instead, it 

indicates the presence of volatiles, which are already imminently present upon opening 
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the wine bottle and also increase slowly with the spoilage of wine. One of the volatile in 

wine is acetic acid.129 In conclusion, fibers with DETA-substituted DAs are highly 

sensitive to acetic acid volatiles in wine and can be utilized for colorimetric detection of 

acid content in wine as a future work.   

Milk spoilage was also studied using the same approach, as shown in Figure 5. 6. During 

milk spoilage, lactic acid is produced. Results in Figure 5. 6B indicate that DETA-

substituted DA-containing fibers can also detect the lactic acid presence in the system, 

contrary to the carboxylic DA-containing fibers. The color changes from blue to purple 

in the poly(PCDA-DETA)-containing fibers and purple to burgundy in the poly(TCDA-

DETA) containing fibers. Thus, the colorimetric response of fibers to lactic acid presence 

is not as pronounced as to acetic acid. This might be due to lactic acid's lower vapor 

pressure than acetic acid. The amount of molecules interacting with PDA chains and 

exerting force on the backbone to lead to a conformational transition is limited. The 

experiment was stopped after two days at room temperature since it was more than 

enough time, usually ~ 2 hours, for milk to spoil at room temperature. In conclusion, 

DETA-substituted DA-containing fibers can detect a poor volatile compound such as 

lactic acid; however, without further in-depth study on improving its sensitivity to detect 

spoilage within hours, it cannot be used for milk spoilage detection. 

 

Figure 5. 6 A) Image of PEO-PDA electrospun fibers attached to the cover of the bottles 

that contain equal amounts of milk and B) Their images were taken on day 0 and day 2. 

 

The chicken spoilage experiments also showed that poly(TCDA-DETA)-containing 

electrospun fibers turned red from their initial purple color quickly after 3 hours. On the 

contrary, a visible color change from blue to red is not observed in PEO-poly(PCDA-

DETA) electrospun fiber. SEM images showed no fibers after the exposure to chicken 

spoilage as if there was only a dissolved (melted) top layer (Figure 5. 7B). This might be 
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due to the increased humidity levels during the chicken spoilage in the closed container. 

The water vapor might have condensed on the fiber surface and caused dissolution. This 

raise concerns that an additional measure should be put in place for applications in high 

humidity conditions to protect the active sensing fiber layer.  

 

 

Figure 5. 7 A) Images of fibers monitored for 1 day at various intervals, B and C) SEM 

images taken at the end of the 1 day. 

 

FTIR spectra of fibers after spoilage experiments were recorded to assess whether these 

structural deformations observed in SEM images occur due to a change in chemical 

structure or it is only physical. Figure 5. 8 the peak at 1722 cm-1 shifted for 2 units in all 

experiments of poly(PCDA-DETA)/PEO fibers indicating a small increase in mobility of 

the C=O bond. This peak disappeared when the poly(TCDA-DETA)/PEO fibers were 

exposed to acetic acid vapor, milk and wine experiments, as shown in Figure 5. 8B. The 

band's disappearance suggests a structural rearrangement in those fibers where the C=O 

bond is either shifted or completely disrupted after the experiment. On the contrary, the 

C=O bond at 1722 cm-1 remained present after chicken experiments suggesting that the 

present vapor inside the medium is not strong enough to induce such a shift or disruption. 

The structural rearrangement reveals itself in colorimetric response but not in vibrational 

modes, causing a change in the energy of the C=O bond.126 
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Figure 5. 8 FTIR spectra of A) PEO-poly(PCDA-DETA) and B) PEO-poly(TCDA-

DETA) electrospun fibers under different conditions. 
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CHAPTER 6. CONCLUSION 

Polydiacetylenes (PDAs) are valuable conjugated polymers investigating supramolecular 

interactions and biosensing applications. This master thesis focuses on the response of 

modified PDAs to various external stimuli to explore the potential for use in sensor 

applications. Two functional groups are chemically bonded to diacetylene monomers 

with 23 and 25 carbon in their alkyl chain. Chapter 3 and Chapter 4 evaluated the vesicle 

forms of PDAs; Chapter 5 focused on the PDA-based electrospun fibers to test the 

capabilities of solid-state applications, mainly in food spoilage. 

While previous literature has extensively studied the thermal and chemical chromism of 

mBzA-functionalized PDAs, the influence of photopolymerization duration on these 

properties has been overlooked. In Chapter 3, the optical response of vesicle forms of 

bulky mBzA-substituted PDAs is evaluated in high pH conditions by changing the 

photopolymerization time. Results revealed that varying the UV irradiation time tunes the 

pH response of polydiacetylene (PDA) vesicles. Prolonged photopolymerization delays 

the color transition pH of poly(PCDA), poly(PCDA-mBzA), and poly(TCDA-mBzA) 

vesicles. This delay is attributed to the reduced fluidity of OH- ions due to higher polymer 

conversion resulting from longer photoirradiation. Notably, the monocarboxylic 

poly(TCDA) formed by shorter alkyl tail monomers did not show any difference in pH 

response when the UV irradiation increased, likely due to the weak dispersion forces. 

Poly (TCDA-mBzA) vesicles demonstrate higher resistance to high pH levels than 

poly(PCDA-mBzA) vesicles, regardless of the irradiation time. Despite weaker 

dispersion forces between TCDA-mBzA layers with the same bulky head group, the red 

phase is obtained at higher poly(TCDA-mBzA) pH values. This observation suggests 

enhanced head group interactions may create a dissipation pathway for releasing the strain 

induced by OH ions, which dominates the weak dispersion forces between TCDA-mBzA 

layers. The pH reversibility of poly(PCDA-mBzA) vesicles were already; however, the 

present study demonstrates that short-time irradiated PDA vesicle systems cannot restore 

the head group's hydrogen bond network, resulting in an irreversible pH response. In 

contrast, prolonged UV irradiation facilitates these restorative interactions, inducing 

partial planarity on the conjugated backbone. The reversibility is more pronounced in 

poly(PCDA-mBzA) vesicles than poly(TCDA-mBzA), indicating that strong dispersion 

forces contribute to the realignment of DA layers, while weaker dispersion forces 

stabilize the system in an intermediate purple phase. 
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In Chapter 4, the response of amine-modified PDA vesicles to various external triggers 

is assessed to the conformational arrangement. Low pH, liquid ethanol addition and vapor 

forms of acetic acid and ethanol are used as external triggers. Results showed that the 

functionalization with DETA promotes the response of PDA vesicles to acetic acid 

molecules in both liquid and vapor form. Despite the stronger dispersion forces between 

PCDA-DETA lipids, a complete disappearance of the blue phase is observed in 

poly(PCDA-DETA) vesicles upon exposure to the acetic acid vapor and excess liquid 

ethanol. In contrast, UV-Vis spectra indicate the presence of a fraction of the blue phase 

in poly(TCDA-DETA) vesicle solutions after these exposures. This difference may be 

attributed to strain release occurring through mechanisms other than the complete 

twisting of the conjugated backbone, resulting in the persistence of blue phase vesicles in 

the poly(TCDA-DETA) system. The initial intermediate purple phase could contribute to 

this distinction. Furthermore, adding excess liquid ethanol leads to a color transition in 

both DETA-functionalized and monocarboxylic PDA vesicles, suggesting that the amine-

modified head group functionality is independent of the color change ability but 

dependent on the level of color change. Moreover, the amount of liquid ethanol added 

proves to be a crucial factor in inducing conformational changes in the PDA vesicles' 

conjugated backbone. 

DETA-functionalized electrospun fibers are tested in Chapter 5 to explore the 

applicability of solid-phase tools. PEO is used as a matrix polymer. Despite the color 

change observed upon adding excess liquid ethanol, the electrospun fibers do not exhibit 

a color change upon ethanol vapor exposure, similar to the results observed with ethanol 

bubbling in vesicle PDA forms. DETA-substituted PDA-based electrospun fibers in food 

spoilage experiments demonstrate a visual color change from blue/purple to red over 

time, indicating conformational transitions. However, the melting behavior in these 

experiments suggests that the humidity could be effective.  

In conclusion, this master thesis has provided valuable insights into polydiacetylenes' 

supramolecular interactions and biosensing applications. The chemical modification of 

diacetylene monomers with mBzA and DETA functional groups has shed light on the 

influence of dispersion forces and enhanced head group interactions. The findings 

regarding the pH response, reversibility, and stimuli sensitivity of PDA vesicles 

contribute to understanding the underlying mechanisms in these systems and possible 

sensor applications. Furthermore, using electrospun fibers as solid-phase tools 

demonstrates their potential application for studying conformational changes in 
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PDA/PEO systems. However, additional experiments are required to explore the effect of 

humidity on these fibers. Overall, this research enhances the knowledge of 

polydiacetylene-based materials and contributes to the fundamental advancements in 

supramolecular chemistry and biosensing applications. 

. 
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