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Resumen 

Micro y Nanopartículas de Polímeros Funcionales: De los Fundamentos a las 

Aplicaciones. 

Esta Tesis Doctoral se centra en el estudio exhaustivo, fabricación y desarrollo de 

nanoestructuras tridimensionales (nanopartículas, NPs) de polímeros funcionales. En 

particular, se investigan dos sistemas representativos: el poli(3-hexiltiofeno) (P3HT) y el 

poli(fluoruro de vinilideno) (PVDF), utilizando métodos de preparación a partir de 

disolución. El objetivo principal ha sido comprender cómo las propiedades fundamentales 

de estos polímeros pueden verse modificadas a través de la nanoestructuración y el control 

de las condiciones de preparación, con especial interés en su morfología y comportamiento 

estructural, y, en el caso del P3HT, también en sus propiedades ópticas y actividad 

fotoinducida. Las nanoestructuras obtenidas presentan no solo un gran potencial para 

mejorar el rendimiento en dispositivos electrónicos y optoelectrónicos, sino que también se 

postulan como candidatas idóneas para explorar procesos fotoinducidos, como la 

fotodegradación, gracias a su morfología y elevada actividad superficial. 

Para P3HT se desarrollaron y optimizaron métodos de dispersión post-polimerización, 

incluyendo la nanoprecipitación flash y la miniemulsión. A través de un enfoque 

multidisciplinar empleando técnicas avanzadas de caracterización como microscopía de 

fuerzas atómicas, dispersión dinámica de luz, difracción de rayos X, espectroscopía 

Ultravioleta-Visible, espectroscopia de fluorescencia, o estudios de tiempos de vida de 

fluorescencia, se logró establecer la correlación entre las condiciones de preparación y 

las propiedades estructurales y ópticas de las NPs. Esto permitió establecer cómo las 

variables del procedimiento de preparación influyen en las propiedades finales de las NPs. 

Asimismo, una parte relevante del trabajo se centra en el estudio de las fases cristalinas 

polares ( y ) del PVDF en forma de depósitos preparados por “drop casting” y NPs 

preparadas por diálisis y por nanoprecipitación flash a través de la microfluídica. Se 

prepararon estos sistemas mediante la elección adecuada del disolvente. Los sistemas 

resultantes fueron estudiados mediante microscopía de fuerzas atómicas, espectroscopía 

Infrarroja por Transformada de Fourier y difracción de rayos X, lo que permitió determinar 

las condiciones para maximizar la contribución de las fases polares. Este control resulta clave 

en el diseño de materiales funcionales con propiedades ferroeléctricas optimizadas. 



Resumen 
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Finalmente, se investigó la eficiencia fotocatalítica de las NPs de P3HT seleccionadas y 

se evaluó la degradación de colorantes orgánicos modelo como el azul de metileno bajo 

irradiación ultravioleta-visible. Se encontró una relación directa entre las propiedades 

estructurales y ópticas de las NPs y su capacidad para degradar contaminantes. Los resultados 

resaltan el papel fundamental de la nanoestructura en la eficiencia fotocatalítica, 

proporcionando conocimiento clave para el diseño de fotocatalizadores poliméricos más 

efectivos. 

En resumen, esta Tesis Doctoral subraya la importancia del control de la nanoescala y de 

las condiciones de preparación como herramientas clave para optimizar el rendimiento 

funcional de materiales poliméricos. Los resultados obtenidos avanzan significativamente en 

la comprensión de las relaciones estructura-propiedad en polímeros nanoestructurados, y 

ofrecen una base sólida para el diseño y la optimización de materiales con funcionalidades 

específicas, en aplicaciones clave como la electrónica, la optoelectrónica o la fotocatálisis. 

Además, abre nuevas posibilidades para el desarrollo de materiales poliméricos avanzados 

orientados a la sostenibilidad y a aplicaciones emergentes en tecnologías limpias. Estos 

hallazgos también sientan las bases para futuros desarrollos en entornos sostenibles. 
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Abstract 

Micro and Nanoparticles of Functional Polymers: From Fundamentals to 

Applications 

The present thesis focuses on the comprehensive study, fabrication and development of 

three-dimensional nanostructures (nanoparticles, NPs) of functional polymers. In particular, 

two representative systems are investigated: poly(3-hexylthiophene) (P3HT) and 

poly(vinylidene fluoride) (PVDF), using solution-based preparation methods. The principal 

objective of this study has been to understand how the fundamental properties of these 

polymers can be modified through nanostructuring and the control of preparation 

conditions. The study focuses particularly on their morphology and structural behaviour, 

and, in the case of P3HT, also on their optical properties and photoinduced activity. The 

nanostructures obtained not only present great potential for enhancing the performance of 

electronic and optoelectronic devices. In addition, they have been proposed as suitable 

candidates for the exploration of photoinduced processes, such as photodegradation, on 

account of their morphology and high surface activity. 

For P3HT, post-polymerisation dispersion methods were developed and optimised, 

including flash nanoprecipitation and miniemulsion. A multidisciplinary approach was 

employed, utilising advanced characterisation techniques such as atomic force microscopy, 

dynamic light scattering, X-ray diffraction, ultraviolet–visible spectroscopy, fluorescence 

spectroscopy and fluorescence lifetime imaging microscopy. A correlation was established 

between the preparation conditions and the structural and optical properties of the 

NPs. This facilitated the determination of the influence of the variables of the preparation 

procedure on the final properties of the NPs. 

Furthermore, a significant proportion of the research is dedicated to the investigation 

of the polar crystalline phases ( and ) of PVDF in the form of deposits prepared by 

“drop casting” and NPs prepared by dialysis and by flash nanoprecipitation through 

microfluidics. These systems were prepared by an appropriate choice of solvent. The 

resulting systems were analysed using a range of analytical techniques, including Atomic 

Force Microscopy, Fourier Transform Infrared Spectroscopy, and X-Ray diffraction. The 

application of these methodologies enabled the determination of the optimal conditions for 
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maximising the contribution of polar phases. This control is key in the design of functional 

materials with optimised ferroelectric properties. 

Finally, the photocatalytic efficiency of the selected P3HT NPs was investigated, and the 

degradation of model organic dyes such as methylene blue under ultraviolet-visible 

irradiation was evaluated. A direct relationship was found between the structural and optical 

properties of the NPs and their ability to degrade pollutants. The results of the study highlight 

the fundamental role of nanostructure in photocatalytic efficiency, providing key knowledge 

for the design of more effective polymeric photocatalysts. 

In summary, this Thesis underscores the pivotal role of nanoscale control and 

preparation conditions in enhancing the functional performance of polymeric materials. The 

results obtained significantly advance the understanding of structure-property relationships 

of nanostructured polymers and provide a solid foundation for the design and optimisation 

of materials with specific functionalities, in key applications such as electronics, 

optoelectronics or photocatalysis. Moreover, it creates new opportunities for the 

advancement of innovative polymeric materials with a focus on sustainability and the 

development of new applications in the field of clean technologies. These findings also 

establish the foundation for future advancements in sustainable environments. 
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In the face of escalating global challenges, ranging from environmental pollution to 

resource depletion and the imperative for sustainable development, there is an urgent need 

to develop sustainable materials and technologies that are both effective and environmentally 

benign. The accelerated process of industrialisation, in conjunction with the increasing 

human population, has resulted in a significant release of pollutants into vital ecosystems, 

particularly water sources. Among these pollutants, organic dyes, which are extensively 

utilised in various industrial sectors, including textiles, paper, and cosmetics, constitute a 

notable example of persistent contaminants1,2. It is noteworthy that a considerable number 

of these compounds, including methylene blue (MB) and rhodamine B, are not only toxic 

but also carcinogenic, and have been demonstrated to cause substantial aesthetic, ecological 

and physiological damage2–4. Their complex chemical structures render them highly resistant 

to conventional degradation methods, and traditional water treatment often falls short in 

eliminating these pollutants or converting them into equally harmful intermediates2. The 

necessity for alternative remediation strategies is highlighted, emphasising the critical need 

for advanced, efficient, and environmentally benign water purification and waste treatment 

technologies. In parallel with this environmental crisis, the global shift towards sustainability 

and circular economy principles profoundly transforms materials science and engineering. 

There is an increasing demand for materials that are not only high-performing but also 

process-friendly, cost-effective, and environmentally benign in their manufacturing and 

application phases. Conventional fabrication methods frequently rely on the use of 

hazardous organic solvents, which contribute to environmental issues and health risks5. 

Consequently, the development of aqueous-based nanoparticle dispersions and processing 

techniques has enabled the elimination of hazardous solvents6–8 while utilising high surface-

to-volume ratios to enhance and sustain photocatalytic performance under sunlight7–10. 

The utilisation of functional polymers as a solution to these multifaceted challenges is of 

particular significance, as they offer a nexus of materials science and environmental 

sustainability11–13. Specifically, conjugated semiconducting polymers and ferroelectric 

polymers are notable for their remarkable and versatile properties. 

Among these, semiconducting polymers, such as poly(3-hexylthiophene) (P3HT), with 

their unique delocalised -electron systems, offer strong, tunable visible‐light absorption 

with adjustable bandgaps and charge generation capabilities. This makes them ideal for a 

wide array of optoelectronic applications14–16, including the highly relevant field of 

photocatalysis, allowing for efficient photogeneration of reactive species and degradation of 

dyes in aqueous environments. P3HT is a flexible material offering clear advantages over 
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traditional inorganic photocatalysts (which are often brittle and costly), and its solution 

processability, particularly in water-based systems, contributes to its sustainability. 

Furthermore, ferroelectric polymers such as poly(vinylidene fluoride) (PVDF) offer 

reversible polarisation and multifunctionality, combining chemical and mechanical 

robustness with electroactive properties, offering piezoelectric, pyroelectric and ferroelectric 

responses17. Its inherent polarisation makes it invaluable in sensors, actuators, and energy 

devices, and crucially, it can enhance photocatalytic performance18–22.The polar phases of the 

PVDF are responsible for the generation of internal electric fields, which in turn facilitate 

the efficient separation of charges. These characteristics could make PVDF an ideal partner 

for semiconducting polymers in the development of hybrid materials with improved 

photocatalytic performance. 

This thesis builds upon these innovations by addressing the urgent need for advanced, 

sustainable materials for environmental remediation. This is achieved by developing water-

based dispersions of semiconducting (P3HT) and ferroelectric (PVDF) nanoparticles (NPs) 

and establishing detailed structure–property–performance relationships as outlined in Figure 

1.1. The present study focuses on the following specific aspects: 

• The eco-friendly preparation of P3HT and PVDF nanoparticle methods (e.g., 

flash nanoprecipitation, miniemulsion, and dialysis)6–8. 

• The investigation of the interplay between nanostructure, intrinsic properties, 

and enhanced functional performance in these polymer systems. 

• The development of scalable, high-efficiency treatments for challenging organic 

dye pollutants in water, utilising advanced polymer materials under visible light, 

in accordance with green-chemistry principles. 

The present Chapter thus introduces the fundamental principles of polymers, along with 

their key characteristics and their application in the field of photocatalytic technology, which 

is necessary to comprehend the content of the work. 
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Figure 1.1. Schematic overview of the main research topics addressed in this 

thesis. 

 

1.1. The concept of molecular weight in polymers 

The significance of organic materials in modern life is due to their inherent properties, 

such as low weight, flexibility, ease of manipulation, cost-effectiveness, and lower processing 

temperatures compared to inorganic materials or metals23. Among these materials, polymers 

are of particular significance and are currently the most widely used class of materials, 

accounting for over 50% of all manufactured materials in terms of volume23,24. The term 

“polymer” is derived from the prefix “poly-”, which means “many”, and the suffix “-mer”, 

which denotes “unit”. Thus, polymers are large macromolecules composed of simple 

repeating subunits (mers), which are linked by covalent bonds. Typically, polymers are 

synthesised by organic polymerisation reaction mechanisms, such as addition or 

condensation24–27. The process of addition polymerisation is characterised by the successive 

addition of precursor units or monomers to an expanding polymer chain, with no loss of 
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atoms27. In contrast, condensation polymerisation involves the reaction of functional groups 

on monomers, resulting in the elimination of a small molecule, such as water or methanol27. 

These distinct mechanisms have been demonstrated to significantly impact the final polymer 

structure and properties. 

The properties of a polymer depend fundamentally on its chemical structure and 

molecular weight. The type and strength of the bonds involved, especially carbon-based 

ones, the nature of functional groups, and the resulting intermolecular interactions (e.g., Van 

der Waals, dipole-dipole, or hydrogen bonding), all contribute to key features like chain 

rigidity, crystallinity, and solubility24,28–32. For instance, fluorinated polymers such as 

poly(vinylidene fluoride) (PVDF) exhibit low intermolecular interaction due to the high 

electronegativity of fluorine and short bond distances, which affects their tendency to 

crystallise in certain phases28–31,33. 

However, it should be noted that a polymer is not necessarily composed of monomers 

or individual molecules of the same composition, molecular weight, or molecular 

structure24,34. The capacity of diverse polymer synthesis processes to yield narrow or broad 

molecular weight distributions varies significantly. A range of synthesis processes gives rise 

to divergent molecular weight distributions. Consequently, the characteristics of polymers 

can be described in various ways. The description of these distributions employs the use of 

averages, including the number-average molecular weight (Mn) and the weight-average 

molecular weight (Mw)
24,34. The former assigns equal weight to all chains, while the latter is 

more sensitive to longer chains24,34. Consequently, these averages are pivotal in characterising 

the breadth or spread of the molecular weight distribution, which, in turn, is indicative of the 

uniformity of chain lengths within a polymer sample. This breadth is quantitatively expressed 

by the polydispersity index (PDI), defined as the ratio of Mw to Mn.
35 A PDI value close to 

1.0 indicates a narrow distribution, while higher values denote a broader range of chain 

lengths24,34. Figure 1.2 provides a schematic representation of the molecular weight 

distribution, alongside the Mn and Mw. 
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Figure 1.2. Plot of the molecular weight distribution of a polymer. The integrity 

of a polymer can be examined by looking at its molecular weight distribution. 

For a monodisperse polymer, these four values would be the same. However, 

since a polymer consists of chains of different sizes, Mn ≤ Mw. 

 

1.2. Polymer solubility 

Polymer solubility in a given solvent plays a crucial role in processing polymer materials 

from solution. In contrast to the dissolution of small molecules, which typically involves a 

rapid and homogeneous mixing at the molecular level, polymer dissolution is a multistep 

process due to their significantly larger size and entanglement. The following steps are 

typically involved: 

1. The initial contact between the polymer and the solvent: The solvent molecules 

begin to interact with the polymer surface. 

2. The diffusion of solvent molecules into the polymer matrix (swelling): The 

solvent molecules penetrate the bulk polymer, causing it to swell and decreasing 

the polymer-polymer interactions. At this stage, the polymer transitions into a 

swollen, gel-like state, but the chains remain largely entangled within the original 

matrix. 

3. The outward diffusion of polymer chains into the solvent (unentanglement and 

solvation): As the process of swelling progresses, individual polymer chains 

begin to disentangle from the swollen matrix and diffuse outwards into the 
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surrounding solvent. Concurrently, these disentangled chains become fully 

solvated by the solvent molecules, adopting their characteristic coiled 

conformations in solution. 

This series of steps constitutes the basis of the dissolution process and is inherently 

linked to the change in energy during mixing. 

From a thermodynamic perspective, the process of dissolution is governed by the Gibbs 

free energy of mixing (Gm), which must be negative for dissolution to occur 

spontaneously36,37. This phenomenon is expressed by the fundamental thermodynamic 

equation: 

 

 Gm = Hm-TSm Eq. 1.1. 

 

In this equation, Hm denotes the enthalpy of mixing, T is the absolute temperature, 

and Sm is the entropy of mixing. In polymer solutions, the entropy term is generally positive 

due to the increased disorder that occurs when polymer chains and solvent molecules 

combine36,38. This means that the determining factor for dissolution is the Hm. The existence 

of favourable interactions between the polymer and the solvent leads to dissolution, with a 

negative change in Hm being a prerequisite for this process. This negative enthalpy is 

typically observed when the intermolecular attractive forces between polymer and solvent 

molecules (e.g., hydrogen bonding, dipole-dipole, or strong dispersion forces) are stronger 

or more numerous than the average of the polymer-polymer and solvent-solvent interactions. 

Conversely, if the interactions are predominantly weak dispersion forces, dissolution may 

critically depend on entropic contributions (TSm) as enthalpic gains are minimal. 

The general principle of solubility, which states that like dissolves like, is a fundamental 

concept in this field. This suggests that polymer and solvent molecules with high similarity 

in chemical and structural properties are likely to mix efficiently without significant repulsive 

interactions36,39. Conversely, significant differences often result in phase separation. This is 

of particular relevance in polymer systems, where partial or total miscibility can depend on 

crystallinity, molecular weight, and interaction forces36. For instance, in the context of high 

molecular weight polymers, the entropy term is often less pronounced due to the minimal 

variation in conditions during the mixing process40. 



Introduction 

8 

 

1.2.1. Solubility parameters 

The solubility parameter () is widely utilised in the quantitative estimation of the degree 

of miscibility between a polymer and a solvent. This parameter, initially defined by 

Hildebrand41, can be expressed as the square root of the cohesive energy density, which 

quantifies the strength of intermolecular forces within a substance38: 

 

  = (
∆𝑈

𝑉𝑜)
1/2

 Eq. 1.2. 

 

The quantity of energy required for the process of vaporisation is denoted by U, whilst 

the molar volume of the liquid is indicated by Vo.42 As polymers do not vaporise, the 

determination of δ is indirect, frequently achieved through the measurement of polymer 

swelling or viscosity changes in solvents43. Alternatively, estimation of δ can be achieved by 

summing the molar attraction constants (∑G) of each functional group in the polymer: 

 

  = 
𝜌 ∑ 𝐺

𝑀0
 Eq. 1.3. 

 

where  is the density of the polymer (or solvent)43. In general, the dissolution of a 

polymer in a liquid is most effective when the respective solubility parameter values of the 

polymer and liquid are closely matched42. The proximity of the  values indicates favourable 

polymer-solvent interactions and predicts the potential for dissolution or the likelihood of 

precipitation upon the addition of a second liquid to a solution. 
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1.2.2. Three-dimensional solubility parameters: Hansen 

Solubility Parameters 

The limitations of a single solubility parameter do not provide a sufficient foundation 

for reliable predictions. Consequently, more sophisticated models have been developed. 

Initially, Burrell44,45 classified solvents based on their hydrogen bonding ability and overall 

solubility parameters, labelling them as poor, moderate, or strong solvents. Subsequent 

refinements by researchers such as Crowley et al.46 (including dipole moment) introduced 

greater complexity. However, the approach by Blanks and Prausnitz47 further improved the 

predictive power of solubility models by demonstrating that the total cohesive energy of 

polar solvents could be more accurately described by separating it into distinct polar and 

non-polar contributions. 

Nevertheless, a significant advancement in the field of characterising polymer-solvent 

interactions was marked by the introduction of the Hansen solubility parameters (HSP)48, 

which subdivide the total solubility parameter into three distinct components: 

 

 E = Ed + Ep + Eh Eq. 1.4. 

 

The total cohesive energy (E) or the square of the total solubility parameter (2) can thus 

be expressed as: 

 

  = 𝛿𝑑
2 + 𝛿𝑝

2 + 𝛿ℎ
2 Eq. 1.5. 

 

In this theoretical model, d is representative of dispersion forces (non-polar or London 

interactions), p is indicative of polar interactions (permanent dipole interactions), and h is 

associated with hydrogen bonding38. For example, the incorporation of polar functional 

groups such as -OH, -COOH or -NH2 into the polymer backbone increases the contribution 

of the p and h components of the Hansen parameter, thereby enhancing solubility in polar 

solvents such as water or alcohols. 
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The three parameters thus delineate a three-dimensional solubility space37,38,49. The 

distance (Ra) between a solvent and a polymer in this space is given by: 

 

 Ra = √4 × (𝛿𝑑1
− 𝛿𝑑2

)
2

+ (𝛿𝑝1
− 𝛿𝑝2

)
2

+ (𝛿ℎ1
− 𝛿ℎ2

)
2
 Eq. 1.6. 

 

In this space, each solvent is represented by a point, and the solubility of a polymer can 

be visualised as a solubility sphere37,38,49. The centre of this sphere corresponds to the HSPs 

of the polymer, and its radius, 𝑅0 (often referred to as the interaction radius or solubility 

radius), quantifies the solubility range of the polymer. Solvents that fall within this sphere (Ra 

< 𝑅0) are considered good solvents for a given polymer, while those outside this sphere are 

considered to be poor solvents or non-solvents37,38,49. This three-dimensional approach 

provides a more nuanced, comprehensive and accurate framework for predicting polymer 

solubility than the Hildebrand parameter by considering the specific nature of intermolecular 

forces, especially for polar systems. 

It is important to acknowledge that while these theoretical models offer valuable 

predictive capabilities, none are universally valid for all polymer-solvent systems due to the 

inherent complexity of macromolecular interactions, and empirical verification remains 

essential. 

 

1.3. Crystallinity in polymers: Structure, thermodynamics and 

solution crystallisation 

Polymers, as long-chain macromolecules, inherently exhibit a high degree of 

conformational disorder. In contrast to small molecules, whose crystals are characterised by 

highly ordered, well-defined periodic atomic lattices, polymer systems generally exhibit only 

partial order, existing as a complex mixture of crystalline and amorphous regions50–53. The 

semi-crystalline character of the polymer is of crucial importance, since the crystalline 

domains significantly enhance certain physical properties, which are particularly relevant for 

the functional performance of polymers such as PVDF and P3HT. 



Introduction 

11 

In amorphous solutions or molten states, polymers characteristically adopt a random 

coil conformation. The capacity of a polymer to crystallise is determined by a combination 

of intrinsic and extrinsic factors. Intrinsically, chain rigidity, symmetry, tacticity, and the 

presence of side groups govern the tendency of the polymer to adopt stable, ordered 

structures54,55. Although high tacticity and regular linear chains generally favour 

crystallisation, even polymers with branching, or less regular structures, such as P3HT, are 

capable of efficient crystallisation when other factors promote ordering55. The significant 

internal flexibility of polymer chains, arising from rotation around covalent bonds, leads to 

a vast number of conformations56,57. Additionally, restricted rotational states can result in 

energetically stable, ordered structures, including helical conformations as observed in 

PVDF, where stereoisomerism can dictate chain packing and specific crystalline forms. 

Molecular weight is also a significant factor, with longer chains introducing topological 

entanglements that impede orderly packing55–58. Finally, extrinsic factors such as processing 

conditions (e.g. cooling rate, solvent environment) significantly influence the degree and 

nature of the crystalline morphology formed54,55,59. 

 

1.3.1. Thermal transitions in semicrystalline polymers 

The physical properties of semicrystalline polymers are profoundly influenced by 

temperature, as their inherent conformational flexibility governs their microstructural order. 

As shown in Figure 1.3, the thermal behaviour of semi-crystalline polymers is governed by 

three key temperatures: the glass transition temperature (Tg), the melting temperature (Tm), 

and the crystallisation temperature (Tc)
24. In addition to these thermal transitions, the degree 

of crystallinity plays a pivotal role in determining the resulting mechanical, thermal, and 

barrier properties, as variations in the degree of crystallinity can markedly alter polymer 

performance even at identical Tg and Tm values. Below the Tg, polymers are characterised by 

rigidity and a glassy state24. Between the Tg and the Tm, they exhibit a flexible, rubbery, liquid-

like phase defined as the viscoelastic state24. Above Tm, the crystalline domains melt, and the 

polymer transforms into a viscous liquid60. The term Tc is defined as the temperature at which 

crystallisation occurs upon cooling from the melt or during annealing24,60, making the control 

of these transitions crucial for tailoring chain mobility and ordering. 
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Figure 1.3. Free energy of different material states as a function of temperature. 

The curve illustrates typical cooling profiles for a crystalline solid (solid line), a 

supercooled liquid (dotted line) and an amorphous glass (dashed line). The 

melting temperature (Tm) marks the first-order phase transition from liquid to 

crystalline solid and is characterised by a discontinuity in free energy. In contrast, 

the glass transition temperature (Tg) marks a second-order transition from a 

supercooled liquid to a glass. During this transition, the system falls out of 

equilibrium, and the free energy decreases more gradually. Figure taken from the 

reference 61. 

 

It is noteworthy that certain semicrystalline polymers manifest additional thermal 

transitions, particularly polymorphic transitions. They appear in some crystalline polymers, 

which present different crystalline phases that give rise to different temperatures and physical 

properties. The stability of polymorphs is governed by their free energy, with the phase 

exhibiting the lowest free energy being the most stable62. The formation of the various phases 

is determined by thermodynamic factors, which represent stability, and kinetic factors. These 

transitions between polymorphs (via crystal–crystal transitions or recrystallisation) are 

governed by both thermodynamic and kinetic factors63. 
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1.3.2. Chain organisation and morphological features 

In the early studies on polymer crystal structure using X-ray diffraction, a dual nature 

was revealed, encompassing both crystalline and amorphous regions. This finding led to the 

formulation of the micellar model, later revised in 195764,65, which proposed that polymer 

crystals are formed by very thin terraces or lamellae, typically 10-20 nm thick, where 

molecules crystallise perpendicularly to the lamellar surface, often forming U-shaped loops 

(see Figure 1.4)55. This finding led to the concept of molecular folding, given that lamellar 

dimensions are smaller than typical polymer chain lengths55. The exact nature of this folding 

has been debated, but the currently accepted model incorporates a highly ordered crystalline 

core, an interfacial region where chains enter and exit the crystallite, and an interzonal or 

amorphous region of disordered chains66. The resulting crystals are typically oriented 

perpendicularly to the chain folding direction66. 

 

 

Figure 1.4. Structural motifs at different scales in a semicrystalline polymer. This 

figure illustrates the hierarchical morphological organisation of a polymer 

crystallising from the melt, spanning the mesoscopic and microscopic scales. The 

key structural elements depicted are lamellar crystals and the arrangement of 

individual polymer chains. Image modified from references 67,68.  
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The organisation within individual crystallites is further elucidated by the concept of the 

unit cell69, defined by its symmetry and crystallographic parameters: three axes (a, b, c) and 

three angles (  )69. Crystallographic planes within the unit cell are denoted in terms of 

Miller indices (h,k,l)69. 

Generally, a chain may also connect two different lamellae, thereby forming a tie chain70. 

These connected lamellae are of particular significance in semiconducting polymers like 

P3HT, where charge transport occurs across crystalline domains70. The properties of a 

semicrystalline polymer are largely determined by its degree of crystallinity, the size and 

distribution of crystallites, and the morphology of the overall system57. Crystallites typically 

range in size from 10 to 100 nanometres, though some have been observed to extend to 

millimetres. 

 

1.3.3. Crystallisation from solution 

Solution crystallisation offers a distinct advantage over melt crystallisation by providing 

a high degree of control over the crystalline morphology, microstructure, and crystal quality, 

often leading to highly crystalline and well-defined morphologies with a reduced dependence 

on molecular weight compared to melt crystallisation55,60. In this process, the role of the 

solvent, the polymer concentration, and the degree of supersaturation become of paramount 

importance. In contrast to the process of melt crystallisation, where the mobility of chains is 

dictated by temperature and viscosity, solution crystallisation occurs because of the 

supersaturation of a polymer solution. In solution, polymer chains are isolated and exist in a 

disordered arrangement, leading to a non-uniform distribution of polymer segments55. 

Through solvent evaporation, temperature or pressure change, or antisolvent addition, these 

chains, or parts of them, can undergo ordering, adopting favoured rotational or oriented 

states that lead to regular, ordered crystalline structures55. 

The crystallisation process is governed by the nucleation stage, which is characterised 

by an induction period for the formation of stable nuclei54,55,60,71. It is during this stage that 

favourable chain orientations emerge as a result of free energy fluctuations, leading to the 

formation of stable nuclei once a critical size is achieved54,55,59,60. The process of nucleation is 

followed by crystal growth, where a rapid primary crystallisation stage, which is then followed 
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by a slower secondary crystallisation as pseudo-equilibrium is reached54,55,59,60. The crystallite 

size is principally governed by the crystallisation temperature, with parameters such as solute 

concentration, solvent properties, and, to a lesser extent, molecular weight, exerting an 

influence on the crystal growth rate56,58. 

In a supersaturated solution, polymer chains spontaneously organise into nuclei that, 

besides crystallising in lamellae, also crystallise in other morphologies such as spherulites or 

fibrillar crystals, depending on the crystallisation kinetics and solvent properties55,60,66,72. The 

nucleation process can be categorised as either homogeneous, where nucleation occurs 

uniformly in the solution, or heterogeneous, where nucleation is induced by impurities, 

interfaces, or additives acting as nucleating agents55,60. The degree of supersaturation is a 

determining factor in the nucleation rate; a high supersaturation (with diluent content 

exceeding about 70%) has been observed to result in rapid nucleation, though this may yield 

smaller or metastable crystals55. In such concentrated solutions, polymer segments exhibit a 

more random distribution. While moderate supersaturation (e.g., in dilute solutions where 

polymer molecules are isolated) increases the nucleation energy barrier, it allows for slower, 

more ordered growth55. 

Moreover, solvent selectivity is a fundamental aspect of solution crystallisation. The 

promotion of dissolution by good solvents can be accompanied by a hindrance to nucleation, 

while swelling solvents that favour chain-chain interactions can promote early-stage 

aggregation and nucleation55,60. It is also imperative to consider the parameters of 

temperature, polymer concentration, and solution viscosity60,72. It has been demonstrated that 

slow evaporation or controlled cooling often leads to larger and more crystalline domains, 

while fast evaporation may trap disordered chains in metastable conformations55. Thus, 

solution crystallisation not only allows great control over crystalline morphology but also 

yields larger, more ordered domains with fewer defects, translating into enhanced 

optoelectronic performance. 

 

1.4. Semiconducting polymers 

The field of organic semiconductors, which has been subject to active investigation for 

several decades, holds the potential to revolutionise various technologies at the intersection 

of polymer chemistry and device physics73. Despite the prevalence of inorganic materials in 
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numerous electronic devices, soft materials, most notably conjugated polymers, exhibit 

distinctive advantages73. These include lightness, cost-effectiveness, ease of processing and 

flexibility, making them highly attractive for optoelectronic and electronic applications74–76. 

Conjugated polymers have experienced significant advancements since the synthesis of 

the first semiconducting polymers. This breakthrough was pioneered by Alan Heeger, Alan 

MacDiarmid, and Hideki Shirakawa77, who, in 1977, demonstrated semiconducting 

behaviour by synthesising doped polyacetylene. This discovery earned them the Nobel Prize 

in Chemistry in 2000. This pioneering work establishes the foundation for subsequent 

breakthroughs that have propelled these materials into applications ranging from organic 

light-emitting diodes (OLEDs) and organic solar cells (OSCs) to advanced biomedical 

technologies and beyond78–88. Almost forty years after the first complete organic electronic 

device (an OLED) was reported, a profound understanding of conjugated polymer physics 

now underpins their integration into key flexible and emerging technologies. Nevertheless, 

substantial development is still required to fully establish and enhance the presence of 

semiconducting polymers in the global market78,79. 

Given that the electrical and optical behaviour of conjugated polymers arises from the 

same delocalised -electron system, this section explores their interrelated properties, 

dividing the discussion into electrical and optical phenomena for clarity. 

 

1.4.1. Conjugated bonds in semiconducting polymers 

The semiconducting nature of conjugated polymers, crucial for their functional 

applications, stems from their unique molecular structure and charge transport mechanisms. 

Unlike conventional insulating polymers that consist exclusively of strong, localised  bonds 

(from sp3-hybridised carbons)53, conjugated polymers possess a backbone chain characterised 

by alternating localised single () and delocalised double () or triple bonds (see Figure 1.5 

(a))78. For example, polyacetylene, P3HT, and polypyrrole, illustrated in Figure 1.5 (b)), 

exhibit such conjugated structures. The delocalised  electrons in the conjugated system 

result in a continuum of energy states, characterised by a band structure that facilitates 

electron mobility along the molecular backbone89. The band structure is defined by the 

highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO), separated by an energy barrier known as the band gap (Eg)
90,91. 
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Figure 1.5. (a) The molecular structure of polyacetylene, showing alternating 

single () and double () bonds along the backbone characteristic of conjugated 

polymers. (b) Examples of conjugated polymers include polyacetylene, poly(3-

hexylthiophene) (P3HT) and polypyrrole. 

 

In the case of semiconducting polymers, this Eg is typically smaller (0.5-3 eV) than in 

insulators92. This allows for charge mobility through the delocalisation of π electrons and 

facilitates transitions between HOMO and LUMO states upon excitation. The band gap in 

conjugated polymers often corresponds to the visible or infrared range due to extended 

conjugation, making them optically active and relevant for various applications79. 

Beyond the existence of appropriate band gaps, charge carrier mobility is also dependent 

on the morphology, and the ordering and packing of the polymer chains, specifically the 

orientation of the conjugated backbone, the degree of – stacking, and the presence of 

structural defects89,93, which are critical for interchain charge transport and device 

performance78. For instance, studies on regioregular P3HT have consistently demonstrated 

that interchain − stacking (specifically face-to-face stacking) is imperative for macroscopic 

charge transport in polymer films94,95. It is also important to note that high mobilities can 

occur even in materials with complex microstructures, suggesting that bulk crystallinity is not 

always the only determining factor. Well-connected aggregates with short-range order often 

suffice for effective charge transport70. 
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1.4.2. Optical properties 

As mentioned above, conjugated polymers exhibit pronounced absorption in the 

ultraviolet-visible (UV-Vis) range, often extending into the near-IR regions, with typical Eg 

values ranging from 0.5 to 3 eV (corresponding to approximately 400 nm or greater)79,92. This 

strong absorption capacity is responsible for the highly relevant variety of applications, 

particularly those involving light interactions74–76. To enhance the performance of such 

devices, it is vital to minimise non-radiative recombination and exciton quenching. The 

extended -conjugation not only enables efficient light absorption but also governs the 

exciton dynamics, which are critical for the optical behaviour of these materials,78,89 as 

discussed in the following section. 

Efficient photoexcitation and exciton generation are critical for applications in 

photocatalysis, such as those studied in this thesis. Furthermore, molecular packing and 

aggregation affect how these excitons behave and how the material interacts with light7,8,9. 

These optical phenomena are deeply influenced by the polymer microstructure and are 

crucial for understanding the performance of conjugated polymer nanoparticles (NPs) in 

aqueous environments7,8, where they are used as photocatalysts. 

 

1.4.2.1. Exciton formation and J-H aggregates 

The optical properties of conjugated polymers are governed not only by their chemical 

structure but also by their solid-state organisation. Kasha's pioneering exciton theory 

established the theoretical framework for understanding the formation of excitons, defined 

as bound electron-hole pairs, within conjugated systems96–98. In the process of absorption, a 

photon with energy equal to or greater than the band gap is absorbed, exciting an electron 

from the HOMO level to the LUMO89. This process forms electrostatically bound electron-

hole pairs, or excitons. In polymer aggregates, the exciton can travel both within the same 

molecule (intra-chain) and between adjacent molecules (inter-chain). 

For efficient charge transport, these excitons must overcome their electrostatic 

attraction and dissociate into free charge carriers. This process, frequently referred to as 

“photodoping” in the context of p-type materials, results in the generation of free electrons 

and holes that can be transported through the material75,78. 



Introduction 

19 

The spatial arrangement of polymer chains gives rise to different types of exciton 

aggregation, which in turn impacts the absorption and photoluminescence spectra. Spano 

and colleagues99–104 built upon Kasha's exciton theory, extending it to the domain of 

conjugated polymers. This theoretical development elucidates the role of molecular packing 

in dictating excitonic coupling and spectral features, consequently resulting in distinct optical 

properties that are dependent on the aggregation state and excitonic coupling99–104. Two 

predominant aggregation types have been commonly observed: 

• J-Aggregates: Characterised by an extended, head-to-tail alignment of polymer 

chains (see Figure 1.6), which results in strong intrachain coupling99–104. These 

aggregates typically exhibit a red-shifted absorption band compared to isolated 

chains99–104. 

• H-Aggregates: Where chains stack side-by-side or face to face configuration (see 

Figure 1.6), leading to strong interchain coupling. H-aggregates generally exhibit 

a blue-shifted absorption band99–104. 

 

 

Figure 1.6. Schematic illustration of molecular arrangements in HJ-aggregates. 

This figure specifically depicts HJ-aggregates, where J-aggregates are represented 

by the vertical orientation (𝐽𝑜(intra) indicating excitonic coupling between 

consecutive repeat units (head to tail). In contrast, H-aggregates are shown as the 

horizontal aggregates (𝐽𝑜(inter)), denoting the excitonic coupling between 

neighbouring chains (face to face). Figure modified from reference 102.  
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In real polymeric systems, both types of aggregates have been observed to coexist. 

Tuning the polymer structure or processing conditions can modulate the ratio of J- to H-

aggregates and, by extension, their optical properties99–104. Recent research has moved beyond 

static descriptions of aggregation, focusing instead on the dynamic evolution of excitonic 

states following photoexcitation10,105. In this thesis, these aggregation states are especially 

relevant in the context of P3HT NPs, resulting in distinct morphologies and aggregation 

states, influencing both light absorption and photocatalytic behaviour. 

 

1.4.3. Poly(3-hexyltiophene) (P3HT) 

Of the many materials that have been studied so far, polythiophenes are the best known 

as p-type polymers106. The first successful synthesis of this homopolymer was in 1982 

through oxidative polymerisation of 3-hexylthiophene with FeCl3
12. Early polythiophenes 

faced challenges with insolubility107, but the addition of alkyl side chains significantly 

improved their solubility and processability106, facilitating their widespread study. The model 

polythiophene is poly(3-hexyltiophene) or poly(3-hexylthiophene-2,5-diyl) (P3HT), shown 

in Figure 1.7 (a), chosen for its favourable optical and electrical properties, ease of synthesis 

and processing, and its ability to self-assemble into ordered structures106. 

This conjugated polymer is characterised by having a backbone with alternating single 

and double bonds in which the π-electrons are delocalised along the main chain, facilitating 

electronic delocalisation, which is central to its optoelectronic behaviour15,108. The 

configuration of the alkyl side chain concerning the main chain axes determines the form of 

P3HT, which can be divided into three distinct regioisomers (Figure 1.7 (b)): head-to-head 

(HH) coupling, head-to-tail (HT) coupling and tail-to-tail (TT) coupling109,110. The polymer 

can exhibit varying degrees of regioregularity following the combination of the four types of 

couplings: HT-HT, HT-HH, TT-HT and TT-HH109,110. The term “regioregular P3HT” (RR-

P3HT) is used to describe a polymer in which the main chain is formed solely by HT-HT 

couplings. In contrast, regiorandom or irregular P3HT, with a mixture of couplings. RR-

P3HT leads to planarity and extended π-conjugation, crucial for self-assembly and high 

charge mobility.  
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One of the characteristics of P3HT that renders it a cornerstone polymer is its semi-

crystalline nature at room temperature, resulting from the incompatibility between the 

conjugated polythiophene backbone and the alkyl side chains. Its relative environmental 

stability, particularly its photostability, and strong absorption in the UV-Vis range are also 

noteworthy106,111–113. Furthermore, its excellent high charge carrier mobility, in particular 

holes, makes it a suitable candidate for applications such as photocatalysis.  

 

 

Figure 1.7. (a) The chemical structure of P3HT and (b) the regioselective 

isomers. Figure (b) taken from 109. 

 

The greatest hole mobility is in the direction of the molecular backbone chain (intrachain 

electronic delocalisation)112, making the conductivity of P3HT highly anisotropic114. An 

intermediate value of hole mobility is found in the − stacking direction. The mobility of 

the holes is significantly reduced along the lamellar stack because the charge carriers have to 

pass through the -bonded carbons of the alkyl side chains, which act as insulating 

barriers70,95. This high intrachain mobility enhances charge separation while aggregation-

induced anisotropy presents both challenges and opportunities in device design. 

P3HT has a relatively small GAP, between 1.9-2.1 eV, it effectively absorbs visible light, 

with a conduction band (LUMO) between -3.5 and -2.7 eV and with a high energy valence 

band (HOMO) between -4.9 and -5.2 eV (Figure 1.8)115,116. Notably, the energy levels of this 

polymer can be tuned.  
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Figure 1.8. Schematic diagram of the electronic structure of P3HT, illustrating 

the HOMO, LUMO, and the resulting energy gap (Eg). 

 

The main function of the chains is to allow solution processability and to influence the 

supramolecular organisation of the conjugated chains. Therefore, P3HT can coexist in two 

phases in solution since it is a solvatochromic polymer, a first phase of dissolved P3HT and 

a second in the form of microcrystalline aggregates117. Owing to the chemical incompatibility 

of the aliphatic side chains and the conjugated backbones, P3HT is assembled in layers or 

lamellae of − stacked backbones separated by the side chain layers. As shown in Figure 

1.9, the crystalline region of P3HT crystallises thermodynamically favourably with a 

monoclinic unit cell with planar and packed all-trans molecules with alkyl side chains 

extended in the perpendicular direction of the thiophene rings due to − interactions 117,118. 

Its optical features and aggregation state highly sensitive to solvent polarity and 

concentration.  
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Figure 1.9. ((a)-(c)) Representation of the crystalline arrangement of P3HT 

along the principal a, b, and c directions of the monoclinic unit cell, illustrating 

backbone orientation and − stacking. (d) Monoclinic unit cell of P3HT, 

illustrating the organisation of the n-hexyl side chains within the crystalline 

framework. Adapted from 119. 

 

RR-P3HT forms hierarchical nanostructures, including: (i) a π-π stacking distance of 

approximately 0.34 nm between adjacent RR-P3HT sheets; (ii) a backbone-to-backbone 

distance of 1.5 nm separated by alkyl side chains; and (iii) semi-crystalline sheets exhibiting a 

periodicity of ~28 nm, which form larger aggregates120. Furthermore, the amorphous regions 

of P3HT are composed of disordered end chains and tethered segments, which disrupt the 

crystalline order and contribute to the overall structural complexity, which can influence the 

electronic properties of the material (Figure 1.10)113. The degree of crystallinity and chain 

orientation in these structures can be controlled through processing conditions, such as 

solvent choice, temperature, and deposition technique117.  
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Figure 1.10. Schematic diagram illustrating the semi-crystalline architecture of 

regioregular P3HT. The unit cell dimensions a, b and c are indicated. dc and da 

represent the thicknesses of the crystalline and amorphous lamellae, respectively. 

Their sum (Lp) defines the long period. Reprinted from the reference 121. 

 

Despite the numerous advantages exhibited by P3HT, the polymer is also characterised 

by certain limitations and challenges that are the subject of ongoing research. A primary 

concern for the long-term application of this material pertains to its vulnerability to 

degradation, particularly photochemical and thermal degradation, a process that is 

exacerbated by the presence of oxygen and moisture122–125. On the other hand, the efficiency 

of P3HT-based devices depends largely on their morphology, molecular weight, and degree 

of crystallisation. It is limited by electron mobility and its tendency to aggregate, requiring 

careful processing techniques to ensure optimum performance. However, research continues 

to improve its properties through doping, copolymer synthesis, molecular structure 

modification, and new processing techniques. 

 

1.5. Ferroelectric polymers 

In addition to semiconducting polymers, another important class of functional polymers, 

ferroelectric materials, has emerged as a critical material due to their unique polarisation 

behaviour, with applications in electronic and electromechanical devices. Among the 
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ferroelectric polymers, poly(vinylidene fluoride) (PVDF) stands out due to its unique 

combination of processability, ferroelectricity, and chemical stability. This section introduces 

the concept of ferroelectricity in polymers and focuses on the structural characteristics of 

PVDF. 

 

1.5.1. Ferrolectricity 

A ferroelectric material is characterised by its ability to exhibit a spontaneous polarisation 

that can be reoriented by an external electric field, and which persists even after the field is 

removed (known as remanent polarisation)126,127. The direction of these electric dipoles can 

be reversed, or “flip-flopped”, by applying an external electric field in the opposite direction. 

This process gives rise to characteristic hysteresis loops128. 

In order to comprehend these macroscopic electrical behaviours, it is necessary to 

investigate their microscopic origins, which are derived from the molecular design strategies 

employed to introduce permanent dipoles. In polymers, ferroelectricity emerges not from a 

rigid crystal lattice but from the cooperative alignment of molecular dipoles in semi-

crystalline domains. In polymers, ferroelectricity does not arise from a rigid crystal lattice, 

but from the cooperative alignment of molecular dipoles in semicrystalline regions, especially 

in highly ordered phases such as the -phase of PVDF129. Furthermore, the microscopic 

origin of ferroelectricity in polymers is primarily attributed to the presence of polar bonds 

and electric dipoles, typically generated by incorporating heteroatoms into the polymer 

backbone or side groups129,130. The generation of electric dipoles in these heteroatoms is 

attributable to differences in electronegativity. In particular, the incorporation of highly 

electronegative atoms, such as fluorine, in the PVDF, has been shown to commonly result 

in the creation of strong and stable local dipole moments129. These dipoles not only enhance 

the ferroelectric response but also improve the planarity of the polymer backbone due to 

strong intra- or inter-chain interactions and conformational rigidity, thereby promoting 

effective aggregation and crystallinity130,131. 

Moreover, ferroelectric polymers frequently exhibit piezoelectricity, a phenomenon in 

which these polymers undergo mechanical stress in response to an electric field, or 

conversely, generate an electric field in response to mechanical stress91. This phenomenon is 

a direct consequence of the change in dipole orientation and alignment in response to 
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external stimuli19,20. The piezoelectric behaviour exhibited by ferroelectric polymers is 

attributable to their non-centrosymmetric molecular structure, which facilitates dipolar 

reorientation in response to mechanical deformation or electrical excitation17,132,133. For 

instance, in PVDF, the β-phase is crucial for enabling the bidirectional electromechanical 

response17,20. Consequently, ferroelectric polymers have been identified as a potential 

solution for a variety of technological applications due to their reversible dipole behaviour 

and mechanical response. These properties are vital in the development of sensors, actuators, 

non-volatile memories (e.g., FeRAM), mechanical transducers, and energy-harvesting 

systems, especially where flexibility and lightweight materials are required, and more recently, 

in photocatalysis21,22,132–135. While the present thesis does not offer a direct characterisation of 

the piezoelectric or ferroelectric response of PVDF, it does direct attention towards the 

maximisation of electroactive crystalline phases, which are understood to manifest such 

behaviour. This phase-engineering approach provides the structural basis for future 

integration into functional devices. 

 

1.5.2. Poly(vinylidene fluoride) (PVDF) 

Poly(vinylidene fluoride) (PVDF) is a semi-crystalline polymer widely recognised for its 

exceptional properties, including high chemical resistance, thermal stability, excellent 

mechanical strength, flexibility, and durability129. Its molecular structure is composed of 

repetitive units of vinylidene fluoride or 1,1-difluoroethane (-CH2-CF2-), generates a strong 

electrical dipole due to the presence of alternating CH2 y CF2, particularly because of the low 

polarizability and strong electronegativity of fluorine as well as the small Van der Waals radius 

and robust C–F bonds (Figure 1.11)135–137. 

 

 

Figure 1.11. (a) Molecular structure of poly(vinylidene fluoride) (PVDF). (b) 

Crystalline configurations of PVDF in the α-phase (left), β-phase (centre) and γ-
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phase (right), shown as projections of their respective unit cells onto the a-b 

plane. The arrows represent dipole moment orientation, which is perpendicular 

to the polymer chains and varies depending on phase symmetry and molecular 

conformation. The image in (b) is adapted from reference 129. 

 

PVDF exhibits a Tg between -35℃ and -45℃ and a Tm between 167℃ and 190℃ 

depending on molecular weight and thermal history17,135. Its notable thermal stability, 

attributed to the strong C-F bond, allows PVDF to operate over a wide temperature range 

while maintaining its mechanical and electrical properties, crucial for demanding applications. 

In addition, this polymer is highly resistant to solvents, acids, bases, and UV radiation, 

making it highly suitable for corrosive environments, exterior coatings, and protective films. 

An outstanding property of PVDF is its piezoelectric, pyroelectric and ferroelectric 

behaviour, which allows it to generate an electrical current in response to mechanical stimuli 

or temperature changes17. 

 

1.5.2.1. Polymorphism and electroactive phase formation in 

PVDF 

PVDF is typically 50-60% crystalline, comprising a mixture of ordered and disordered 

phases, and exhibits the ability to crystallise into five distinct polymorphic phases: α, β, γ, δ 

and 19,129,130,135,138–140. Each phase has different electrical and mechanical properties that 

depend on the crystallisation conditions, such as heat treatments, mechanical stretching or 

chemical additives128–130,141. Due to the electronegativity of fluorine, which induces partially 

negatively charged zones near the fluorine atoms and positively charged zones in the 

hydrogen regions, there is a strong dipole moment perpendicular to the chain and parallel to 

the C-F bond140. The dipole moment per monomer is determined by the intrinsic properties 

of the repeating unit140 and the overall chain conformation; during crystallisation, the additive 

effect of aligned dipoles within the unit cell gives rise to macroscopic 

ferroelectricity19,129,130,135,136,138–140. Only phases where the polymer chains are packed with 

parallel dipoles (e.g. ,  and ) possess a net dipole moment and thus exhibit ferroelectricity. 

Polar phases are characterised by a trans conformation and display piezoelectric, pyroelectric 

and ferroelectric properties142, which depend on the fraction of electroactive phase, degree 
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of crystallinity, chain alignment and dipole moment. If they are antiparallel chain dipoles, as 

in  and , the moment disappears138. 

• : It is the most thermodynamically stable phase and is characterised by the twist 

trans-gauché (TGTG') conformational sequence140. This phase adopts a 

monoclinic crystal structure (Figure 1.11 (b)). The  phase is apolar and 

paraelectric since its dipole moments, with a magnitude of 1.3 Debye per 

monomer, are oriented in opposite directions and cancel each other out129,140.  

This configuration provides improved dielectric constant, mechanical properties 

and thermal stability, making it a robust material for various applications 

requiring stability and strength. 

• : It is particularly important because of its pronounced piezoelectric and 

ferroelectric properties129,130,139,143,144. This phase is characterised by an all-trans 

(TTTT) planar zigzag molecular conformation, with fluorine atoms aligned on 

the same side of the chain, resulting in a significant dipole moment of 2.1 Debye 

per monomer139,140. Its orthorhombic crystal structure and more extended chains 

contribute to a high degree of molecular order, unidirectional polarisation and 

electroactive behaviour (Figure 1.11 (b))139. While obtaining a high proportion 

of the pure -phase can be challenging, various methods have been developed 

to enhance its formation. Notably, the dipole moment of the monomer increases 

by 50% as the chains transition into the crystalline state. 

• : Exhibiting a conformational sequence T3GT3G' and can crystallise in either an 

orthorhombic or monoclinic structure with the same a and b axes but with a 

doubled c axis compared to  (Figure 1.11 (b))140. This phase is dipolar and 

electroactive, although it has a lower piezoelectricity than the other phases145,146. 

It is obtained by annealing the  phase or by crystallisation at high 

temperatures140,147. 

•  and : These two phases are less common. The  phase is characterised by 

being orthorhombic (TG'TG), and is a polar phase of , formed by reorientation 

of the polymer chains, leading to an inversion of the dipolar component every 

two chains136. The  phase has a T3GT3G' conformation and is characterised by 

being non-polar140. 
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1.5.2.2. Formation of electroactive phases 

Numerous strategies have been developed to encourage the development of electroactive 

phases, with a particular emphasis on the -phase, through direct or indirect methods. Direct 

methods for the synthesis of the -phase of PVDF include the blending of PVDF with small 

amounts of other polymers, such as poly(methyl methacrylate) (PMMA) or poly(o-

methyloxyaniline) (POMA), thermal annealing, rapid quenching, and crystallisation under 

controlled conditions138–141,143,144. The use of additives such as ionic salts, zinc oxide (ZnO) 

NPs, or carbon nanotubes act as nucleating agents and also facilitate β-phase formation, 

although the effectiveness of these additives is highly dependent on concentration and 

dispersion148. Indirect methods involve the mechanical transformation of α-phase PVDF into 

-phase through uniaxial stretching, compression, the application of electric fields, or solvent 

casting138–140,144. 

Among all these approaches, solvent-induced crystallisation has gained increasing 

attention due to its simplicity and effectiveness, especially for nanostructured PVDF. The 

role of solvent polarity in determining the crystalline phase of PVDF is critical. Polar solvents 

(e.g., dimethylacetamide (DMA), dimethyl sulfoxide (DMSO)) interact preferentially with the 

fluorine atoms in PVDF, thereby favouring the formation of electroactive phases 

(particularly the  and  phases) through dipole-dipole interactions and hydrogen bonding 

that stabilise trans chain conformations149–151. Other studies have demonstrated that polar 

solvents with high dipole moments enhance electroactive phase crystallisation, especially at 

lower temperatures142,150. The use of binary or controlled solvent systems can further enhance 

phase inversion and improve electroactivity150. Additionally, the incorporation of additives 

such as mixed oxide of barium and titanium (BaTiO₃) facilitates the formation of the TTTT 

conformation through specific interactions with the polymer chains139,148. Therefore, these 

phenomena are particularly relevant at the nanoscale, where confinement effects and rapid 

solvent evaporation significantly affect the final crystal morphology. In PVDF NPs, this 

interaction can lead to enhanced formation of electroactive phases even in the absence of 

mechanical or electrical post-treatment. However, the precise mechanisms governing the 

interaction between the dipole of the solvent and β-phase of the PVDF structure remain an 

area of ongoing research, and uncontrolled processing conditions (including temperature, 

humidity, or polarisation field) can lead to structural defects or morphological instabilities. 
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Current research focuses on modifying the inherent properties of PVDF and developing 

new processing methods for innovative applications. 

 

1.6. Preparation of nanoparticles 

In the preceding decade, there has been a marked increase in the level of interest in the 

study of polymers in their nanostructured forms. This phenomenon can be attributed to the 

unique properties that emerge at the nanoscale, offering highly effective areas and other 

advantageous characteristics compared to the same polymer in bulk form152,153. 

Nanostructuring facilitates a more profound comprehension of the correlation between 

material nanostructure and its macroscopic properties154,155, frequently resulting in 

considerably enhanced efficiencies, which is a prerequisite for the advancement of 

sophisticated electronic devices. 

Furthermore, the precise control over nanostructure morphology can be achieved 

through various fabrication methods, notably self-assembly concepts156. Self-assembly offers 

distinct advantages over atomic manipulation due to less demanding fabrication steps, 

although much remains to be fully understood regarding its mechanisms. 

In the field of polymer nanostructures, polymer NPs represent a particularly versatile and 

extensively studied morphology, offering numerous advantages. The primary advantages of 

this material are attributable to two key factors: firstly, confinement effects and, secondly, 

the large surface-to-volume ratio152,157. These factors can exert a significant influence on the 

thermal, mechanical, optical and electrical properties of the material. 

Polymer NPs158 are generally defined as colloidal systems with diameters ranging from 5 

to 1000 nm, although the majority are found between 100 and 500 nm159. The categorisation 

of these entities typically falls into two classifications: nanospheres, defined as solid matrix 

particles, and nanocapsules, characterised as core-shell vesicles159. The fabrication of these 

entities can be accomplished through the utilisation of a singular polymer or a combination 

of multiple polymers, encompassing donor-acceptor blends and core-shell 

arrangements6,158,160. 

The morphology, size, and structure of polymer NPs can be precisely adjusted by 

controlling their preparation conditions, such as solvent polarity, polymer concentration, and 
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temperature7,135,161,162. This tunability is crucial, as the geometry of the nanostructure exerts a 

significant influence on various properties, including the geometric confinement of the 

electronic structure, catalytic activity, and optical properties. Furthermore, NPs facilitate the 

investigation of fundamental physical properties under 3D confinement, thereby providing 

insights into the intrinsic relationship between nanostructure and macroscopic 

behaviour163,164. 

In semicrystalline polymers such as P3HT and PVDF, NPs have been observed to 

exhibit smaller crystallites and increased grain boundaries, which have been shown to favour 

certain properties165,166. For example, this has been shown to favour certain properties; for 

instance, in photovoltaic devices167, smaller crystallites and increased interfacial area in P3HT 

NPs reduce exciton diffusion lengths, enhancing charge separation. Similarly, in PVDF, 

controlled crystal size and grain boundaries can influence dipole alignment and domain 

switching dynamics, leading to an improved ferroelectric response in memory 

applications168,169. Furthermore, it has been demonstrated that chain orientation and 

crystallinity can be profoundly affected by nanoscale confinement, as this enhances charge 

transfer and produces smaller crystallites. For instance, for conjugated polymers such as 

P3HT, conductivity is highly anisotropic and sensitive to chain alignment11,170. Consequently, 

the nanoscale confinement facilitates precise calibration of these characteristics, thereby 

exerting a direct influence on the performance of the material.  

Polymer NPs can be prepared in two principal approaches: polymerisation of monomers 

in a dispersed phase (in-situ polymerisation), or the reprocessing of previously synthesised 

polymers (post-polymerisation methods)158,171,172. In this thesis, the latter approach is 

employed, utilising solvent-based methods such as dialysis, flash nanoprecipitation and 

miniemulsion158,163,173. These methodologies offer advantages, including precise control over 

morphology, scalability and environmental compatibility, and have been successfully applied 

to polymers such as polystyrene, poly(ethyl methacrylate), P3HT and PVDF6,163,164,170,173–175. 

 

1.7. Applications of functional polymers 

Functional polymers such as P3HT and PVDF have attracted significant attention across 

various scientific and technological fields due to their unique properties. 
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P3HT is a cornerstone material in organic electronics and optoelectronics. It exhibits 

properties that make it highly attractive for applications in organic electronics, including 

organic photovoltaics (OPVs), organic field-effect transistors (OFETs), OLEDs and 

photodetectors15,16,108,176–180. Additionally, its photophysical behaviour has enabled its 

exploration in photocatalysis and environmental remediation. 

On the other hand, PVDF is used extensively in sensors, actuators, energy harvesting 

devices, and membranes for separation technologies19,20,135,181–183. The ability to tailor its 

crystalline phases through processing conditions opens up further potential in 

nanoelectronics and ferroelectric memory18,19,135. Moreover, the enhancement of electroactive 

phases such as β-PVDF has drawn significant interest for dielectric applications, including 

capacitive energy storage, where high dielectric constants can be achieved through phase 

engineering184. While the present work does not address functional dielectric testing, the 

structural optimisation reported herein provides a solid basis for future exploitation in such 

applications. 

 

1.7.1. Photocatalysis with P3HT nanoparticles 

The chemical decomposition of materials induced by light, or photodegradation, is a 

process increasingly harnessed through photocatalysis for environmental remediation. The 

potential of certain semiconducting polymers like P3HT to function as photocatalysts for 

the degradation of organic pollutants, including dyes such as MB, has attracted considerable 

attention. The process is fundamentally dependent on the capacity of the polymer to absorb 

light and generate excited states capable of initiating redox reactions. 

This photodegradation process is shown in Figure 1.12. When the conjugated polymer, 

in this case P3HT, is irradiated, it absorbs light, leading to the formation of an exciton88,103,185. 

The efficiency of exciton formation and dissociation is significantly influenced by the molar 

extinction coefficient88. Following its formation, the exciton diffuses to the boundary of the 

absorbing material88. This migration is in direct competition with exciton recombination88,185, 

the primary block for photocatalytic efficiency. The fate of the exciton is governed by various 

de-excitation processes. Kasha's rule stipulates that light absorption generates excited states, 

which subsequently rapidly deactivate to the lowest excited state (S₁ for singlets or T₁ for 

triplets) via non-radiative processes, such as intersystem crossing96–98,103. From these low-

energy excited states, the exciton can either recombine or dissociate at the interface88. 
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Recombination, which returns the system to its ground state by releasing energy as heat or 

light, can occur via geminate processes186, where the electron–hole pair recombines before 

full separation, or via trap-assisted187 pathways involving defects or impurities that capture 

one carrier before eventual recombination. Both routes reduce the population of free carriers 

available for photocatalytic activity.  

If the exciton successfully reaches the surface of the NP and encounters other molecules 

(e.g., pollutant molecules or an acceptor), it can dissociate into free electrons and holes88,185. 

These free charge carriers subsequently participate in redox reactions, often generating highly 

reactive oxygen species (ROS) such as hydroxyl radicals (•OH) and superoxide anions (O2•
-

), which degrade the contaminant molecules188–191.  

Consequently, the overall efficiency and yield of the photocatalytic process are intimately 

linked to the exciton diffusion length, recombination dynamics, and effective charge 

separation186,187,192. Minimising recombination losses requires morphologies that favour rapid 

exciton migration to interfaces and reduced trap densities, thereby prolonging carrier 

lifetimes192,193. Thus, efficient control of the nanoscale morphology of the polymer is crucial 

to maximise exciton dissociation and, ultimately, photocatalytic activity. 

 

 

Figure 1.12. Schematic representation of the photodegradation process of a 

pollutant when using a semiconductor such as P3HT. 
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1.8. Main objectives and outline of the thesis 

The overarching objective of this Doctoral Thesis is the preparation and characterisation 

of three-dimensional nanostructured polymer systems, specifically in the form of NPs, and 

the systematic study of their physical properties resulting from nanoscale confinement. The 

present study focuses on two functional polymers: P3HT, as a semiconducting polymer, and 

PVDF, as a ferroelectric polymer. This work aims to establish a fundamental understanding 

of how preparation methodologies and resulting nanoscale morphology dictate the structure-

property relationships of these materials, with particular emphasis on crystallinity, 

morphology, and functional properties. Furthermore, the influence of processing conditions 

on the performance of these nanomaterials, particularly in areas like photocatalysis and 

ferroelectric response, is of particular interest. 

To achieve this main objective, the present Thesis is structured into eight principal 

chapters: 

• Chapter 2 provides a comprehensive overview of the experimental 

methodologies employed in this thesis. The text provides a comprehensive 

description of the materials employed, the NP preparation methods (including 

dialysis, flash nanoprecipitation, and miniemulsion), and the deposition strategies 

for NPs and deposit fabrication. It also includes a detailed account of the 

structural, morphological, and optical characterisation techniques utilised for the 

prepared systems, such as Atomic Force Microscopy (AFM), Dynamic Light 

Scattering (DLS), X-ray scattering, UV-Vis spectroscopy, fluorescence 

spectroscopy, time-resolved fluorescence microscopy (FLIM) and Fourier 

Transform Infrared spectroscopy (FTIR), along with the analysis methods, tools 

for data interpretation, and specifics of the photodegradation experiment. 

• Chapter 3 presents a systematic study on the preparation and characterisation of 

P3HT NPs by the flash nanoprecipitation method. The influence of various key 

parameters such as polymer concentration, solvent/antisolvent ratio (R), and 

solution aging on the resulting NP morphology, structure, and optical properties 

is thoroughly evaluated. The study highlights the impact of processing 

parameters on nanoscale features and allows the identification of optimised 

P3HT NPs suitable for diverse applications, including photocatalysis. 

• Chapter 4 is focused on the preparation of P3HT NPs by miniemulsion. The 

investigation focuses on the effect of sonication intensity (ultrasonic bath vs. 
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sonication probe at varying amplitudes) on the final physical properties, including 

NP size, morphology, crystallinity, and optical properties. The results are then 

compared with samples prepared without sonication in order to elucidate the 

critical role of this particular processing step. This will further guide the selection 

of optimal NPs for photocatalytic applications. 

• Chapter 5 provides a comparative analysis of the P3HT NPs prepared by both 

flash nanoprecipitation (Chapter 3) and miniemulsion (Chapter 4). The study 

systematically examines the intrinsic differences between the two preparation 

methodologies, comparing the physicochemical properties of the precursor 

solutions and, more importantly, the resulting NP characteristics. Furthermore, 

FLIM is employed to gain further insight into the exciton dynamics and charge 

separation pathways. This chapter aims to identify the underlying causes and 

correlations of observed differences and to provide a more in-depth analysis of 

the physical processes that govern NP formation by each method. 

• Chapter 6 addresses the preparation and phase control of water-dispersed PVDF 

NPs and deposits. This study focuses on the optimisation and maximisation of 

the ferroelectric - and -phases through the manipulation of the solvent. The 

preparation of NPs is achieved through the utilisation of dialysis and flash 

microfluidics techniques, whereas the formation of deposits is obtained by means 

of solvent casting. The resulting structures are characterised by AFM, X-ray 

scattering, and FTIR to quantify the phase composition and assess the decisive 

role of the solvent in determining phase formation under different processing 

conditions. This chapter aims to provide insights into the control of 

ferroelectricity at the nanoscale. 

• Chapter 7 provides a direct investigation of the photocatalytic activity of the 

prepared P3HT NPs under visible light irradiation, with a specific focus on MB 

degradation. This chapter explores how the distinct preparation conditions from 

Chapter 3 (e.g., aging effect for flash NPs) and Chapter 4 (e.g., sonication for 

miniemulsion NPs) influence the physical properties of the NPs and, 

consequently, their photocatalytic performance. The efficiency of the process will 

be evaluated by monitoring the decrease in MB concentration via UV-Vis 

spectroscopy and calculating kinetic constants. This will establish the link 

between nanoscale structure and photocatalytic functionality. 
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• Finally, conclusions synthesise the key findings from the experimental chapters, 

highlighting the most relevant structure–property relationships identified 

throughout the Thesis. The broader implications of this research for advanced 

applications (e.g., electronics, optoelectronics, environmental remediation) are 

discussed, and future research directions are outlined. 
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This chapter contains all the information related to the experimental details employed in 

this study. The chapter is structured into four sections:  

-Section 2.1 is dedicated to a detailed description of the materials used in the study. 

-In Section 2.2 the methods used for the preparation of polymer nanoparticles are 

described, outlining the procedures and conditions.  

-Section 2.3 describes the techniques employed for the deposition of NPs and film 

fabrication. 

-Section 2.4 describes the experimental techniques used to characterise the physical and 

structural properties of the prepared systems. This section also explains the analysis methods 

and the tools used to obtain and interpret the experimental data. 

-Finally, Section 2.5 describes the setup of the photodegradation process. 

 

2.1. Materials 

In this thesis, two different polymers have been studied: poly(3-hexylthiophene-2,5-diyl), 

in brief referred to as poly(3-hexylthiophene) (P3HT), and poly(1,1-difluoroethane-1,2-diyl), 

or poly(1,1-difluoroethylene), referred to as polyvinylidene fluoride (PVDF)1,2. For the 

preparation of polymer nanoparticles, sodium dodecyl sulphate (SDS) was used as a 

surfactant in particular cases. Methylene blue is used in this thesis as a model water 

contaminant. Finally, the solvents used in the preparation and deposition processes are 

detailed, with the relevant properties of each solvent specified, such as purity, boiling point 

and miscibility in water. 

 

2.1.1. Polymers 

 

2.1.1.1. Poly(3-hexyltiophene) (P3HT) 

In this study, P3HT was utilised as an organic semiconductor material, with its chemical 

structure illustrated in Figure 2.1. The repeating thiophene units are functionalised with hexyl 

side chains, enhancing solubility in organic solvents and facilitating the processing of P3HT 

in solution. 
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Figure 2.1. The chemical structure of P3HT. 

 

In the present study, regioregular (RR) P3HT supplied by Ossila Ltd. (Sheffield, UK) 

was used. Two batches of P3HT with similar molecular weights (batches M102 and M1011) 

were employed. This polymer is commercially available under the tradename Lisicon® 

SP001. The key physicochemical characteristics of the polymer batches are summarised in 

Table 2.1. 

 

Table 2.1. Molecular weights of the P3HT samples investigated. 

Polymer (batch) Mw (g/mol) PDI Regioregularity 

P3HT (M102) 65200 2.2 95.7% 

P3HT (M1011) 60150 2.1 97.6% 

 

P3HT was utilised to prepare nanoparticles (NPs). The solvent chosen, the 

concentration, and processing conditions were optimised to achieve controlled nanoparticle 

(NP) size and stability.  
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2.1.1.2. Poly(vinylidene fluoride) (PVDF) 

The chemical structure of PVDF is shown in Figure 2.2. The PVDF used in this thesis 

was procured from Sigma-Aldrich. 

 

Figure 2.2. Chemical structure of PVDF. 

 

PVDF was dissolved for the preparation of both deposits and NP dispersions to explore 

its electroactive phases and their potential applications. 

 

Table 2.2. Molecular weight and characteristic temperatures of the PVDF 

samples used in this study. 

Polymer  Mw 

(g/mol) 

Glass temperature 

(ᵒC) 

Melting temperature 

(ᵒC) 

PVDF 534000  -38 171 

 

2.1.2. Non-polymeric materials 

 

2.1.2.1. Sodium Dodecyl Sulphate (SDS) 

Sodium dodecyl sulphate (SDS), also known as sodium lauryl sulphate, is an anionic 

surfactant with many applications in scientific, industrial and commercial fields. As shown in 

Figure 2.3, its chemical formula is C12H25OSO3
-Na+, consisting of a 12-carbon hydrophobic 

alkyl chain (dodecyl tail) linked to a hydrophilic sulphate head group. SDS is typically found 

as a white solid or crystalline powder. The molecular structure of SDS is characterised by an 

amphiphilic nature, which allows it to reduce surface tension, form micelles, and stabilise 

emulsions effectively3–6.  
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Figure 2.3. Chemical structure of SDS. 

 

In the present study, SDS (Sigma-Aldrich, ACS reagent grade, St. Louis, MO, USA) was 

used as a surfactant in some of the NPs preparations. 

 

2.1.2.2. Methylene Blue (MB) 

Methylthioninium chloride, (C16H18ClN3S)7, commonly known as methylene blue (MB), 

is a heterocyclic aromatic organic compound that appears as a dark green crystalline powder 

with a bronze sheen. When dissolved in water, it acquires an intense blue colour. Its 

molecular formula is Figure 2.4. 

 

 

Figure 2.4. Chemical structure of MB. 

 

The MB used in this was supplied by Merck (purity ≥82%, Mw = 319.85 g/mol, powder). 

The UV-Vis spectrum of a 15 mg/L water solution of MB is presented in Figure 2.5. 

The intense absorption around 665 nm is responsible for the blue colouration of the solution, 

and this will be used to monitor the efficiency of the photocatalysis processes, as described 

later. 
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Figure 2.5. UV-Vis spectra of MB. The reference wavelength at which the 

concentration is obtained is 665 nm (marked with a dotted line).  

 

From the preparation of different concentrations of MB solution, a calibration line was 

obtained through linear regression in order to determine the molar extinction coefficient (see 

Figure 2.6) according to equation 2.19. 
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Figure 2.6. Regression line between the absorbance and the concentration of 

MB, which allows the molar absorptivity to be calculated.  

 

The result of the slope calculation is the value of the molar extinction coefficient, which 

is found to be 0.190 mg-1·L·m-1. 

 

2.1.3. Solvents 

Given the diversity of materials employed, the processing techniques utilised, and the 

aims of this thesis, a considerable number of organic solvents have been utilised, as 

summarised in Table 2.3 alongside their most significant properties. Furthermore, 

throughout this thesis, Milli-Q water has been employed.  

 

Table 2.3 Solvents used in this work. 
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Solvent Abbreviation Supplier 
Purity 

(%) 

Boiling 

Point (ᵒC) 

Water 

miscibility 

Material 

dissolved 

Trichloromethane 

(Chloroform) 
CHCl3 Quimipur ≥99.0 62 (<H2O) No P3HT 

Oxolane 

(Tetrahydrofuran) 
THF Alfa Aesar 99.0 66 (<H2O) Yes 

P3HT 

PVDF 

Dimethyl sulfoxide DMSO Merck ≥99.7 189 (>H2O) Yes PVDF 

N, N-

dimethylacetamide 
DMA Sigma Aldrich ≥99.0 165 (>H2O) Yes PVDF 

Propylene 

carbonate 
PC 

Thermo 

Scientific 
≥99.5 242 (>H2O) Yes PVDF 

Methyl ethyl ketone MEK Sigma Aldrich ≥99 80 (<H2O) Yes PVDF 

Ethylene glycol EG ITW reagents 99 197 (>H2O) Yes PVDF 

Formic Acid FA Sigma Aldrich ≥96 101 (≈H2O) Yes PVDF 

Methanol MetOH Sigma Aldrich ≥99.9 66 (<H2O) Yes PVDF 

Ethanol EtOH Emsure - 78 (<H2O) Yes PVDF 

Acetone Acetone Sigma Aldrich ≥96 56 (<H2O) Yes PVDF 

 

2.2. Preparation of nanoparticles 

A variety of techniques can be used to prepare polymer NPs, including salting-out8, 

dialysis8,9, flash nanoprecipitation10,11, miniemulsion8,12, or surfactant-free emulsion8. This 

section describes in detail the three methods used in this Thesis to nanostructure the 

materials studied. All three methods are based on the exchange of a good solvent for a poor 

solvent (antisolvent or non-solvent). In this context, the term “antisolvent” is employed in 

instances where the solvent is water miscible, whereas “non-solvent” is used in cases where 

it is immiscible. In all cases, the antisolvent will be water. 
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2.2.1. Nanoparticles prepared by dialysis 

In the process of NP preparation, dialysis involves placing a polymer solution inside a 

membrane with pores of defined size to retain the NPs to be formed, while allowing the 

organic solvent to pass through8,13. This process necessitates the immersion of the membrane 

in a substantial volume of antisolvent, typically deionized water, which functions as a "drag 

solvent".8,13–16 The diffusion process creates a gradient that displaces the solvent inside the 

membrane by the antisolvent, so that aggregation occurs in the form of NPs. The NPs are 

retained within the membrane8,17. 

The characteristics of the different elements in the dialysis process define the final 

product of this process: 

o Membrane pore size: it defines the size of the aggregates or molecules that will 

be retained in the inner part of the volume enclosed by the membrane. 

o Volume ratio between the solution and the dialysis solvent: A larger volume of 

the dialysis medium allows more effective removal of solvent or impurities by 

facilitating the diffusion of solutes out of the bag. 

o Dialysis time: Dialysis may take several hours or even days to complete, 

depending on the concentration and type of components to be removed. 

In this thesis, dialysis was used in the preparation of two different types of NPs. In the 

case of the miniemulsion method for preparing NPs, which will be described later, dialysis 

was used as a final step to remove the excess of surfactant. The other type of NPs was 

prepared using dialysis in a single step. In both cases, the dialysis membrane, stored in a saline 

solution in a refrigerator18. The dialysis membrane employed was a Visking DTV 

manufactured by Medicell Int Ltd., London, UK, with a cutoff range of 12000-14000 g·mol-

1. It is delivered in the form of a tube with a diameter of 25.5 mm. Prior to utilisation, the 

membrane is subjected to a thorough cleaning process involving rinsing with distilled water 

and the solvent utilised during preparation. 

 

2.2.1.1. Preparation of nanoparticles by dialysis 

The dialysis method for the preparation of polymer NPs is outlined in Figure 2.7 and 

consists of the following steps: 
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1. Washing membrane: The membrane, which has previously been stored in a saline 

solution, is then washed in the organic solvent that has been utilised for the 

dissolution of the polymer.  

2. Preparation of polymer solution: A solution of the polymer is prepared at a fixed 

concentration in the corresponding water-miscible organic solvent (Table 2.4). 

 

Table 2.4 Polymer prepared by dialysis, concentration and solvent used. 

Polymer Concentration (g/L) Solvent 

PVDF 2 

THF 

DMSO 

DMA 

PC 

MEK 

EG 

FA 

MetOH 

EtOH 

Acetone 

 

3. Sample preparation: A magnetic clamp closes one end of the membrane. The 

solution is then poured on a dialysis membrane, and the other end of the 

membrane is sealed by another clamp, taking care not to leave any air space in the 

membrane. 

4. Immersion in dialysis solvent: The dialysis membrane is immersed in a large 

volume of deionised water, which acts as the dialysis medium, and stirred at low 

speed. 

5. Diffusion: As the system is stirred, the organic solvent diffuses into the dialysis 

medium through the membrane. This displacement causes a continuous 

aggregation of the polymer due to decreased solubility until a homogeneous 

colloid of the polymer in water is retained in the volume enclosed by the 

membrane. A low concentration of polymer solution is required. This ensures that 

the polymer chains are dispersed and can be separated into nanodomains. 
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6. Change of the dialysis medium: Depending on the preparation, the dialysis 

medium is changed periodically to improve efficiency, maintain a concentration 

gradient, overcome chemical equilibrium, and accelerate the process. 

7. Termination: After a certain time, the membrane containing the NPs is removed 

from the bath, and the dispersion is obtained. 

 

 

Figure 2.7. Schematic representation of the dialysis process used to prepare 

polymer NPs. 

 

2.2.2. Flash nanoprecipitation 

Flash nanoprecipitation, also referred to as reprecipitation or the solvent displacement 

method, is a highly versatile, efficient, effective and straightforward technique for preparing 

NPs, particularly polymer NPs19,20. The basis of flash nanoprecipitation underlies the 

phenomenon of supersaturation and controlled nucleation. The process involves mixing the 

water-miscible organic solvent (with a lower boiling point than the antisolvent) in which the 

polymer is dissolved with an excess of the antisolvent phase (most commonly water) under 

turbulent flow (Figure 2.8)8,21,22. The fast diffusion of the solvent into the antisolvent, induced 

by the rapid mixing and the reduction of the solubility of the polymer, results in local 

supersaturation of the polymer8,22. This phenomenon, similar to dialysis, causes the 
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hydrophobic interactions between the polymer chains, which normally ensure their effective 

dispersion in solution, to be disrupted by a significant change in the quality of the medium, 

resulting in almost instantaneous collapse and aggregation of the polymer chains due to the 

low solubility of the polymer in the antisolvent8. The rapid mixing process generates many 

nuclei, which generally favours the formation of small-sized, narrowly distributed NPs 

(Figure 2.8)8,21–23. During the mixing process, a competitive kinetic process exists between 

nucleation and nuclei growth8. The final size and distribution of the NPs are thus dependent 

on various factors, including the mixing rate, the volume ratio and nature of solvent and 

antisolvent, the type of polymer, temperature, and polymer concentration8,21,22. For instance, 

sufficiently intense mixing ensures that the size of the NPs depends only on the composition 

of the streams and not on the flow rate, causing precipitation nuclei to form instantaneously 

and ensuring uniform nanoparticle formation8,22,23. Additionally, the process may result in the 

formation of NP aggregates. To obtain small particles, it is essential to adjust the preparation 

conditions to maximise nucleation, which is strongly influenced by supersaturation, while 

maintaining a low growth rate to ensure the formation of uniform, well-defined particles24. 

Achieving this balance is imperative to ensure uniform particle size, control particle 

morphology and avoid excessive aggregation8. 

 

 

Figure 2.8. Schematic illustration of the steps involved in preparing functional 

polymer nanoparticles from water-based inks through flash nanoprecipitation. 

 

The process is relatively simple and fast to implement8,23, and the rapid formation of NPs 

minimises solvent exposure time, which can be essential for some organic solvents11,21,22. 

However, it is important to note that achieving precise control over size and distribution can 
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be challenging if all parameters are not meticulously regulated, which can affect 

reproducibility. 

 

2.2.2.1. Nanoparticles prepared by the flash method 

The steps that have been followed in this thesis to prepare polymer NPs are outlined 

below: 

1. Dissolution of the polymer: The polymer is dissolved in a good water-miscible 

organic solvent with a lower boiling point at a certain concentration.  

2. Mixing with the aqueous phase: The polymer solution is rapidly injected into the 

aqueous phase with vigorous stirring, immediately reducing solubility. Due to the 

rapid decrease in solubility, NPs form during this step, with nucleation occurring 

almost instantaneously and the formation of small particles. As the process 

continues, these particles grow to the desired nanometre size. 

3. Evaporation of the organic solvent: Finally, the water-mixed organic solvent is 

removed by evaporation. 

4. Sonication of the samples: A final ultrasonication step can be included to break 

some NPs aggregates. 

In this study, two distinct methodologies were employed for the preparation of the NPs. 

The first method involved the injection of the solution into water via a syringe, as illustrated 

in Table 2.5, for the preparation of P3HT NPs. The second method involved using a 

microfluidic set-up to prepare PVDF NPs, as detailed in Table 2.6.  

 

Table 2.5 Summary of flash P3HT NPs preparation conditions. 

Material 
Concentration 

(g/L) 

Solvent/Antisolvent 

volume ratio (R) 
Solvent 

P3HT 

1 

1/4 

THF/H2O 

1/6 

1/8 

3 
1/4 

1/6 
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1/8 

5 

1/4 

1/6 

1/8 

 

Furthermore, NPs were prepared from a 3 g/L solution with a volume ratio of 1/6, aging 

the solution for 24, 72, and 168 hours. 

 

2.2.2.2. Flash by microfluidic 

A method derived from flash nanoprecipitation is known as flash microfluidics. The 

fundamental principle of flash microfluidics is similar to that of flash, but with one key 

difference: the mixing of the solvent and non-solvent is performed through microfluidic 

devices. These devices enable precise control of the rate of addition and mixing in the 

channels, facilitating the preparation of more reproducible NPs (see Figure 2.9)24,25. The 

process is analogous to that depicted in Figure 2.9 (a). The polymer solution is introduced 

into a syringe while the non-solvent is introduced into another syringe. At a controlled speed, 

the two liquids converge at a point, resulting in the displacement of the solvent by the 

antisolvent. 
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Figure 2.9. (a) Schematic setup of the Flash Nanoprecipitation mixing process 

by microfluidic aimed to generate NPs. (b) Experimental scheme showing three 

microfluidic devices, one for the solvent and two for the antisolvent. The 

channels converge on a chip where the mixture is produced and falls into a vial. 

 

In this thesis, three one-channel microfluidic devices of the Model 300 type (New Era 

Pump Systems, NY, USA) were utilised; one channel was utilised for the dissolved polymer 

and two for the antisolvent (water) (Figure 2.9 (b)). Consequently, the exchange of one for 

the other is favoured. The injection syringes employed were 10 mL (Ecoject), thereby limiting 

the rates to between 1.4x10-4 mL/min and 6.2 mL/min. In the present study, a flow rate of 

4 mL/min was employed. The syringes were connected via 1.6 mm internal diameter silicon 

tubes to the chip, which was prepared by 3D printing from resin by the group of Prof. Juan 

Rodriguez-Hernandez. The chip has channels of 1 mm where fluid mixing occurs. The 

mixture was then poured into a vial containing a magnet that stirred the mixture, and the 

organic solvent was subsequently evaporated. Detailed information regarding these 

preparations can be found in Table 2.6. 

 

Table 2.6 Preparation conditions of NPs by Flash microfluidics. 

Polymer 
Concentration 

(g/L) 
Solvent 

Speed 

(mL/min) 
Volume ratio 

PVDF 2 

THF 

4 1/2 

MEK 

EtOH 

MetOH 

Acetone 

 

2.2.3. Miniemulsion 

The miniemulsion preparation method is a process that produces colloidal-type particles. 

The miniemulsion protocol consists of mixing a polymer solution with a surfactant solution 

in a medium that has the characteristics of being immiscible with the polymer solvent and 

acts as a non-solvent for the polymer26–28. The presence of a surfactant stabilises polymer 

solution droplets, which, once the solvent is evaporated, become NPs. In general, the 
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surfactant is dissolved in water, which acts as the non-solvent medium, while the solvent 

used for the polymer has a boiling point lower than that of water29–31. 

 

 

Figure 2.10. Schematic representation of the miniemulsion process: (a) 

dissolution of the polymer, (b) mixing of the solution and the surfactant in water, 

(c) pre-emulsification, (d) emulsification and (e) obtaining NPs. 

 

2.2.3.1. Nanoparticles prepared by miniemulsion method 

The miniemulsion preparation method is outlined in Figure 2.10 and consists of the 

following steps: 

1. The polymer is dissolved in the organic solvent.  

2. Subsequently, the polymer solution and the surfactant aqueous solution are mixed. 

In the present case, the surfactant used is SDS. The conditions for preparation are 

reported in Table 2.7. In this way, an emulsion is formed, and polymer solution 

droplets remain dispersed in water without coalescing throughout the process26,27,32–

34. 

3. Afterwards, the emulsion undergoes a process of stirring and sonication. The 

emulsion is vigorously stirred and sonicated with an ultrasonic bath or with an 

ultrasonic probe so that the combined action of stirring and surface tension force 

causes the dispersed particles to take on a spherical shape, forming the 

miniemulsion35,36. In the absence of stirring, the polymer droplets would begin to 

coalesce32,33,36.  
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4. The next stage of the process is the evaporation of the organic solvent. The 

ultrasonicated mixture is heated to a temperature below its water boiling point, where 

the organic solvent can be evaporated. In this way, the droplets are transformed into 

solid polymer particles. 

5. Finally, the water suspension is dialysed against water to remove the excess of 

SDS13,21. 

 

Table 2.7 Miniemulsion preparation conditions for NPs. 

Polymer Sonication 
Concentration 

(g/L) 
Solvent 

% wt 

SDS 

Volume ratio 

(solution/SDS) 

P3HT 

Without 

3 CHCl3 1 1 

Bath 

Probe (10% 

amplitude) 

Probe (25% 

amplitude) 

Probe (35% 

amplitude) 

 

In this investigation, P3HT NPs were prepared through miniemulsion, with detailed 

descriptions of the preparations provided in Table 2.7. The sonication process was 

conducted in an ultrasonic bath with a power of 150 watts. Model 3000513 (JP Selecta, Spain) 

and an ultrasonication probe: The Sonopuls HD 2070.2 (BANDELIN electronic, Germany) 

was utilised, attached by a microprobe type MS-72, which possesses a total amplitude of 282 

m and an admissible amplitude setting ranging from 10% to 50%. 

 

2.3. Deposition techniques 

 

2.3.1. Spin coating 

The spin coating technique, or spin casting, is one of the most widely used methods for 

the uniform deposition of a wide variety of materials, including NPs9,37–39, on flat solid 
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substrates due to its simplicity, speed, reproducibility and ability to cover surfaces and 

produce homogeneous layers over large areas uniformly40,41. 

In the “static” spin coating process (see Figure 2.11), which is the one used in this thesis, 

a small volume of the solution or suspension is first deposited onto a substrate that is initially 

stationary. The substrate is then allowed to rotate at a given acceleration, thereby enabling 

the uniform distribution of the solution40. The rotation speed, or spin speed, is increased 

until high speeds are reached, causing the solution to spread over the entire surface of the 

substrate and the excess liquid to be expelled towards the edges40. The resulting centrifugal 

force and the frictional forces of the fluid distribute the material evenly over the substrate 

surface42,43. The rotation continues at a high speed for a given time to allow the solvent to 

evaporate and the deposit to form42,43.  

 

 

Figure 2.11. Schematic of the spin coating process for the deposition of NPs. 

 

The thickness and uniformity of the final film and the density of the deposited NPs 

depend on several parameters, such as: 

• Spin speed42–44: Higher speeds generally result in the deposition of less material41. 

• Spin Time42: Controls drying and material distribution41,43. 

• Solution concentration40,42–44: More concentrated solutions will result in greater 

deposition40,42. 

• Solvent properties: Viscosity42 and solvent evaporation rate have a significant 

effect on the deposition44. 

• Substrate surface44: The properties of the substrate surface influence the 

interactions between the system and the substrate40. 



Materials, methods and techniques 

69 

This technique is optimal for flat substrates, as the centrifugal force may not allow 

uniform coverage on surfaces with complex geometries. 

In the present thesis, the spin-coater employed was the Laurell Technologies Model WS-

650HZB-23NPPB/ED3. Arsenic-doped silicon substrates with a thickness of 525 m and 

a resistivity of <0.005 Ohm/cm (<100>, Neyco, Vannes, France) measuring approximately 

2 cm x 2 cm are cut and immersed in a selection of solvents, including ethanol, acetone, 

water and isopropanol. Each substrate is then subjected to ultrasonication for five minutes 

in each solvent. Following this, the substrates are dried using nitrogen gas. The dispersions 

are then ultrasonicated for 5 minutes and stirred before deposition in order to obtain a 

uniform mixture. The final step involves executing the spin coating process, as previously 

outlined. The study of how different parameters affect the deposition of NPs and the optimal 

values was carried out in previous research in the group. The deposition of approximately 

0.1 mL (it should be noted that the deposited volume depends on the dimensions of the 

substrate) is performed either by spin coating at 1200 revolutions per minute (rpm) for 2 

minutes (acceleration of 1.05 radians per second squared (rad/s2)) under ambient conditions. 

The characterisation of NPs deposited by spin coating is carried out using various techniques, 

such as Atomic Force Microscopy (AFM). 

 

2.3.2. Drop casting 

Drop casting is a simple, effective, and versatile technique widely used to deposit 

nanoparticles or other materials onto solid substrates or to prepare self-supporting films, 

known as “free-standing films”.45 The process involves depositing a small volume of a 

solution or suspension of the material onto a substrate and allowing the solvent to evaporate, 

either exposed to air-dry at room temperature or gently heated in a vacuum. As the liquid 

evaporates, the NPs aggregate, or the film-forming material is distributed over the substrate 

surface46 (Figure 2.12).  

The process can be described in several steps: 

1. Solution preparation: A solution or suspension containing the NPs in a suitable 

dispersion medium is prepared. The choice of medium significantly influences 

the deposition process, affecting factors such as uniformity, drying time, and 
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residual medium content due to its properties such as volatility, viscosity, surface 

tension, and affinity with the substrate. 

2. Drop deposition: A drop (typically a few microlitres (L)) is carefully deposited 

onto the clean substrate (in this case, silicon). The volume of the droplet can 

significantly influence the material deposited. 

3. Solvent evaporation: The solvent evaporation rate plays a crucial role in 

determining the morphology and uniformity of the material deposited, as well as 

avoiding film defects. In the case of free-standing films, a film remains that is 

held together by physical or chemical interactions45,47. The film is then carefully 

separated from the substrate, resulting in a free-standing film47–52. Free-standing 

films typically have a controlled thickness, typically ranging from nanometres to 

micrometres. 

 

 

Figure 2.12. Deposition method using drop casting. 

 

In the present cases, P3HT and PVDF NPs were deposited under ambient conditions 

onto similar wafers to those described above for the case of spin coating (conductive heavily 

doped n-type silicon wafers with a thickness of 525 nm, with both sides polished, from 

Neyco, France). The wafers and dispersions were treated under the same conditions as spin 

coating.  

Free-standing films or deposits of PVDF were prepared by drop casting. PVDF solutions 

from different solvents. For this purpose, circular glass substrates with edges have been 

utilised to contain the solution within the substrate. A volume of 700 L was added for each 

film. The evaporation process was carried out in air at room temperature, except for cases 

where the solvent was too viscous or had an elevated boiling point. In these cases, the films 

are obtained in a vacuum oven at a temperature not higher than 35°C.  

The characterisation of NPs deposited by drop casting was performed using a variety of 

advanced techniques, including Atomic Force Microscopy (AFM) and X-ray diffraction 
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(XRD), and the characterisation of films or deposits obtained is conducted using various 

advanced techniques, including XRD and Fourier Transform Infrared spectroscopy (FTIR). 

 

2.4. Experimental techniques 

2.4.1. Wide Angle X-ray Scattering (WAXS) 

X-ray diffraction (XRD) is a fundamental analytical characterisation technique that has 

been utilised for over a century to investigate the crystalline structure of materials at the 

atomic and molecular level53–56. When X-rays, with wavelengths comparable to interatomic 

distances (typically 10-11-10-8 m), interact with a crystalline sample, they are scattered by the 

electrons of the atoms within the crystal lattice53–56. The constructive interference of these 

scattered waves occurs when the Bragg condition is satisfied through the specular reflection 

in the crystal planes. This gives rise to a characteristic diffraction pattern that reveals details 

about the periodicity and atomic arrangement of the material53,56. Bragg's Law (Equation 2.1) 

describes this phenomenon, which establishes the relationship between the wavelength () 

of the incident X-ray, the diffraction angle between the incident vector and the crystal plane 

() and the interplanar distance between diffracting planes (d) (Figure 2.13). 

 

 n = 2d sin  Eq. 2.1. 

 

In Equation 2.1, n is an integer representing the diffraction order, and the term 2dsin is 

defined as the difference in path length between X-rays scattered from adjacent planes54,55. 

Constructive interference (and thus observable diffraction) occurs when this path difference 

is an integer multiple of the X-ray wavelength. 
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Figure 2.13. The equivalence of Bragg’s Law for the special case of the 2D 

square lattice. 

 

Additionally, the scattering vector or wave vector transfer (q) is defined as the difference 

between the incident wave vector and the scattered vector53,57. 

 

 q = 
4𝜋

𝜆
sin(𝜃) Eq. 2.2. 

 

Here  is again the Bragg angle (half of the total scattering angle 2) between the incident 

and scattered beams. It is also important to note that the magnitude of the scattering vector 

is inversely proportional to the interplanar distance, thereby providing a direct link between 

the diffraction pattern in reciprocal space and the real-space structure: 

 

 q = 
2𝜋

𝑑
 Eq. 2.3. 

 

XRD experiments have been boosted by the development of synchrotron radiation 

sources (Figure 2.14), which provide high-intensity, collimated, and wavelength-tunable X-

ray beams. X-ray scattering experiments using synchrotron sources allow the study of time-

dependent experiments, like crystallisation in real-time, or the study of samples with low 

scattering power, like the case of polymer thin films. Synchrotron radiation is generated when 

high-energy electrons are accelerated along a curved trajectory (Figure 2.14). As magnetic 

fields deflect the electrons, they lose energy, which is continuously emitted in the form of 

highly collimated X-ray radiation. This radiation is characterised by its brilliance (many orders 

of magnitude higher than conventional X-ray sources), its polarisation (linear, elliptical or 
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circular), and its continuous electromagnetic radiation (ranging from infrared to hard X-rays), 

emitted tangentially to their orbit58,59. Dedicated beamlines for given experiments are 

constructed as tangential extensions from the synchrotron storage ring (Figure 2.14) to make 

use of this radiation. 

 

 

Figure 2.14. A schematic of a standard synchrotron radiation facility. The closed 

circuit represents the storage ring (typical diameter around 300 m). The injection-

accelerating system (Linac + Booster) is located outside the storage ring, a 

polygon with bending magnets at its vertices. Bunches of charged particles 

(electrons or positrons) circulate in a storage ring. The bending magnets (BM), 

positioned at the ring's vertices, deflect the electron trajectories, thereby 

producing synchrotron radiation that escapes forward. Insertion devices (ID) are 

strategically placed in the straight sectors to generate specific synchrotron light. 

The radiofrequency cavity (RF) of the storage ring is also indicated, along with 

the focusing magnets in an insertion device, which forces the particles to execute 

small oscillations, producing intense beams of radiation. This radiation 

subsequently traverses a series of optical components, including a 

monochromator and a focusing device, to ensure the delivery of a beam of 

radiation with the requisite properties to the sample. Figure adapted from the 

book 59. 
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Wide-Angle X-ray Scattering (WAXS) (Figure 2.15) was performed at a synchrotron 

source. This thesis employs two geometries: transmission WAXS (Figure 2.15 (a)) used for 

bulk samples (powders, thick films or capillaries) and grazing incidence wide-angle X-ray 

scattering (GIWAXS) (Figure 2.15 (b)), which is particularly suitable for thin films or 

deposited materials onto solid substrates. 

In transmission WAXS (Figure 2.15 (a)), the beam reaches the sample perpendicularly to 

the sample surface, and the scattered intensity is collected after being transmitted through 

the sample. In GIWAXS (Figure 2.15 (b)), the incident X-ray beam reaches the sample 

surface with a certain small incidence angle, i, relative to the surface, typically less than the 

critical angle for total external reflection of the substrate. This allows for enhanced surface 

sensitivity and reduces the contribution of the scatter from the substrate. The scattering 

vector can be decomposed into components parallel (qy) and perpendicular (qz) to the surface, 

providing information about the in-plane (structural ordering perpendicular to the substrate) 

and out-of-plane (structural ordering parallel to the substrate) structural correlations, 

respectively59. Both WAXS and GIWAXS are generally used to identify or determine the 

crystalline structure of the material or materials of the sample. 
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Figure 2.15. Schematics of X-ray scattering geometry. (a) WAXS scattering 

geometry, where the sample intercepts the incident X-ray beam, and the 

scattering is detected with a 2D detector. (b) GIWAXS scattering geometry 

where the sample is tilted at a small angle of incidence αi with respect to the 

incident X-ray beam. The scattering is recorded using a 2D detector as a function 

of the exit angle αf and the out-of-plane angle . In both schemes, the specular 

and direct beams are blocked by a beam stop (represented by the grey arm) to 

avoid detector oversaturation. The colour code represents the scattered intensity 

in the 2D detector. Figure (a) adapted from 59 and (b) from 60.  

 

In particular, WAXS and GIWAXS are valuable tools for characterising the crystalline 

structure of polymers. As mentioned in Chapter 1, unlike fully crystalline materials, the 
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presence of crystalline domains in a semicrystalline polymer coexists with amorphous 

regions. In such cases, XRD can be used to determine the crystal structure, degree of 

crystallinity and the average size of the ordered domains within the polymer matrix, among 

other parameters. In the context of fully crystalline systems, the coherence length, which is 

commonly estimated from the inverse of the width at half height of the Bragg peaks, 

corresponds to the particle size. However, in semicrystalline systems, the crystal size, or more 

accurately, the coherence length, is smaller than the particle size due to the amorphous 

content61,62. This reduction in coherence length is manifested as a broadening of the 

diffraction peaks. The broadening increases with increasing diffraction angle, which is related 

to the presence of lattice imperfections and finite domain sizes61,62. Consequently, the 

coherence length serves as a valuable metric for evaluating the quality and crystalline order 

of a material62. It can be estimated from the broadening of the diffraction peaks using the 

Scherrer equation (Eq. 2.4)53,63:  

 

 D = 
𝐾·𝜆

𝛽 cos(𝜃)
 Eq. 2.4. 

 

where D is the crystallite size (typically in nanometres), K is the Scherrer shape factor or 

Scherrer constant (generally between 0.89 and 1; 0.9 for approximate sphericity)61, λ is the 

wavelength of the X-ray used in the experiment (in nanometres), β is the full width at half 

maximum (FWHM) of the diffraction peak (in radians)63. 

In this work, WASX and GIWASX experiments were performed at the BL11 NCD-

SWEET beamline of ALBA Synchrotron. ALBA is a third-generation synchrotron. The 

incident monochromatic X-ray beam energy was set to 12.4 keV, equivalent to 0.103 nm, 

utilising a Si (1 1 1) channel-cut monochromator, with a beam size of 30 m × 120 m 

(vertical × horizontal). In the context of grazing incidence experiments, the sample was 

initially positioned horizontally with its surface parallel to the X-ray beam at a height that 

intercepted half of the beam intensity. Subsequently, the sample was tilted to achieve an 

incidence angle between the sample surface and the beam. The exposition time was 

optimised to maximise the number of counts while avoiding saturation of the detector, 

typically set to 5 seconds for each incident angle. The incidence angle, i, for the X-rays was 

set between 0.1-0.4°. The critical angle of silicon is 0.1°, and for angles larger than 0.4°, the 

scattering mainly arises from the substrate itself. WAXS and GIWAXS intensities were 
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recorded on a LX255-HS area detector from Rayonix®, which consists of a pixel array of 

5760 × 1920 pixels (vertical × horizontal) with a pixel size of 44 × 44 μm2. The data are 

expressed as a function of q, calibrated using Cr2O3 as the standard sample. This calibration 

yielded a sample-to-detector distance that was found to vary slightly depending on the 

beamtime (measurements have been made at four different beamtime campaigns), within a 

range from 0.113 to 0.211 m. 2D GIWAXS patterns were corrected from background 

scattering, azimuthally integrated, i.e., the intensity counts are summed over all azimuthal 

angles, and analysed using the pyFAI package64. The azimuthal integration of the 2D images 

between the angles  = 0ᵒ and  ≈ 90ᵒ resulted in 1D (Figure 2.18) scattering patterns, which 

are presented in this thesis after background subtraction and analysis by the Origin program. 
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Figure 2.16. X-ray diffractogram of a P3HT sample showing the defined maxima 

corresponding to an isotropic sample. For isotropic samples, the scattering can 

be azimuthally integrated to produce a plot of integrated scattered intensity 

versus wave vector transfer. 
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X-ray studies on NPs in this work were performed in GIWAXS geometry. For these 

experiments, NPs were deposited from aqueous dispersions onto silicon wafers by drop 

casting and allowed to dry for several days under ambient conditions or gently heated in a 

vacuum. WAXS in transmission geometry was performed to study the structure of free-

standing PVDF films or deposits. 

 

2.4.2. Atomic Force Microscopy (AFM) 

The development of Atomic Force Microscopy (AFM) can be traced back to the 

invention of the Scanning Tunnelling Microscope (STM) in 1982 by Gerd Binnig and 

Heinrich Rohrer at IBM Zurich Research Laboratories65. Building on the principles of STM, 

the AFM was later developed by Binnig, Quate, and Gerber in 1986 at Stanford University 

in collaboration with IBM San Jose Research Laboratory66. It allows high-resolution imaging 

of the surface of materials at the nanometre scale, revealing the topography and surface 

properties of materials in various environments (vacuum, atmosphere, and liquid)67–69. AFM 

relies on the mechanical interaction of an extremely thin probe, called a cantilever67,70. This 

cantilever contains an ultra-small mass nanometric tip typically composed of silicon or nitride 

silicon67,70, which, as it approaches the surface, is affected by interaction forces, including van 

der Waals, electrostatic, and contact forces (Figure 2.17). These forces can cause a deflection 

at the cantilever. This deflection is then used to generate a topographic image of the 

surface66,67,70. While the AFM was originally developed to measure topographic images, it can 

also provide information about physical processes at the nanoscale. For instance, appropriate 

analysis of the interaction between the tip and the sample may provide information about 

mechanical properties71, dielectric interactions72, ferroelectric response73,74, and electrical 

conductivity75,76, among others70. 

 



Materials, methods and techniques 

80 

 

Figure 2.17 (a) Scanning electron microscope images of the tip of a rectangular 

cantilever of a silicon nitride contact mode AFM probe. Images courtesy of 

NanoWorld AG (http://nanoworld.com)70 and (b) Schematic diagram of 

sample-tip interaction. The tip follows a contour to maintain a constant force 

between the tip and the sample (AFM, sample and tip are either insulating or 

conducting). The tip apex determines the resolution. 

 

The basic operation of an AFM is composed of three fundamental steps: 

1. Tip-sample interaction: This process involves the repetitive movement of the 

tip along the surface of the sample. The tip of the cantilever approaches the sample 

and experiences forces that are dependent on the distance between the tip and the 

surface67,70. These forces can attract or repel the tip, generating a deflection that is 

subsequently detected with great precision66,67,70. 

http://nanoworld.com/
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2. Deflection detection: A laser beam is focused on the back of the cantilever 

(Figure 2.18). This beam is reflected by a photodiode detector70. The deflection of the 

cantilever results in a change in the position of the laser on the detector. Monitoring 

the laser position allows for the reconstruction of the topography of the sample70. 

 

 

Figure 2.18. Schematic diagram of how the AFM works. Normal and torsional 

movements of the cantilever measure normal and lateral forces acting on the tip. 

A light beam is reflected from the back of the cantilever. Angular deflections of 

the laser beam are measured with a position-sensitive detector (4-quadrant 

photodiode). The signal on the z-axis is proportional to the normal force, and 

the signal on the y-axis is proportional to the torsional force. Figure from 

reference77. 

 

3. Image generation: This is achieved through the utilisation of controlled scanning 

in the XY plane and continuous adjustment in the Z axis. This process enables 

the generation of a 3D image of the surface topography of the sample66. The 

procedure can be performed in different modes, such as contact and tapping 

modes, each of which is appropriate for distinct types of materials and surface 

features66,70. 

• Contact mode: This mode constitutes the classical model. In this mode, the 

tip maintains consistent contact with the surface at a fixed deflection setpoint. 

This ensures a constant force between the tip and the sample (Figure 2.19). 

As topographic features are identified, the system generates feedback and 

moves the sample with respect to the tip to maintain the deflection constant. 
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The topographic profile can then be generated by recording the distance 

between the motion of the sample with respect to the tip77. This configuration 

is optimal for hard materials that can withstand pressure from the tip67,70. For 

soft materials, in contact mode, drag effects may be exerted over the surface 

sample, a phenomenon attributable to the higher mechanical modulus of the 

tip in comparison to that of the soft matter sample. 

 

 

 

Figure 2.19. Equilibrium of forces in contact mode. The long-range attractive 

forces Fattr between tip and sample are balanced by the short-range repulsive 

force Frepr at the contact and the external force Fext exerted by the cantilever 

bending. The bend is chosen to minimise the resulting force, but not to prevent 

a jump out of contact. 

 

• Non-contact mode: The tip remains close to the surface without touching it, 

detecting long-range interaction forces. This mode is suitable for softer or 

more fragile materials67,70. 

• Tapping mode or intermittent contact mode (Figure 2.20): The tip oscillates 

at a specified frequency (generally around 3x105 Hz), known as the resonant 

frequency, close to the sample surface. In this mode, the tip makes 

intermittent and brief contacts with the surface, enabling a controlled 

scanning of the surface66,67,70. As the tip approaches the surface, the 

interaction force between the tip and the sample dampens the vibration, 

causing a change in the oscillation amplitude66,67,70. When the tip encounters 

a topographic accident within the sample surface, such as a hole or a 

mountain, the distance between the tip and the sample will be altered, also 

affecting the frequency and the amplitude of the cantilever oscillation. A 
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feedback system is employed to adjust the height of the cantilever, 

maintaining the amplitude setpoint of vibration at a constant level. When the 

tip approaches the surface too closely, the repulsive force will be amplified, 

leading to an increase in oscillation frequency. Conversely, an increase in the 

attractive force experienced by the tip will decrease the oscillation frequency. 

The information obtained from this process is then utilised to generate a 

topographical image of the surface, line by line66,70, minimising damage in soft 

samples. In this thesis, tapping mode is employed for the following reasons77: 

o Less damage to the sample: The absence of constant contact with the 

surface, which is not the case in other modes of operation. This results 

in minimised wear and deformation of soft or sensitive samples. 

o Better resolution: The tapping mode has been shown to provide 

enhanced resolution due to its high vibration frequency, which allows 

for the acquisition of images with higher lateral and vertical resolution. 

Additionally, it facilitates better differentiation of topographical 

features on surfaces with minimal height variation. 

o Minimisation of image artefacts: The tapping mode has been 

demonstrated to minimise image artefacts that can distort contact 

mode images66,67,78,79. 

 

 

Figure 2.20. Schematic of tapping mode used to measure surface roughness. 

Figure taken from 67. 
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The technique is particularly useful for non-conducting nanoparticles, where techniques 

such as scanning electron microscopy (SEM) can have limitations70. 

In this thesis, we have employed a Multimode 8 AFM, equipped with a Nanoscope V 

software (Bruker, Karlsruhe, Germany) in tapping mode under ambient conditions. Tapping 

images were collected using gold-coated silicon probes (Tap300GB-G probes by 

BudgetSensors, Sofia, Bulgaria) (resonant frequencies = 300 kHz, k = 40 N/m). The scan 

rates ranged from 0.50 to 1.00 Hz. The measurements were performed with 512 scan lines. 

Different regions of the samples were scanned to ensure the representativeness of the 

morphology and size of the observed features. NPs were deposited by drop-casting and spin-

coating on silicon wafers doped with arsenic (Neyco, Vannes, France), utilising the 

abovementioned conditions. 

 

2.4.3. Dynamic Light Scattering (DLS) 

The technique known as Dynamic Light Scattering (DLS) is used to determine the size 

and distribution of objects at the submicrometric range in a suspension through the speeds 

at which they move, rotate, and change conformationally80,81.  

A laser illuminates the liquid sample, and light is scattered by the objects suspended in 

the liquid. The fundamental components of the DLS technique are illustrated in Figure 2.21, 

which includes the laser beam, the colloidal suspension and the detector that receives the 

scattered light. The working principle of DLS is relatively simple. The objects in the liquid 

sample scatter the incident light (either dissolved macromolecules or suspended particles). 

The total scattered intensity measured by the detector is the result of the superposition of 

the scattered waves by each individual particle. The magnitude of this total scattered intensity 

varies as a function of time. The time dependency of the scattered intensity is analysed by a 

correlator, providing information on particle dynamics, particle diameter and particle 

distribution in the medium81,82. 
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Figure 2.21. A schematic representation of the experimental setup for the light-

scattering experiment. Adapted figure from the LS Instruments website 83. 

 

If the particles move quickly, the intensity fluctuations exhibit high frequencies; if they 

move slowly, the fluctuations show smaller frequencies (Figure 2.22)84. The information 

obtained from the fluctuations through the digital correlator is used to obtain a mathematical 

function known as the scattered light intensity's time correlation function (Figure 2.22)82.  

 

 

Figure 2.22. The hypothetical fluctuation of the scattering intensity of two 

distinct particle sizes: top for large particles and bottom for small particles84. 
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To quantify the intensity correlations in time, the second-order correlation function g(2)(τ) 

is used (Figure 2.23). Qualitatively, the autocorrelation function is a measure of how similar 

the intensity function is to itself when shifted by time τ. As the value of τ increases, the 

similarity of the intensity at the time (t+) disappears. g(2) (τ) function is defined as follows85:  

 

 g(2)() = <I(t)·I(t+)> Eq. 2.5. 

 

and it describes the correlations of the scattered intensity (I) measured at two different 

times, t and t+.  

An intensity fluctuating rapidly with time would translate into a rapidly decaying 

correlation function (Figure 2.23). The characteristic time of this decay is directly 

proportional to the diffusion coefficient of the particles (D), which in turn is related to its 

hydrodynamic diameter of the particles (Dh)
86–89. 

 

 

Figure 2.23. Example of a correlation function (g(2) (τ)) for a P3HT sample. 
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Similarly, a dispersed field correlation function (Figure 2.24) can be defined as: 

 

 g(1)() = <E(t)·E*(t+)>/<E(t)>2 Eq. 2.6. 

 

g(2)() and g(1)() are related by the Siegert relationship84: 

 

 g(2)() = B + b [g(1)()]2 Eq. 2.7. 

 

In equation 2.7, baseline B, which should take a value of around 1, and the b is related to 

the system optics and detector alignment84. 

Depending on whether the sample is monodisperse or not, two approaches can be 

followed to obtain the correlation function's size distribution and mean diameter: cumulant 

analysis for one population and multiple exponential fits (for more populations). 
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Figure 2.24. Example of a correlation function (g(1) (τ)) obtained through g(2) (τ) 

for a P3HT sample. 

 

In the case of cumulant analysis80–82,86, particle diameter information is extracted by 

decomposing the correlation function into its statistical moments. In this way, the decay 

section is adjusted (Figure 2.25). The first-order correlation function, g(1)(), is expanded as 

the exponential of a series of Taylor, as follows:  

 

 g(1)() = exp (− + 
µ2

2!
  − 

µ3

3!
 +) Eq. 2.8. 

 

Typically, a third-degree polynomial is fitted.  is the mean decay value related to the 

translational diffusion coefficient by Eq. 2.9, defined as the product of the translational 

diffusion coefficient by the squared scattering vector80,82, µ2, and µ3 are the cumulants 

describing the deviation of the distribution from a monodisperse distribution 

(polydispersity)87–89. µ2, and µ3 only depend on the particle size distribution and not on 
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experimental parameters such as delay time. Specifically, µ2 is related to the variance and the 

width of the size distribution, while µ3 is related to the skewness of the distribution86–89. 

 

  = Dq2 Eq. 2.9. 

 

From these values, a polydispersity (Q) can be defined as80,82,86:  

 

 Q = 2 
 2 = 2/1

2 Eq. 2.10. 

 

This approach is highly accurate when working with small and monodisperse particles, 

as the diffusion dynamics of these particles produce a simple decay in the correlation 

function. However, in multiple population systems or with larger particles, the scattering 

behaviour is more complex because anisotropic scattering is observed (i.e., the intensity of 

the scattered light depends on the scattering angle). This results in the correlation function 

deviating from a single exponential decay, instead following a combination of multiple 

exponentials. Consequently, the accuracy and precision of the cumulant method for 

describing such systems are diminished. 
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Figure 2.25. Example of g(1)(τ) for a P3HT suspension. The shaded area 

indicates the section of the curve used to adjust the theory. Half of the points are 

represented. 

 

The decay rates obtained from the analysis of the correlation function allow for 

estimating the hydrodynamic diameter as the average z-size of the particles (Dh) using the 

Stokes-Einstein equation and, considering the particles as rigid spheres80,82,86: 

 

 Dh = 
𝑘𝐵 𝑇

3𝜋𝜂𝐷
 Eq. 2.11. 

 

where kB is Boltzmann's constant, T is the temperature,  is the viscosity, and D is the 

diffusion coefficient. The diffusion coefficient is a value that gives information on how a 

particle diffuses in a fluid and depends on factors such as the diameter and shape of the 

particle and its surface structure, concentration, or ionic strength. 

However, from a physical point of view, obtaining the hydrodynamic diameter as the 

number size average (Dn) is more appropriate since it can be compared with the values 
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obtained by alternative experimental techniques such as AFM80,82. Assuming a log-normal 

distribution shape, a simple relationship exists between Dh and the polydispersity index, Q, 

given by the expression80: 

 

 Dn = 
𝐷ℎ

(1+𝑄)5 Eq. 2.12. 

 

In the second approach, a multiple exponential fit is mainly used when the system is 

suspected to contain a mixture of particles with assorted diameters, although it can also be 

used for samples where there is a single population. The model assumes that the system is 

composed of different spherical particle sizes that do not interact with each other and that 

each population of particles possesses a well-defined and distinct diameter85. The particles 

are assumed to behave independently, and the size distribution can be described as a sum of 

discrete contributions from each species85. In this case, the correlation function is fitted by a 

linear combination of exponential functions, each corresponding to a species of a particular 

size: 

 

 g(1)() = ∑ 𝐴𝑖𝑒
−𝛤𝑖𝜏

𝑖  Eq. 2.13. 

 

where Ai is the intensity fraction corresponding to species with a particular particle 

diameter, and i is related to their diffusion coefficient.  

Eq. 2.13 describes the case of the correlation function from an ensemble of particles with 

discrete diameters. In general, real samples have a continuous size distribution, and this 

analysis is employed to obtain a more detailed particle size distribution, which is especially 

useful for polydisperse samples. The continuous distribution is obtained by the Tikhonov 

regularisation method90,91. This is achieved by transforming the discrete information into a 

continuous size distribution. Using the correlation function obtained, a regularisation 

method is applied: 

 

 I (Rh) = Regularisation (g(2)() ) Eq. 2.14. 
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In this procedure, several factors must be taken into account. Primarily, the density and 

viscosity of the buffer need to be considered to obtain the size distribution. Furthermore, 

the size range in which the fit is desired, as well as the confidence level, which determines 

the width of the distribution, can be selected. As shown in Figure 2.26, an example is given, 

and the fit is performed to obtain a size distribution. 
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Figure 2.26 (a) Example of a fit using the Tikhonov method with a size range 

of 8 nm to 1000 nm and a confidence level of 70%. Half of the points are 

represented. (b) Size distribution curve obtained from the Tikhonov method. 

 

In this thesis, backscattering has been measured as it allows the laser to not penetrate 

through the entire sample, thus minimising the occurrence of multiple scattering. This 

configuration is particularly advantageous when dealing with concentrated samples, without 

excessive signal loss. Furthermore, backscattering minimises the laser path length through 

the sample, which reduces the scattering by the medium and the effects of light absorption 

by the solvent, which can obscure signals from particles of interest. Additionally, using 

backscattering is advantageous for studying samples with high turbidity, as it minimises the 

influence of large particles that could scatter light in multiple directions. 

The DLS measurements were performed using a Zetasizer Nano ZS instrument (Malvern 

Instruments, Worcestershire, UK). Before each measurement, an internal control of the 

instrument was performed with distilled water to ensure the absence of correlated signals. 

Disposable cuvettes (2.5 mL, BrandTech) were used to perform the measurements. The 

Nano ZS instrument incorporates non-invasive backscattering optics (NIBS) and homodyne 

detection. The sample was illuminated with a laser at a constant power output of 633 nm, 

and the intensity of the scattered light was measured at an angle of 173° using an avalanche 

photodiode. The measurements were conducted at a temperature of T = 25 °C and were 

preceded by sonication of the samples to eradicate any potential aggregates. To ensure the 

reproducibility of the results, three experiments were performed for each sample, with 

multiple runs (between 10 and 20) being conducted to obtain an average size. The data 

processing was carried out using the SEDFIT program92. Cumulant analysis and Tikhonov 

analysis were performed using the SEDFIT program. The approximations of the cumulant 

analysis are made to a second-degree polynomial. 

 

2.4.4. Optical techniques 

Optical spectroscopies are based on the analysis of the interaction of electromagnetic 

waves with wavelengths in the visible or ultraviolet range with the matter that constitutes the 

sample (see Figure 2.27). When a beam of light strikes a medium, the molecules or atoms 
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that comprise it can absorb part of that energy, transform it, re-emit it in the form of 

fluorescence or other emissions, or scatter it in different directions (Figure 2.27). 

 

 

Figure 2.27. Phenomena resulting from the interaction of light with matter are 

defined by the Lambert-Beer law.  

 

In the context of this thesis, a variety of spectroscopic techniques have been used to 

characterise the optical properties of the prepared NP suspensions. Of particular interest was 

the interaction of light with the NPs, including phenomena such as absorption and 

photoluminescence. These techniques facilitate the analysis of the interaction of visible and 

ultraviolet light with NPs, thereby providing insights into their electronic structure, 

morphology, and optical properties. The information obtained through these techniques is 

fundamental to understanding the absorption and emission mechanisms as a function of the 

composition, morphology, and size of the NPs. 

 

2.4.4.1. Ultraviolet-Visible Spectroscopy 

Ultraviolet-Visible spectroscopy (UV-Vis spectroscopy) studies the absorption of light 

with wavelengths in the ultraviolet and visible range of the electromagnetic spectrum93,94. If 
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the incident light has a wavelength corresponding to transitions between the electronic states 

of atoms or molecules of the illuminated sample, it is absorbed, and the electronic transition 

occurs93,94. In the case of polyatomic molecules, quasicontinuous spectra are obtained due to 

the overlap of vibrational transitions. Moreover, the vibrational structure can become 

indiscernible in solution due to interactions with the solvent, resulting in broadened 

electronic spectra. 

The relationship between the attenuation of light passing through a medium and the 

properties of that material, as well as the concentration of the substances that absorb or 

scatter that light in the medium93, is dictated by the Lambert-Beer law (Eq. 2.15).  

The usual expression for the Beer-Lambert law for monochromatic radiation in the case 

of molecule solutions or nanoparticle dispersions is as follows95:  

 

 A = log (
𝐼0

𝐼
) = ()lc0 Eq. 2.15. 

 

Where: A is the absorbance (dimensionless magnitude), defined as the logarithm of the 

ratio between the incident (I0) and transmitted light intensities (I), at a wavelength , and c0 

is the molar concentration (mol·L-1) of the substance, l is the optical path length of the cell, 

and () is the molar absorptivity or molar extinction coefficient (mol-1·L·m-1), a constant 

which only depends on the nature of the molecule and the radiation wavelength93,95. 

In a UV Vis experiment, a spectrometer records the intensity of the transmitted light 

through a sample at different wavelengths and presents the logarithm of the ratio between 

the transmitted intensity and the incident one, resulting in a plot of absorbance (A) versus 

wavelength (), which constitutes the absorption spectrum. 

In this thesis, the UV-Vis absorption technique is utilised in the 200 to 800 nm 

wavelength range to identify absorption bands associated with the nanostructure of P3HT 

in the form of NPs. All spectra were normalised so that the maximum of each spectrum was 

set to 1 and the minimum to 0.  

UV-Vis spectroscopy enables the band gap energy (Eg) of a semiconductor material to 

be determined by analysing the absorption edge using the Tauc diagram. This method is 

based on the relationship between the optical absorption coefficient () and the photon 
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energy (hν). For indirect allowed transitions, this relationship is described by the following 

equation: 

 

 h = A(h - Eg)
n/2 Eq. 2.16. 

 

where A is a proportional constant depending on the transition probabilities and n is an 

exponent characterising the electronic transition nature (n = 4 for indirect allowed transitions 

in semiconductors such as polymers, n = 1 for direct allowed transitions, n = 2 for indirect 

forbidden transitions and n = 1/2 for direct forbidden transitions). As shown in Figure 2.28, 

to determine Eg, a graph of hn/2 is constructed as a function of photon energy (h), and 

Eg is determined by extrapolating the linear part of the graph to the intersection with the 

energy axis (abscissas). 

 

Figure 2.28. Tauc plot for a type of P3HT NPs prepared by miniemulsion. 
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Furthermore, the Eg value obtained from the Tauc plot can be used to estimate the 

conduction band edge (ECB) and valence band edge (EVB) potentials of the semiconductor 

using its electronegativity. These parameters are essential for evaluating the material's ability 

to induce photochemical reactions as they determine the energy available for oxidation and 

reduction processes. The equations for estimating ECB and EVB are as follows: 

 

 ECB =  - Ee - 0.5·Eg Eq. 2.17. 

 EVB = ECB + Eg Eq. 2.18. 

 

For organic polymers such as P3HT, a common approximation is based on the 

theoretical absolute electronegativity of the constituent monomer (), with an approximate 

value of 3.79 eV, and the energy of the free electrons on the hydrogen scale (Ee≈4.5 eV). 

This information is crucial for understanding the photocatalytic mechanism, as the position 

of the energy bands determines the ability of the semiconductor to generate redox species 

with the appropriate energy potential for pollutant degradation. 

Also, UV-Vis spectroscopy has been used to estimate the concentration of MB dissolved 

in water during photocatalysis experiments with a semiconducting polymer. The 

concentration of MB in the solution is directly proportional to the absorption at the band 

corresponding to a wavelength of 665 nm, as indicated by equation 2.19: 

 

 A(665) = (665)·c·l Eq. 2.19. 

 

where A(665) denotes the measured absorbance at 665 nm, (665) is the absorption 

coefficient of MB, with a value of 0.190 mg-1·L·cm-1, c is the concentration in mg·L-1, and l 

is the path length in cm. The optical absorption experiments were conducted utilising a 

double-beam Shimadzu UV-3600 Spectrophotometer (Duisburg, Germany) on liquids 

contained in quartz cuvettes with 5 mm path length (100QS, HELLMA Analytic, LineLab, 

S.A., Barcelona, Spain) in the wavelength range from 200 nm to 800 nm. The 

spectrophotometer is interfaced to a personal computer loaded with the UVProbe software. 

The baseline was obtained by scanning two clean quartz windows filled with the 

corresponding solvent. 
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2.4.4.2. Fluorescence Spectroscopy 

Fluorescence spectroscopy, or emission spectroscopy, is an analytical characterisation 

technique based on the detection of part of the light emitted by a substance after it has been 

excited at a specific wavelength, usually ultraviolet or visible light84,96–99. This technique is 

widely used in the study of semiconductors84,96,97 because it can provide information about 

the electronic structure84,96,99, chemical environment84,96,97,99, and intermolecular 

interactions84,96–99 within the sample. 

Figure 2.29 describes the components of a fluorescence spectrometer84,96–99. A light beam 

with a specific wavelength (typically UV or visible) is absorbed by the sample. The absorbed 

energy excites the electrons of the sample to a higher-energy excited state (Figure 2.30)84,96–

99. The excited electrons of the molecule in the sample are energetically unstable with respect 

to the fundamental state and rapidly relax to their ground state (Figure 2.30). This process 

may result in the emission of energy in the form of photons with lower energy than the 

absorbed energy, a process referred to as the “radiative process”, leading to light emission of 

longer wavelengths. The wavelength of this emitted light depends on the energy difference 

between the excited and ground states84,96–99. These transitions can be visualised as vertical 

transitions in the sense that they involve electronic motions (faster than nuclear, with 

characteristic times of the order of 10-7-10-10 s), i.e., in terms of the Franck-Condon principle 

(Figure 2.30).  
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Figure 2.29. Schematic diagram of a fluorescence spectrometer. 

 

In a fluorescence spectrometer, the intensity of emitted light for each wavelength is 

recorded. In cases where there is minimal difference in the nuclear configuration of the atom 

nuclei, the most intense emission is 0-0 between the lowest vibrational state of the excited 

state and the lowest vibrational state of the ground state. In other words, if the molecular 

structure changes little after excitation, it can relax directly to the lowest vibrational level of 

the ground state without losing much energy in vibrational rearrangements. Conversely, 

when the vibrational spacing is analogous in the ground and excited electronic states, the 

absorption and emission spectra are mirror images. The shift of the emission maximum 

relative to the absorption maximum is known as the Stokes shift, which is attributable to the 

difference in geometry between the excited and ground states. This shift can also be caused 

by interaction with the medium. 
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Figure 2.30. The following steps lead to the phenomenon of fluorescence. 

Following the initial absorption stage, the upper vibrational states undergo 

radiationless decay by releasing energy into the surrounding environment. This 

is then followed by a radiative transition from the vibrational ground state of the 

upper electronic state93  

 

Fluorescence spectroscopy can detect extremely low concentrations of fluorescent 

molecules84,96–99 and it is used in a wide range of fields, particularly useful for studying the 

optical properties of semiconductor NPs and functionalised NPs84,96: 

• The relaxation dynamics of excited states, especially when performing time-

dependent fluorescence spectroscopy96, as will be mentioned later. 

• In the context of conjugated polymers, it has been demonstrated that emission 

spectra can provide insights into the arrangement of the chains. Fluorescence in 

polymers allows for the elucidation of a number of structural characteristics, 

including the structure of the polymer, stereoregularity, the dynamics of the 

chains, their flexibility, and crystallinity. 

The present thesis details the performance of photoluminescence experiments in 

semiconducting polymer colloid and semiconducting polymer solution samples. These 

experiments were performed utilising a FluoroMax 4 spectrofluorometer (HORIBA Jovin 

Yvon) at the Blas Cabrera Physical Chemistry Institute. The excitation wavelength used was 
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555 nm. Water-based samples were loaded in polystyrene cuvettes with a 1 cm-path length 

in the case of aqueous dispersions of NPs and quartz cuvettes for the case of polymer 

solutions. The emission or fluorescence spectra were described in the wavelength range from 

570 to 900 nm. The process of normalisation was applied to all spectra, to ensure that the 

maximum value corresponded to 1 and the minimum value to 0. 

 

2.4.4.3. Fluorescence Lifetime Imaging Microscopy (FLIM) 

Fluorescence Lifetime Imaging Microscopy (FLIM) is an advanced characterisation 

technique that provides information on to dynamics of the fluorescence decay processes. 

FLIM measures not only the intensity of the emitted light but also its time dependency as 

excited molecules return to their fundamental state after being excited by a light source. 

Fluorescence lifetime studies provide information about the excited electron 

microenvironment100. Therefore, fluorescence lifetimes are dependent on the chemical 

composition and chemical environment, polarity, viscosity, presence of reactive species, 

energy transfer or interaction with other molecules100,101. 

The main elements of this technique are (Figure 2.31): 

1. Excitation: FLIM employs a pulsed light source, in the nanosecond range, to 

repeatedly excite the sample96,100–102. 

2. Decay detection: The fluorescence lifetime is the average time that a molecule 

remains in the excited state before emitting a photon. The emitted fluorescence 

decays exponentially after each excitation pulse, and the lifetime is determined 

from this decay using a time-resolved spectrofluorometer that employs techniques 

such as Time-Correlated Single Photon Counting (TCSPC) or phase 

modulation96,100–102. These techniques allow the fluorescence decay curve to be 

reconstructed and, consequently, allow for accurate lifetime determination96,100–102. 

3. Data analysis: From the decay curves obtained, the average fluorescence lifetime 

is calculated, and, in some cases, multiple decay components can be resolved100,102. 
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Figure 2.31. The following schematic illustrates the FLIM instrumentation: a 

640 nm pulse laser is fed into a microscope in order to excite the sample. The 

fluorescence emission is then transmitted by a single-mode fibre to a dichroic 

mirror (DM), which divides the fluorescence signal and passes it through a BP 

filter (BF). The subsequent conversion of the fluorescence photons into electrical 

pulses is facilitated by hybrid photomultiplier tube detectors, which are then 

processed by a TCSPC device for each detector. 

 

FLIM measurements were conducted on a Micro Time 200 confocal microscope 

(PicoQuant, Berlin, Germany) integrated with an IX73 inverted microscope (Olympus, 

Hamburg, Germany). The excitation was produced with a diode laser (LDH-D-C-640, 

PicoQuant, Germany) at an emission wavelength of 640 nm by a PDL-828 pulsed laser diode 

driver (PicoQuant, Germany). The pulse width was approximately 0.7 ns (IRF FWHM), and 

a 25 ns repetition window was employed between each pulse. Excitation light was passed 

through a dichroic mirror (NFD01-532, Semrock, Rochester, USA) and then coupled into a 

single-mode fibre. The light was focused through either a PLN20X/NA 0.4 or a 

PLN10X/NA 0.25 lens (Olympus), depending on the type of sample under investigation. 

Fluorescence emission was collected using the same objective lens and separated from the 

excitation light using a dichroic mirror (ZT532/640 RPC-UF3, Chroma, Bellows Falls, USA). 

Subsequent to this, the separated light then passed through a tube lens, a 50 µm pinhole and 

a 690/70 BP filter (AHF, Germany) onto a hybrid photomultiplier detector (PMA-hybrid-

40, PicoQuant). The detector is connected to a TCSPC device (Hydraharp400, PicoQuant) 

to collect time-tagged data from the laser and detector. The TCSPC technique generates 

time-, space- and spectrum-resolved fluorescence decay data sets. Before the measurements, 

the NPs dispersions were ultrasonicated for a period of five minutes. The measurements 

were conducted on NP suspensions deposited on 0.16–0.19 mm-thick coverslips (purchased 

from Fisher Scientific, UK) and on films deposited on glass slides. The samples were covered 

to prevent external light from interfering with the measurements. 
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The fluorescence decay lifetimes were obtained by fitting the curves with four 

exponential decays convoluted with the instrument response function (IRF) and considering 

a background (B) (Eq. 2.20).  

 

 I (t) = B + IRF × ∑ 𝑎𝑖𝑒
− 

𝑡

𝜏𝑖𝑖  Eq. 2.20. 

 

The analysis enabled the extraction of representative lifetimes (τ i) and amplitudes (ai,) of 

the decay components. 

 

2.4.5. Infrared Spectroscopy (FTIR) 

Fourier transform infrared spectroscopy (FTIR) is a widely used technique for analysing 

the chemical and structural properties of materials103,104. FTIR spectroscopy is based on the 

interaction of infrared radiation with matter104–106. The frequency of the infrared light is in 

resonance with the natural vibrational frequency of a chemical bond, and energy is absorbed, 

causing vibrations in the covalent bonds of the molecules. This energy absorption is reflected 

in the spectrum as a peak. The analysis of the positions and intensities of the absorption 

spectrum, specifically the relationship between absorption and frequency, provides detailed 

information about the molecular structure, including the identification of functional groups 

and other structural features and the molecular orientation103–105,107,108. This is achieved by 

employing an interferometer to measure the intensity of infrared light transmitted through 

the sample (Figure 2.32)103,105. The resulting interference pattern is mathematically converted 

into a spectrum using a Fourier transform103,105. This spectrum displays absorbance as a 

function of wavelength, or wavenumber, which can be used to identify the presence of 

specific chemical groups within the sample103.  

Each chemical bond in the material has characteristic vibrational modes103,106,107, such as 

stretching, bending, twisting, and rocking103,104,106–108, that absorb infrared radiation at specific 

frequencies103,106: 

• Stretching: The bond stretches and contracts103,104,106–108. This phenomenon is 

particularly observable in molecules with double bonds (C=C, C=O)104,106,107. 



Materials, methods and techniques 

104 

o Symmetry: The atoms move symmetrically towards or away from the point 

of symmetry of the bond104,106,107. 

o Asymmetric: Atoms move in opposite directions to each other, causing 

unequal displacement104,106,107. 

• Bending: The bond angle changes while the bond length remains constant103,104,106–

108. This phenomenon is commonly observed in molecules with single bonds (C-

C, C-H) or aromatic rings and large functional groups104,106,107. 

o In-plane: The atoms move within the plane of the molecule (e.g., rocking or 

scissoring)104,106–108. 

o Out-of-plane: Atoms move out of the plane of the molecule (e.g., twisting or 

flapping)104,106–108. 

It is important to note that although it is possible to describe each vibration as a single 

mode, in polyatomic molecules, the vibrational spectra are more complex due to the presence 

of multiple vibrational modes, as bond lengths and angles can be modified104. However, some 

bonds and groups within a molecule retain certain characteristics, known as group vibrations. 

The presence of these vibrations in the spectrum facilitates the confirmation of the existence 

of the group within the molecule104. 

There are several measurement modes for the acquisition of IR spectra, including 

specular reflection, diffuse reflectance, transmission or attenuated total reflectance 

(ATR)103,105. In this thesis, the latter two measurement modes are utilised: 

o Transmission: Infrared radiation passes directly through the sample, and the 

transmitted light is measured103,105. This method requires samples to be thin or in 

the form of films103,105. Samples are deposited on infrared “transparent” silicon 

substrates to facilitate light transmission103,105. 

o Attenuated Total Reflectance (ATR): Infrared radiation is incident on the surface 

of a high refractive index optical crystal (such as germanium or diamond) at an 

angle greater than the critical angle and in contact with the sample103,105. The 

infrared light is reflected within the crystal, and the reflected radiation penetrates 

slightly (1-2 µm) into the sample surface and is absorbed, allowing a spectrum to 

be obtained103,105. This method is ideal for solid, liquid, or pasty samples without 

prior preparation105 and it is less sensitive to variations in the sample than 

transmission spectroscopy, but more versatile and faster. 
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The FTIR spectra were obtained with Bruker Alpha II Compact FT-IR spectrometer in 

both transmission geometry for PVDF NPs deposited on the silicon-float zone window 

(Korth Kristalle, Germany) and ATR for PVDF films using lasers in the wavenumber range 

of 400 to 4000 cm–1 with a resolution of 4 cm-1 to quantify and identify the phases present in 

PVDF. 

 

2.4.6. Liquid chromatography coupled with mass 

spectrometry (LC-MS) 

Liquid chromatography coupled with mass spectrometry (LC-MS) is a highly sensitive 

and selective analytical technique that combines the separation capability of liquid 

chromatography (LC) with the molecular detection and identification capability of mass 

spectrometry (MS)109–114. In essence, at the initial stage, the sample is introduced into the 

chromatographic system, wherein the components are separated based on their interactions 

with a stationary phase (typically a chromatographic column) and a mobile phase (a 

solvent)110,112,113. Following separation, each fraction of the eluted compounds is introduced 

directly into the mass spectrometer, where they are ionised and subsequently detected based 

on their mass-to-charge ratio (m/z)109–111,113,114. This process enables structural identification 

and quantitative determination of the analytes109–111,113,114. 

The analysis of the dye degradation products was conducted through separation using a 

HyPurity C18 column (100 mm × 2.1 mm, 3 µm particle size, Thermo Fisher Scientific) at a 

flow rate of 0.2 mL/min. Before analysis, the samples were subjected to a centrifugal process 

at a speed of 12000 revolutions per minute for a duration of one minute. Subsequently, the 

samples were diluted in Milli-Q water to a ratio of 1:10 and then filtered. The gradient 

employed comprised water (eluent A), acetonitrile (eluent B), and HCOOH 5% (eluent C). 

The elution programme commenced with a two-minute isocratic period (88% A; 10% B; 2% 

C). Thereafter, the percentage of B was increased to 90% over a period of 10 minutes, while 

the 2% C eluent was maintained constant. Consequently, the percentage of A eluent was 

reduced. These final conditions were maintained for 10 minutes. The injection volume for 

all LC analyses was set at 100 μL. The detection process was conducted in the electrospray 

ionisation mode. The Bruker Compass 1.2 software was utilised for the acquisition and 

processing of LC-MS/MS data. 
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2.5. Photodegradation test 

Aliquots with a volume of 0.1 mL of NP suspensions of P3HT used as photocatalysts 

were mixed with a solution of 1 mL of MB in water (15 mg/L). The mixture was then poured 

into a quartz cuvette (100QS, HELLMA Analytics, LineaLab) with a 5 mm path length. The 

samples were then exposed to a lamp (EQ-99X LDLS Laser-Driven Light Source) with 

emission in the range 170-2400 nm, located at a distance of 70 cm. The samples were 

thermostatted at 30 oC during their radiation time. In each experiment, a control cuvette 

containing the MB solution without NPs was also irradiated. Before the photocatalytic 

degradation experiment, the suspension of MB and the NPs was magnetically stirred in the 

dark to achieve adsorption equilibrium. At the given irradiation time, the samples were 

studied using a UV–Vis spectrophotometer. The photodegradation efficiency was 

determined by calculating the MB concentration at a given irradiation time through the UV-

Vis absorption peak maximum of MB located at 665 nm, using the Lambert-Beer law (Eq. 

2.19). 

 

 

Figure 2.32. Schematic diagram of the photodegradation setup. A UV-Vis lamp 

irradiates two cuvettes placed 70 cm from the lamp on a hot plate at 30°C. One 

cuvette contains methylene blue solution, while the other contains methylene 

blue solution with NPs. 
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Conjugated polymers such as P3HT have been widely investigated for optoelectronic 

and photocatalytic applications due to their tunable electronic structure, strong light 

absorption, and solution processability 1-3. In recent years, particular attention has been paid 

to P3HT nanoparticles (NPs), whose nanoscale confinement can significantly modify their 

structural order, crystallinity, and optical behaviour compared to the bulk material (see 

Section 1.6). Among the various fabrication techniques, flash nanoprecipitation offers rapid 

mixing and control over particle size and structure, enabling the tailoring of functional 

properties4. However, systematic studies addressing how processing parameters affect the 

physical properties of P3HT NPs remain scarce, despite their importance for optimising 

performance in functional applications. This chapter addresses this gap by providing a 

thorough evaluation of key parameters, such as polymer concentration, solvent/antisolvent 

ratio (R) and solution aging, to establish clear structure–property relationships and enable 

the rational design of P3HT nanoparticles with optimised performance for photocatalysis. 

Water suspensions of P3HT NPs were prepared using the flash nanoprecipitation 

method described in Section 2.2.2.1. The influence of these processing parameters on their 

morphology, structure, and optical properties was investigated following the scheme shown 

in Figure 3.1. As illustrated, sample sets were prepared by varying the selected parameters. A 

comprehensive study was conducted using AFM and DLS to characterize NP size and 

morphology, XRD to assess crystallinity, and UV-Vis and fluorescence spectroscopy to 

investigate optical properties.  

The first section discusses the impact of polymer concentration. Subsequently, a second 

section presents the study of the influence of R. Finally, the influence of solution aging on 

the NPs is studied, highlighting how solution aging further modifies NPs characteristics. The 

objective of this analysis is to facilitate the identification of the most appropriate NPs for 

diverse applications such as photocatalysis.  
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Figure 3.1. Scheme of the preparation conditions of all samples prepared by 

flash nanoprecipitation, detailing variations in parameters such as concentration, 

solvent/antisolvent ratio (R), and aging. 

 

3.1. Effect of the P3HT solution concentration on the properties 

of flash nanoparticles 

Flash NPs were prepared as described in Section 2.2.2. Three different concentrations 

were used. Regardless of the polymer concentration, polymer NPs were obtained for a fixed 

R value. 

Figure 3.2. shows the topographic images obtained by AFM in tapping mode from NPs 

deposits onto silicon wafers of samples prepared at constant R (R = 1/6) and varying 

concentrations (1 g/L, 3 g/L and 5 g/L). The NPs obtained by flash nanoprecipitation are 

not completely spherical (see Figure 3.2 a-c), but they show sharp edges. This shape has been 

explained in previous reports as due to the presence of crystalline domains5,6. XRD 

experiments confirm the semicrystalline nature of the NPs, as described below. Depending 

on the concentration, both dispersed objects with diameters of around 20 to 40 nm for 1 

g/L (Figure 3.2 (a)), aggregates of several NPs for 3 g/L (Figure 3.2 (b)) and a more 

pronounced agglomeration of NPs for 5 g/L (Figure 3.2 (c)), revealing a loose spatial 

distribution of the NPs. 
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Figure 3.2. AFM topography image obtained from NPs with a volume ratio of 

R = 1/6 for different concentrations, (a) 1 g/L, (b) 3 g/L and (c) 5 g/L. 
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Figure 3.3. Particle diameter histograms of P3HT NPs for different 

concentrations and different values of R. The labels at the top of the figure 

indicate the polymer concentration, and the labels at the right of the figure 

indicate different values of R. 

 

To estimate the size distribution of the observed NPs, the diameters of at least 100 NPs 

(and not of the aggregates) were measured. These measurements are presented in the form 

of histograms in Figure 3.3 for the flash NPs prepared at various R (R = 1/4, 1/6 and 1/8) 

and varying concentrations (1 g/L, 3 g/L and 5 g/L). All histograms appear to present a 

single population, except for the 1 g/L R=1/4 histogram and the 5 g/L R = 1/6 histogram, 

which exhibit two populations. The most repeated diameters are presented in Table 3.1. The 

results suggest that the NPs obtained from a concentration of 3 g/L are those with the 

smallest particle size, regardless of the value of R. In particular, the NPs prepared from a 3 

g/L solution and R=1/6 exhibit the narrowest size distribution.  

 

Table 3.1. Results of the more repeated diameter values of P3HT NPs obtained 

by AFM. Those with two populations are marked with an asterisk, indicating the 

size of each. 

R Diameter (nm) 
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1 g/L 3 g/L 5 g/L 

1/4 
41* 

55 84 
71* 

1/6 40 38 
28* 

85* 

1/8 59 39 69 

 

As outlined in Section 2.4.3, the correlograms obtained by DLS experiments were 

analysed using cumulant analysis to calculate the polydispersity (Q) and number-average of 

the hydrodynamic diameter size (Dn). Those values, along with their respective standard 

deviations, as presented in Table 3.2. 

 

Table 3.2. Results of the number-average of the hydrodynamic diameter (Dn) 

values and polydispersity (Q) of P3HT NPs obtained using DLS. 

R 
Dn 

(nm) 

Q 

(x10-2) 

Dn 

(nm) 

Q 

(x10-2) 

Dn 

(nm) 

Q 

(x10-2) 

 1 g/L 3 g/L 5 g/L 

1/4 
52 ± 

5.7 

38 ± 

2.8 

99 ± 

14 

18 ± 

3.2  

56 ± 

7.5 

49 ± 

3.7  

1/6 
22 ± 

4.6 

66 ± 

7.0 

56 ± 

27 

12 ± 

10 

78 ± 

36 

44 ± 

13 

1/8 
61 ± 

7.9 

33 ± 

3.4 

74 ± 

3.9 

26 ± 

1.1 

127 ± 

17.0 

23 ± 

3.0 

 

DLS results show that the size and distribution of the NPs prepared via the flash 

nanoprecipitation technique depend strongly on the polymer concentration in the initial 

solution. It has been proposed that the Dn and the initial polymer concentration (c) in the 

solvent are described by a power law7:  

 

 Dn∝ 2*c¹/³ Eq 2.1. 
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indicating that the polymer amount per NP scales proportionally with the c. This 

behaviour is characteristic of non-amphiphilic polymers such as P3HT7. Under conditions 

of low supersaturation, nucleation and subsequent growth are primarily driven by solute 

depletion8. As explained in Chapter 2.2.2, the basis of flash nanoprecipitation underlies the 

phenomenon of supersaturation9. Therefore, in this work, the formation of a limited number 

of nuclei that grow based on the available solute leads to the emergence of distinct NP 

populations for a given antisolvent volume (see Figure 3.3). The relation described by Eq. 

2.1 is only fulfilled in the present case for R = 1/6 (Figure 3.4). Conversely, at a lower 

solvent/antisolvent ratio (R = 1/4), no clear influence of polymer concentration on NP size 

is observed. The findings imply that the quantity of antisolvent employed can also exert an 

influence on the resulting size, possibly because there is not enough antisolvent for 

independent growth nuclei to form. Sharratt et al.10 suggested that polymer solutions must 

be highly diluted, with final mass fractions on the order of 10–3 or less (expressed as the mass 

of the solute (in this case, the polymer) divided by the total mass of the solution) to achieve 

a narrow size distribution. Within the context of this thesis, the size distributions of the 

sample of NPs prepared from the 5g/L solutions for all R are generally wider in AFM (see 

Figure 3.3), related to the presence of aggregates (Figure 3.2). However, this observation 

does not hold for 1 g/L and 3 g/L, where no differences are found, indicating that these 

concentrations are suitable for the formation of stable NPs in dispersion. 
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Figure 3.4. NP diameter (Dn) obtained by DLS as a function of 2c¹/³ for P3HT 

NPs of 1 g/L, 3 g/L and 5 g/L prepared by flash nanoprecipitation at different 

THF/H₂O volume ratios: R = 1/4 (black), R = 1/6 (red) and R = 1/8 (green). 

The solid line is the linear fit to Eq. 2.1 for the R = 1/6, while the R = 1/4 and 

R = 1/8 ratios are connected by the dashed lines. 

 

The results indicated that for elevated polymer concentrations or low R values, the 

increased number of nuclei leads to an elevated probability of collisions and aggregation 

rather than independent growth11 due to strong supersaturation of the solution, once the 

flash mixing of water and the solution is produced. 
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3.1.1. Effects of solution concentration on the crystalline 

structure of the P3HT nanoparticles prepared by flash 

As outlined in Section 2.4.1, GIWAXS experiments on P3HT NPs deposited onto silicon 

wafers were performed to reveal the semicrystalline character of the NPs. Figure 3.5 presents 

the diffractograms as a function of q. 
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Figure 3.5. X-ray diffraction intensity patterns as a function of q of P3HT NPs 

prepared by flash nanoprecipitation using different conditions (a) R = 1/4, (b) 

R = 1/6 and (c) R = 1/8. Red corresponds to 1 g/L, green to 3 g/L and blue to 

5 g/L. The main crystalline peaks of P3HT are labelled, and the asterisk 

corresponds to the side chain crystals of low molecular weight. The maximum 

(100) is shown as an inset within each diffractogram. 
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All the X-ray diffractograms from NPs prepared by flash nanoprecipitation (Figure 3.5) 

show the similar diffraction maxima, which correspond to those of the monoclinic unit cell 

observed in bulk P3HT12-14 indicating that confining in the form of NPs the molecules of 

P3HT does not affect its crystalline unit cell15. For all preparation conditions, the X-ray 

diffracted intensity shows Bragg peaks at 3.7 nm-1, 7.6 nm-1, and 11.9 nm-1, which correspond 

to the (100), (200) and (300) reflections, respectively. Additionally, they show a broad 

maximum at 16.5 nm-1 associated with the Bragg reflection (020)/(002)/(010)16,17. The 

diffraction maxima (h00) are indicative of lamellar stacking or alkyl stacking18. The reflections 

(0k0) indicate chain stacking along the  molecular orbitals, and (002) indicates the 

periodicity along the conjugated main chain, respectively18–20. A small shoulder at 18 nm-1 is 

assigned to the side chain crystals in low molecular weight P3HT6,17. 

Despite the presence of crystallinity in the material, the diffraction maxima demonstrate 

slight broadening. While both J and H-aggregates exhibited the same crystal structure (see 

Chapter 1.4.2.1), the predominance of J-aggregates is further substantiated by a slight shift 

towards a lower q, particularly in (020)/(002)/(010), with increasing concentration for all R 

= 1/6 and 1/813. The crystalline domains, expressed as the coherence length, are closely 

related to the widths and positions of the diffraction maxima. Figure 3.6 shows the coherence 

length obtained from the Scherrer equation (see Eq. 2.4 in Chapter 2) at (100) reflection 

(alkyl stacking) and (020)/(002)/(010) reflection ( stacking)21. It is noteworthy that there is 

a trend towards a reduction in coherence length in R = 1/6 (Figure 3.6) in both reflections.  
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Figure 3.6. Variation of crystallite size along the axis perpendicular to the 

crystallographic plane associated with reflection (a) (100) and (b) 

(020)/(002)/(010). The square symbols connected by a solid line correspond to 

R = 1/4, the circular symbols with dashed lines correspond to R = 1/6, and the 

triangular symbols with dotted lines correspond to R = 1/8. 
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To qualitatively estimate trends in crystallinity, the integrated area of the (100) peak and 

of the (020)/(002)/(010) peak was calculated and normalised to the total area of the 

diffractogram. The values obtained from this analysis are presented in Table 3.3. NPs 

obtained from a 5 g/L concentration exhibit slightly higher integrated peak areas. In fact, 

with the exception of 3 g/L and R = 1/4, there is a clear trend of increasing crystalline 

content as the concentration increases. This behaviour can be rationalised by the flash 

process: at higher concentrations, rapid mixing provides a larger number of nuclei, which 

promotes the cooperative growth of crystalline domains within the nanoparticles. The higher 

concentration of the solution thus favours the formation of particles with a higher overall 

crystallinity. As shown in Table 3.2, there is a general tendency for higher concentrations to 

produce larger NPs. The X-ray results show that in those larger particles, crystallinity is 

higher, suggesting that the polymer chains within these particles may be better organised, 

whereas smaller particles, which are obtained from low concentrations, present lower 

crystallinity due to confinement effects22. In addition to these geometric restrictions, 

interfacial disorder induced by grain boundaries between crystalline domains can further 

disrupt long-range order at the nanoscale23,24. For smaller P3HT NPs, the higher surface-to-

volume ratio implies that a significant fraction of polymer chains resides at or near the 

particle surface, where reduced packing constraints and increased defect density hinder the 

adoption of ordered crystalline conformations. In polycrystalline NPs, this effect is magnified 

by the high density of grain boundaries relative to the total volume, leading to a further 

reduction in the overall degree of crystallinity (see Figure 3.7). 

 

Table 3.3. Relative integrated area (arbitrary units) values for peaks (100) and 

(020)/(002)/(010). 

Concentration 

(g/L) 

A(100)/Atotal A(020)/(002)/(010)/Atotal 

1/4 1/6 1/8 1/4 1/6 1/8 

1 g/L 0.404 0.411 0.347 7.19x10-2 7.82x10-2 5.47x10-2 

3 g/L 0.325 0.420  0.410 6.50x10-2 8.28x10-2 7.41x10-2 

5 g/L 0.423 0.427 0.446 7.96x10-2 8.90x10-2 8.70x10-2 
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Figure 3.7. Schematic representation of the influence of particle size on the 

distribution of crystalline domains and surface area. Smaller nanoparticles 

present a higher relative surface area, which enhances the contribution of surface 

effects, whereas larger nanoparticles contain a greater proportion of inner 

volume with higher crystalline order. 

 

3.1.2. Optical properties of the P3HT nanoparticles prepared 

by flash: absorption and emission 

Figure 3.8 shows a photograph of a P3HT solution and of a dispersion of NPs prepared 

by flash. 
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Figure 3.8. Schematic illustration of the optical behaviour of P3HT in different 

states. On the left, the colour of P3HT 3g/L dissolved in THF is shown. A zoom 

into the solution reveals isolated and disordered polymer chains, further 

magnified to depict the molecular structure of P3HT and the intramolecular 

π→π* electronic transitions. On the right, the colour of aggregated P3HT 3g/L 

in the form of NPs is presented. A zoom reveals ordered and closely packed 

chains within the aggregates, and a final magnification highlights the π→π* 

transitions associated with intermolecular interactions in the ordered domains. 

 

The absorption and emission spectrum of dissolved P3HT is shown in Figure 3.9. In the 

absorption spectrum, some bands in the region below 500 nm are attributed to − 

transitions associated with the isolated conjugated chains or the amorphous state (Figure 

3.9)6,25,26. The − transitions in conjugated polymers such as P3HT involve the excitation 

of electrons from full  orbitals to empty  orbitals. The energy of these transitions is 

dependent on the conjugation length of the polymer and the degree of torsion between the 

thiophene rings27. In dilute solutions, the chains adopt more disordered conformations, 

resulting in less intermolecular interaction and a greater contribution of intramolecular 

electronic states20. Additionally, there is a small band at 613 nm associated with the P3HT in 

aggregate form (Figure 3.9)6,28–30. 
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Figure 3.9. Absorption in the 200 to 800 nm range and emission in the 570 to 

900 nm range of a P3HT solution in THF.  

 

Conversely, the vibronic structure of the fluorescence emission spectra of dissolved 

P3HT manifests a predominant emission band centred at 580 nm, accompanied by a 

shoulder at longer wavelengths, reflecting the interaction between the vibrational modes of 

the polymer and the electronic excited states. This spectral profile, characteristic of this type 

of polymer31, mirrors the heterogeneity of chromophore microenvironments as well as the 

structural rigidity and energy distribution of the excited state. Such behaviour may be 

indicative of differences in electronic geometry between the ground and excited states, 

leading to the presence of additional vibronic bands32,33. These bands are attributed to post-

excitation conformational rearrangements, such as torsional relaxation31, as observed in 

transient absorption studies in the picosecond range34,35. This relaxation leads to the 

stabilisation of the excited state, the appearance of additional vibronic features, and the 

potential formation of excitons34,35. Furthermore, environmental factors such as solvent 
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polarity, temperature, and the coexistence of coiled and extended P3HT conformations 

(which favour the formation of H or J aggregates) further modulate these spectral signatures 

and energy levels of the P3HT electronic states, contributing to the observed Stokes shift36,37. 

The presence of different configurations in the excited states is not only relevant for 

understanding the emission dynamics but also provides information on the molecular 

interactions and the stability of the excited states in these polymers. 

Figure 3.10 shows the absorption and emission spectra of P3HT NPs prepared by flash 

nanoprecipitation. Compared to the spectra of P3HT in solution (Figure 3.9), the optical 

spectra of P3HT NPs prepared by flash exhibit complex behaviour that depends on both 

polymer concentration and the R. For all preparation conditions, the spectra display three 

bands, which indicates the molecular self-assembly of P3HT chains, corresponding to ≈612 

nm in absorption and ≈667 nm in emission, ≈564 nm in absorption and ≈707 nm in 

emission, and ≈524 nm in absorption and ≈821 nm in emission, that correspond to the 0-0, 

0-1 and 0-2 transitions, respectively. The presence of these bands is indicative of the 

existence of crystalline domains and, consequently, of electronic −* transitions at different 

vibronic levels6,28-30. The preparation of NPs results in aggregates that exhibit characteristics 

comparable to those of thermally or solvent-annealed bulk films of P3HT, which is 

noteworthy given the absence of any elevated temperature processing during the NPs 

preparation38,39. 

Figure 3.10 shows that the absorption bands appear primarily in the 500–600 nm region, 

suggesting a band gap in the approximate range of 1.4 eV to 2.5 eV (886 nm to 496 nm) for 

P3HT. The 0-0 band is attributed to the finite confinement of the − conjugation length 

and a reduction in the higher-order fine vibrational structure, resulting from reduced 

electronic interactions of the  orbitals (intrachain interaction)40. The 0-1 band is also 

associated with extended conjugation lengths, i.e., the − stacking (interchain interaction), 

while the 0-2 band corresponds to the −* intraband transition in disordered single polymer 

chains41,42. The energy difference between the 0-2 and 0-1 absorption peaks (0.13-0.15 eV) is 

attributed to the coupling of the −* transition with one C=C stretching phonon43. This 

coupling determines the relative intensity of the vibronic bands and reflects the structural 

stiffness or flexibility of the polymer chain. The P3HT absorption spectra in Figure 3.10 

show a low-energy tail extending up to 750 nm (1.65 eV), particularly for all concentrations 

of R = 1/4. This can be interpreted in two ways. The first possibility relates to light scattering 

and sample reflectance at long wavelengths that give a false signal in absorbance 
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measurements44. Alternatively, the observed phenomenon could be attributed to forbidden 

sub-band transitions44, possibly due to the formation of heterogeneous aggregates that 

increase the degree of site energetic disorder45. In this thesis, the latter explanation is 

favoured, given the correlation between the tail intensity and the aggregation state of the 

sample. Moreover, a minor contribution is observed at low wavelengths (300-400 nm) (see 

Figure 3.9), which can be attributable to the fact that the aggregation of P3HT molecules can 

exhibit crystalline, amorphous, or a combination of both characteristics. The presence of 

amorphous chain sequences within the P3HT aggregates has been demonstrated to give rise 

to structural defects, grain boundaries, and coiled-coil chain conformations46. However, in 

NPs (Figure 3.10), this contribution decreases, evidencing a reduction in dissolved P3HT 

chains. 

The fluorescence emission spectra of the NPs reveal a predominant vibronic structure, 

with a pronounced peak and shoulder, accompanied by a less intense peak at higher 

wavelengths, which are attributed to the 0-0, 0-1 and 0-2 vibronic transitions6,38, as depicted 

in Figure 3.10. This finding is consistent with the spectra of the bulk of the P3HT material47, 

indicating that multiple potential energy surfaces contribute to the emission process, 

reflecting heterogeneity in the local environment of the chromophores. The 0-0 and 0-1 

bands are indicative of intrachain and interchain exciton coupling in aggregated P3HT, 

respectively48,49. This dual contribution is linked to different modes of chain organisation, 

such as aggregated regions with interdigitated or tilted alkyl side chains48,49. The separation 

between the first peaks and the shoulders is approximately 0.07-0.12 eV, which is likely to 

reflect the stretching frequency of the C=C bond within the conjugated polymer backbone50.  
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Figure 3.10. Optical absorption and emission spectra of the different volume 

ratios (a) 1/4, (b) 1/6 and (c) 1/8. Red corresponds to 1 g/L, green to 3 g/L 

and blue to 5 g/L. Labels correspond to the vibronic transitions between 

indicated levels. 
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Subtle differences in the spectra are observed with polymer concentration at fixed R. 

However, these variations do not appear to exhibit any clear trends. At the R = 1/4, the X-

ray data indicate that the 5 g/L sample has a higher crystallinity (see Table 3.3). This finding 

is consistent with the information obtained from UV-Vis absorption, where a slight shift 

towards longer wavelengths is observed in the 5 g/L concentration, indicating a greater 

degree of chain organisation and the presence of J-aggregates. Spano et al. provide a 

theoretical framework for understanding how disorder and aggregation influence the 

vibronic structure in conjugated polymers37,51–54. According to the HJ model32,52,54 (see 

Chapter 1.4.2.1), J-aggregates, characterised by a “head to tail” arrangement, influence the 

electronic coupling, thereby favouring greater intrachain exciton coupling and promoting 

greater molecular planarity of the thiophene rings due to more extended chains41,43,46. Sharratt 

et al.10 emphasise that even minor variations in the concentration or antisolvent ratio can lead 

to significant differences in nucleation and growth processes, thus altering the size and 

structural order of the resulting NPs. For instance, previous studies have observed this 

behaviour when P3HT films are exposed to methanol vapours41 or when P3HT NPs 

prepared by reprecipitation are subjected to hydrothermal post-treatment43. In the context 

of solid films, these changes have been attributed to intermolecular interactions between 

thiophene chains that extend ground-state conjugation across multiple chains, generating a 

two-dimensional character to the electron cloud delocalisation55. A similar phenomenon has 

been observed in the aggregation of polymer chains in mixtures of "good" and "bad" 

solvents56,57, which promote a more ordered arrangement that favours better electronic 

organisation. These studies demonstrate that these parameters critically affect the self-

assembly and crystallinity of P3HT. The presence of more defined absorption bands is 

indicative of greater -conjugation, which in turn suggests more favoured electronic 

transitions25,28,40,58. In addition, an enhancement in the higher-order vibrational fine structure 

is observed, attributed to the increase in electronic interactions between the  orbitals, 

resulting in greater vibrational coupling due to a higher degree of long-range order within 

the material40. The aforementioned results are further supported by the absorption tail 

observed at high wavelengths, thereby facilitating lower energy transitions43,52. 

The ratios between the absorption of the 0-0 and 0-1 bands provide complementary 

information on the presence of J-H aggregates (see Table 3.4)52,54. All A0-0/A0-1 ratios in 

absorption are less than 1, indicating that J-aggregates and H-aggregates coexist with non-
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aggregated chain sequences46. A low intensity of the 0-0 band leads to a higher exciton 

bandwidth, indicating a shorter conjugation length and a lower planarization of the P3HT 

main chain associated with the H-aggregates54,59. This phenomenon can also be interpreted 

as the lower the ratio between the two bands, the weaker the intra-chain exciton coupling 

relative to the inter-chain interactions60. For R = 1/4, the A0-0/A0-1 ratios in absorption 

increase with the concentration, indicating a greater presence of J-aggregates. Furthermore, 

the ratio of 0-0 and 0-1 bands in emission is greater than 1 for all concentrations except R = 

1/4 and 5 g/L, indicating the presence of a mixture of J and H aggregates52, as observed in 

absorption. Conversely, for R = 1/4 and 5g/L, a greater presence of J-aggregates is observed. 

Notably, the intensity of the two fluorescence bands is nearly identical for all three ratios, 

indicating that relaxation to the 0-1 vibronic state is just as probable as the 0-0 transition. 

This observation indicates the presence of crystalline regions in P3HT, as the transition to 

the first vibronic state is accessible49. However, few electrons are initially promoted from the 

fundamental electronic state to a vibrationally excited state in the electronically excited 

molecule. 

 

Table 3.4. The intensity ratios between the 0-0 and 0-1 bands of the absorption 

and emission spectra for all concentrations at each volume ratio. 

R 
Concentration 

(g/L) 

A0-0/A0-1 I0-0/I0-1 

Absorption Emission 

1/4 

1 0.854 1.022 

3 0.873 1.196 

5 0.978 0.993 

1/6 

1 0.595 1.045 

3 0.728 1.002 

5 0.660 1.023 

1/8 

1 0.593 1.116 

3 0.546 1.013 

5 0.546 1.023 

 

At R = 1/6 and 1/8, the most defined absorption bands are observed at 3 g/L and 1 

g/L, respectively, and no tendencies have been observed in A0-0/A0-1 ratios for R =1/6 and 

1/8 in absorption. In the fluorescence spectra, for R = 1/6 and 1/8, a shift towards higher 
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wavelengths is observed as the concentration increases, which indicates enhanced electronic 

delocalisation within the solid-state polymer structure and improved intermolecular 

ordering26. This shift is accompanied by the appearance of less-defined bands, with the 0-1 

and 0-2 bands becoming more intense (see Figure 3.10). This indicates an increase in the 

crystallinity (particularly in P3HT NPs with tilted side chains) and the planarization of the 

chains43, possibly due to increased interaction between chains and better localised 

intermolecular ordering38. These results are consistent with the X-ray results (see Table 3.3). 

The X‑ray results suggest that the packing of the chains becomes less efficient as the 

concentration decreases. In line with observations by Beaujuge et al.61 and Liu et al.62, higher 

molecular organisation has been associated with a reduction in energetic discontinuities 

between ground and excited states, which can result in a lower band gap. Based on this, it is 

plausible that samples from lower‑concentration solutions, which show reduced crystallinity, 

may exhibit a slightly larger band gap. The band gap, defined as the energy difference 

between the HOMO and the LUMO, was determined from absorption and emission spectra 

(Table 3.5) using two approaches: the intersection of both spectra37 and the Tauc plot 

(Chapter 2.4.4.1)6,63–65. 

 

Table 3.5. Band gaps for all concentrations at each volume ratio, calculated from 

the intersection of the absorption and emission spectra and the Tauc plot. 

R Concentration Abs-emis cross Tauc plot 

1/4 

1 1.93 ± 0.01 eV (644 nm) 1.89 ± 0.02 eV 

3 1.96 ± 0.01 eV (632 nm) 1.88 ± 0.02 eV 

5 1.91 ± 0.01 eV (648 nm) 1.87 ± 0.02 eV 

1/6 

1 1.99 ± 0.01 eV (625 nm) 1.97 ± 0.02 eV 

3 1.95 ± 0.01 eV (635 nm) 1.95 ± 0.02 eV 

5 1.94 ± 0.01 eV (638 nm) 1.96 ± 0.02 eV 

1/8 

1 2.00 ± 0.01 eV (621 nm) 1.96 ± 0.02 eV 

3 1.97 ± 0.01 eV (631 nm) 1.96 ± 0.03 eV 

5 1.96 ± 0.01 eV (633 nm) 1.96 ± 0.03 eV 

 

All values fall within the visible range, as expected. For example, the 5 g/L sample shows 

a slightly lower band gap by the intersection method, consistent with its marginally higher 
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crystallinity measured by XRD and UV‑Vis spectroscopy. For R = 1/6 and 1/8, the band 

gap decreases slightly with increasing concentration. By contrast, the Tauc plot yields similar 

values for all concentrations within each R. 

Moreover, in the context of photodegradation, it is of interest to determine the values of 

the conduction band edge potential (ECB) and the valence band edge potential (EVB) (see 

Chapter 2.4.4.1) obtained from the Tauc plot63,64: 

The values obtained for ECB and EVB agree with those reported in other studies63,66 (Table 

3.6), and are very similar to each other, observing that when the band gap diminishes, ECB 

increases in energy, and EVB decreases in energy. 

 

Table 3.6. Conduction band edge potential (ECB) and the valence band edge 

potential (EVB) for all concentrations at each volume ratio, calculated from the 

intersection of the absorption and emission spectra and the Tauc plot. 

Volume ratio Concentration ECB EVB 

1/4 

1 -1.66 eV  0.23 eV 

3 -1.65 eV  0.23 eV 

5 -1.65 eV  0.22 eV 

1/6 

1 -1.70 eV  0.27 eV 

3 -1.69 eV  0.26 eV 

5 -1.69 eV  0.27 eV 

1/8 

1 -1.69 eV  0.27 eV 

3 -1.69 eV  0.27 eV 

5 -1.69 eV  0.27 V 

 

3.2. Effect of the THF/water ratio (R) on the morphology and 

characteristics of the nanoparticles 

The crystalline and microstructural properties of P3HT NPs can be modulated by 

controlling the crystallisation conditions. This section will examine the structural and optical 

differences that appear in NPs when the THF/water volume ratio (R) is varied (1/4, 1/6, 

1/8) while keeping the concentration constant during the preparation process (Figure 3.1). 
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3.2.1. Effects of R on the size, morphology and aggregation 

For this study, similar deposition and imaging conditions as those shown in section 

3.1.1.1 were utilised. Figure 3.11 presents the AFM images obtained in tapping mode from 

P3HT NPs deposited onto silicon wafers from a 5 g/L solution, illustrating the presence of 

aggregates at all volume ratios, particularly at 1/4, where there is less antisolvent in the 

injection step. 
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Figure 3.11. AFM topographic images of (a) R = 1/4, (b) R = 1/6, (c) R = 1/8 

for P3HT 5 g/L. 

 

The corresponding size distributions (Figure 3.2) and size results (Table 3.1) indicate no 

clear linear trend with R. However, it is evident that, for the R = 1/6, a smaller size is 

observed for all ratios (see Table 3.1), a trend also confirmed by DLS measurements (Table 
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3.2). The variation in NP size can be attributed to the fact that flash is a very sensitive 

technique to the injection rate, as noted in the review by Liu67, which generates different flow 

rates and supersaturation conditions, which directly affect the final size. The lack of precise 

control of the injection rate results in a lack of clear trends. One potential solution to this 

challenge is the utilisation of microfluidic machines, which have been demonstrated to 

enhance the control of the mixing rate between solvent and antisolvent (see Chapters 2 and 

6 for further details). In this instance, the 1/6 ratio has been identified as optimal with respect 

to injection rate; however, probably, this R may also represent an optimal solvent-to-

antisolvent balance for achieving favourable supersaturation conditions, which promote 

rapid nucleation while limiting growth time, ultimately yielding smaller NPs67. In essence, 

high supersaturation enables the growth of a multitude of nuclei, thereby yielding a higher 

NP yield with reduced particle size, while low supersaturation results in larger particles67. 

However, when the number of nuclei is very high, growth occurs mainly through random 

collisions of existing particles, leading to the presence of aggregates67. Consequently, utilising 

a reduced proportion of antisolvent (e.g., 1/4) can result in elevated supersaturation, thereby 

prolonging the nucleation period and enhancing the probability of aggregation between 

particles. Conversely, employing an increased proportion of antisolvent (1/8) leads to 

diminished supersaturation, which, in turn, increases the growth rate and produces larger 

particles. 

 

3.2.2. Effects of R on the crystalline structure of the P3HT 

nanoparticles prepared by flash. 

As illustrated in Figure 3.5, the diffractograms are presented as a function of R. 

Concerning the degree of crystallinity for 3g/L and 5g/L, the R = 1/6 is identified as the 

most crystalline (Table 3.3). However, for a concentration of 5 g/L, all volume ratios 

demonstrate similar crystallinity (see Table 3.3). This may be due to the concentration effect, 

which is possibly very oversaturated for all R, so that the R ratio becomes less determinant. 

As previously mentioned, the 1/6 ratio provides an optimal balance, giving rise to a higher 

crystallinity of the NPs. Conversely, at R = 1/4 or R = 1/8, the presence of a greater number 

of aggregates or larger particle size results in lower crystallinities. 
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Additionally, there is an increase in the widths of the (100) Bragg peaks as R increases 

for 3 g/L and 5 g/L, which indicates a decrease in the size of the crystalline domains (Figure 

3.12), confining crystal growth to smaller domains. 

 

 

Figure 3.12. Variation of crystallite with R size along the axis perpendicular to 

the crystallographic plane associated with reflection (a) (100) and (b) 

(020)/(002). The square symbols connected by a solid line correspond to 1 g/L, 



Flash nanoprecipitation of P3HT nanoparticles: Tuning morphology, crystallinity, and optical 
properties via concentration, solvent ratio, and aging effects 

141 

the circular symbols with dashed lines correspond to 3 g/L, and the triangular 

symbols with dotted lines correspond to 5 g/L. 

 

3.2.3. Optical properties of P3HT nanoparticles: absorption 

and emission 

As demonstrated in Figure 3.10, distinct trends in the absorption spectra become 

discernible when the R is varied. For all samples, the 1/4 ratio appears to be more ordered 

due to the more defined bands at high wavelengths and a slight shift to longer 

wavelengths25,28,40,58. This observation is also interpreted as evidence of greater intrachain 

exciton coupling resulting from enhanced − interactions and improved chain planarization 

in these samples (J-aggregates)53,59. In addition, for the 1/4 ratio, a more pronounced tail 

extending towards higher wavelengths is observed. Lee et al.43 also report this increase in the 

tail in P3HT NPs when J-aggregate formation was promoted. Despite the absence of explicit 

explanations in the literature concerning the relationship between this tail and the presence 

of H and J aggregates, the observed enhancement of the high-wavelength tail can be 

hypothesised to suggest that its occurrence is favoured by a higher proportion of J-

aggregates. Conversely, the sample prepared at R = 1/8 exhibits a reduced degree of order 

and a diminished − interaction, a finding corroborated by the slight increase in the band 

gap (see Table 3.5) and a reduction in the ratio between the 0-0 and 0-1 vibronic bands (Table 

3.4), suggesting that the crystalline domains are less well developed42. 

The fluorescence spectra (see Figure 3.10) further reinforce these findings. A shift 

towards shorter wavelengths as R passes from 1/8 to 1/4, particularly for 1 g/L, suggests a 

reduction in electronic delocalisation within the solid state26. This is supported by the 

intensity ratio in fluorescence between 0-0 and 0-1. These exceed 1, thereby corroborating 

the absorption results that indicate the presence of H- and J-aggregates52, and there is a 

general decrease in the 0-0/0-1 ratio as R decreases that is often associated with lower 

planarity and weaker intrachain coupling. This may be due to an increase in structural defects 

or twists that disrupt conjugation along the chain. It can thus be concluded that an optimised 

R (e.g., 1/4) promotes more efficient chain packing and stronger intermolecular interactions 

than less favourable conditions (e.g., R = 1/8). The observed spectral trends (ranging from 

the defined absorption bands and lower band gap values to the specific fluorescence band 

ratios) provide strong evidence that processing conditions, particularly the volume ratio, 
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critically affect the crystalline order and excitonic dynamics of P3HT NPs. However, these 

aggregates may not pack efficiently into extended three-dimensional crystals, as evidenced 

by a reduction in crystallinity. 

 

3.3. Effect of aging on the morphology and characteristics of the 

nanoparticles 

In the preceding sections, it was demonstrated that the preparation conditions can 

influence the properties of P3HT NPs. In the literature, the impact of the changes in solution 

has previously been investigated by, for example, lowering the temperature, adding a small 

amount of poor solvent or using external mechanical stimuli,60,68–70. Another determining 

factor to consider is the aging of the polymer solutions. The present section will discuss the 

influence of aging P3HT solutions on the properties of the prepared NPs prepared from a 3 

g/L polymer solution and flash precipitated at a ratio R = 1/6, including size, morphology, 

aggregation, crystallinity and optical properties. 

To explore this, the protocol detailed in Chapter 2.2.2.1 (Flash Nanoprecipitation) was 

employed for the preparation of the aged solutions. But, in this case, the solution was left to 

stand for a specific period of time, which covers intervals of 1 h, 1.5 h, 2 h, 24 h, 72 h, and 

168 h (see Figure 3.1). These times were selected based on previous studies suggesting that 

significant changes in optical properties can occur on time scales of hours to days71–73. The 

optical properties of the solutions aged at different times were evaluated through UV-Vis 

absorption spectroscopy to detect any significant spectral shifts or changes in the vibronic 

features. The aging times where notable changes occur were then selected for NP preparation 

using the flash nanoprecipitation method, with a R = 1/6. The concentration of 3g/L and R 

= 1/6 was selected because these conditions produce the smallest NPs and less polydispersity 

in size when prepared from fresh solutions.  
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3.3.1. Effect of the P3HT solution aging on the optical 

properties  

In other studies, different techniques have been explored to induce the aggregation of 

P3HT in solution (from now referred to as pre-aggregation, to differentiate from aggregation 

in the preparation of NPs)74,75. Pre-aggregation and solution crystallisation depend on several 

parameters, of which the polymer-solvent interactions appear to be the most significant and 

the most easily controllable18,75,76. In suitable solvents where solute-solvent interactions are 

notably strong, P3HT chains tend to be extended and with high mobility. The tendency for 

these chains to assemble competes with their solvation. Enhanced solvation increases the 

interaction between the molecular chains and the solvent, thereby reducing the possibility of 

chain aggregation and interchain packing.  

Figure 3.13 shows the UV-Vis spectra of the P3HT solutions in THF aged for different 

times. Besides the broadband centred around 450 nm, as aging proceeds, a series of 

absorption bands at 612 nm, 564 nm and 524 nm are observed, and their intensity increases 

with aging time. These bands indicate the formation of ordered aggregates (by − stacking) 

with long-range order60. These modifications are also visible by eye, as a perceptible colour 

change in the solution is observed, from an initial orange state of low viscosity to a final thick 

dark red/purple tone, indicating that aggregation leads to significant alterations in the optical 

properties76,77. Notably, this transformation occurs rapidly as the sample is cooled down from 

the temperature used to prepare the solution to room temperature. This aggregation is slower 

in other solvents such as CHCl3 or chlorobenzene20,78. In fact, a small band is observed in 

the solution at 0 hours, corresponding to the presence of ordered aggregates. In contrast, 

this band will not be observable in fresh solutions prepared with CHCl3, as will be 

demonstrated later, thus showing that THF is not such a good solvent. Additionally, Chu et 

al.45 reported that the pre-aggregation time is affected by concentration, being shorter at 

higher concentrations, suggesting that in this case, chain interactions are favoured. In Figure 

3.13, the bands observed in aged solutions that are indicate the presence of aggregates that 

have been reported to have different shapes, like spirals, fibres or fibrils, lamellas, rods, wires 

or other crystalline species18,26,69,78. Studies have also shown that conjugated polymers exhibit 

physical gelation during aging due to the fact that aggregation slows down the structural 

reorganisation dynamics26. The broadband observed at 430 nm and associated with non-

aggregated chains45 (see Figure 3.13) exhibits a reduction in the intensity and a shift towards 

higher wavelengths during the aging process. It has been suggested in the literature that these 
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aggregates are transformed directly from individual polymer chains without going through 

an intermediate stage79. 

 

 

Figure 3.13. UV-Vis absorption spectra of P3HT solutions at varying aging 

periods: olive colour 0 hours, cyan 1 hour, blue 1.5 hours, orange 3 hours, violet 

24 hours, red 72 hours, and black 168 hours. The data was normalised to the 

maximum at 274 nm to facilitate analysis and interpretation. 

 

Similar analysis of the spectra, in terms of the A00/A01 ratio, can be performed here. The 

A00/A01 ratio (Table 3.7) decreases as aging progresses. This observation indicates an 

increased propensity for the presence of H aggregates46,52,59,60, which implies parallel stacking 

of the P3HT chains. 

 

Table 3.7. Ratio of absorption intensities between the 0-0 and 0-1 vibronic 

transitions for different aging times. 

Aged (h) A00/A01 

0 - 
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1.0 0.963 

1.5 0.954 

3.0 0.948 

24 0.921 

72 0.908 

168 0.887 

 

In order to better understand the formation of these ordered aggregates, several 

mechanisms were considered, including possible chain fragmentation due to solvent‑related 

effects, conformational collapse, and supramolecular reorganisation. In addition, 

photo‑oxidation processes arising from hydroperoxides formed in THF upon light exposure 

could also contribute, potentially favouring polymer crystallisation80,81. To probe variations 

in apparent chain size in a coiled conformation, three P3HT solutions were studied via DLS 

(Table 3.8): one fresh, one aged for 48 hours, and another aged for 744 hours (one month). 

Prior to measurement, all solutions were heated and stirred to dissolve existing aggregates, 

ensuring comparable initial conditions. As explained above, P3HT in THF shows rapid 

aggregation, making measurements without pre‑aggregation and their reproducibility 

challenging. Correlograms were analysed by the cumulant method (Section 2.4.3). Table 3.8 

shows a reduction in apparent chain size with increasing solution age. This decrease may 

result from physical changes such as conformational collapse or aggregate reorganisation, or 

from partial chemical modification (e.g., oxidation or chain scission). Further 

molecular‑weight distribution analysis (e.g., by GPC) would be required to unambiguously 

distinguish between these scenarios. 

 

Table 3.8. Chain size measured as hydrodynamic diameter for P3HT solutions 

with different aging: 0 h (unaged), 48 h and 744 hours. 

Aged (h) Chain size (nm) 

0 50 

48 18 

744 8 

 

Once the optical properties of the aged solutions have been discussed, the impact on the 

NPs prepared from such aged solutions is discussed. In view of the results obtained, three 
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distinct aging periods were selected for the preparation of NPs. The periods were 24, 72 and 

168 hours. The duration of the experiment could not be extended due to the significant 

gelation of the solution, which impeded the formation of stable NPs. It was observed that 

this gel is stable, and no precipitates are formed even after a month. 

 

3.3.2. Effect of the P3HT solution aging on the morphology 

and characteristics of the nanoparticles 

Figure 3.14 shows AFM images of the NPs obtained from solutions aged at different 

times. 
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Figure 3.14. AFM topography images of P3HT NPs deposited on silicon wafers. 

NPs were prepared from solutions with concentrations of 3g/L using different 

aged solutions: (a) 0 hours, (b) 24 hours, (c) 72 hours and (d) 168 hours. Scale 

bars: 1 μm 

 

The topography images of P3HT NPs from the aged solutions (Figure 3.14) in the same 

conditions as in previous sections, and histograms of the size distribution were obtained 

from the NPs sizes (Figure 3.15). Similar to what happens for NPs prepared from fresh 
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solutions, they are not perfectly spherical, due to the presence of crystalline domains, as 

confirmed by X-ray scattering experiments in the following section. The results obtained by 

AFM (see Figures 3.14 and 3.15) demonstrate dispersed NPs with more repeated diameters 

of around 20-40 nm for all samples. All histograms appear to present a single population 

with a general tendency to decrease in size as the aging of the initial solution increases. This 

phenomenon is attributed to the nucleation process being driven by the formation of 

numerous pre-aggregates that act as nucleation centres, thereby yielding smaller particles by 

depletion of the solute in the vicinity of the nuclei. 
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Figure 3.15. The corresponding size distribution histograms of (a) 0 hours, (b) 

24 hours, (c) 72 hours and (d) 168 hours.  
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Figure 3.16 shows the dependence of the most repeated diameter obtained by AFM as a 

function of the aging time.  

 

 

Figure 3.16. Variation of the mean diameter obtained by AFM for NPs prepared 

from aged solutions. Error bars have been incorporated to indicate the standard 

deviation. 

 

While the size of individual NPs slightly decreases, as observed in Figure 3.16 for AFM, 

there is also an increase in the presence of aggregates of multiple associated NPs, as observed 

in Figure 3.17. 
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Figure 3.17. AFM image of a sample of P3HT NPs aggregates corresponding to 

aging of 168 hours. 

 

In addition, the size of the NPs in dispersion was studied by DLS. The Dn and Q obtained 

from these results are presented in Table 3.9. It can be observed that the NP diameter is 

reduced in comparison with NPs prepared by unaged solutions and increases slightly as the 

aged solution increases. However, an increase in Dn is accompanied by an increase in Q. This 

result lends support to the hypothesis that certain aggregates are present during the ageing 

process of the solution in preparation for NPs. 

 

Table 3.9. Results of the Dn values and Q of P3HT NPs prepared using aging 

solutions obtained using DLS. 

Aged solution (h) Dn (nm) Q (x10-2) 

0 56 ± 27 12 ± 10 

24 12 ± 12 13*101 ± 40 

72 31 ± 7.5 66 ± 8.1 

168 55 ± 4.3 53 ± 1.4 
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This phenomenon could be attributed to the formation of crystalline aggregates within 

the solution, resulting in its thickening, as postulated by Chen et al26. This thickening can be 

attributed to the gelation of the P3HT solution during the aging process. The nucleation and 

growth model suggests that the longer the solution ages, the more nucleation occurs, leading 

to the increased gelation (or thickness) of the solution, thereby restricting the mobility of the 

chains. Under these thermodynamic conditions, the formation of solid crystallites is 

facilitated, ultimately leading to the precipitation of smaller, more ordered NPs during 

nanoprecipitation. It has been hypothesised that the pre-aggregation of P3HT in solution, 

caused by specific solvent-polymer interactions, directly precedes the formation of solid 

crystals, i.e., pre-aggregates act as nucleation sites18. However, in the context of flash 

nanoprecipitation, where rapid solvent exchange is essential, the accelerated aggregation and 

gelation during the aging process could also impede the rapid displacement of the solvent by 

the antisolvent, resulting in an increased number of aggregates and broader NP size 

distributions (kinetic effect) due to different degrees of supersaturation and limited chain 

mobility. It is crucial to note that this dual kinetic-thermodynamic control mechanism is 

pivotal in determining the final NP properties. 

 

3.3.3. Crystalline structure of aged P3HT nanoparticles 

Figure 3.18 (a) shows the diffraction patterns from NPs obtained from aged solutions. 

The curves were normalised to the region around 14 nm-1 and corrected for the background 

to the profile found in the 20-25 nm-1 region. 
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Figure 3.18. (a) Diffractograms of semicrystalline NPs of P3HT at different 

ages. Green corresponds to 0 h, violet to 24 h, red to 72 h and black to 168 h. 

The labels and asterisks indicate the crystalline reflections. Inset of maximum 

(100) within each diffractogram. (b) Relative integrated area corresponding to 

reflection (020) for NPs from aged solutions.  
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All the X-ray diffractograms in Figure 3.18 correspond to those of the monoclinic unit 

cell observed in bulk P3HT12–15. Labels in Figure 3.18 (a) indicate the indexes of the Bragg 

reflections from the form I crystalline phase of P3HT at 3.7 nm-1, 7.6 nm-1, 11.9 nm-1, and 

16.5 nm-1, which correspond to the (100), (200), (300) reflections and (020)/(002)/(010), 

respectively. However, with increasing aging, two additional reflections located at 

approximately 13.3 nm-1 and 18.5 nm-1 become more prominent (Figure 3.18 (a)). These 

diffraction maxima do not correspond to typical bulk P3HT reflections. The maximum near 

18.5 nm-1 is assigned to the side chain crystallites in low molecular weight P3HT6,17, 

suggesting that enhancement in crystallisation may be attributable to the fact that the polymer 

chains are susceptible to fragmentation in solution, as observed by DLS, and subsequently 

find it easier to aggregate. It is hypothesised that shorter chains may exhibit greater mobility 

and consequently, a higher probability of aligning their side chains to optimise van der Waals 

interactions. Moreover, a reduction in the main chain length could result in a decrease in 

steric repulsions between the chains, thereby facilitating the packing of the side chains. In 

addition, Berson et al.79 observed that aging and nanofiber formation are accompanied by a 

decrease in molecular weight and even a decrease in Q. 

The results of this study demonstrate that the aging process has a significant effect on 

the arrangement of the chains in the NPs, especially in increasing the crystallinity (Figure 

3.18 (a)). In order to verify this, the reflection (020)/(002)/(010) at a q = 16.3 nm-1 was 

selected, and the area was integrated for each aging time and divided by the total area 

obtained (Figure 3.18 (b)). This demonstrated that the area increases with aging by more than 

double the integrated area from 0 h to 168 h, and, consequently, the crystallinity of the NPs 

also increases. This result is consistent with the findings of Kleinhenz et al82, who reported 

that the fraction of pre-aggregates in solution increases with aging, thereby promoting 

crystalline nucleation. This phenomenon could be attributed to the discussion in the previous 

section. The fact that nucleation is determined by thermodynamic control may promote the 

formation of crystalline aggregates; hence, the pre-aggregation of P3HT in solution can be 

considered a strategy to enhance the ordering of the polymer in the solid state, as in the case 

of NPs. This increase in crystallinity can be attributed to either an increase in the size of 

individual crystallites, the number of crystallites, or both. The coherence length calculated 

using the Scherrer equation (see Eq. 2.4 in Chapter 2) for the (100) and (020)/(002)/(010) 

diffraction maxima, shows significant trends (see Table 3.10). NPs prepared from aged 

solutions exhibit an increased (100) coherence length, which is evidence that aging promotes 

the growth of larger crystalline domains and enhances chain alignment along this main axis. 



Flash nanoprecipitation of P3HT nanoparticles: Tuning morphology, crystallinity, and optical 
properties via concentration, solvent ratio, and aging effects 

155 

However, when examining only NPs prepared from aged solutions, the coherence length of 

(020)/(002)/(010) decreases with increasing aging, indicating that the crystals become smaller 

in the − stacking direction. This phenomenon may be attributed to the presence of chain 

fragments of varying lengths, which impede the optimal long-range − stacking. 

 

Table 3.10. Coherence length values for (100) (lamellar stacking) and (020) (π-π 

stacking) reflections in P3HT NPs prepared from aged solutions. These values 

were obtained using the Scherrer equation (Eq. 2.3). 

Aging (h) D(100) (nm) D(020) (nm) 

0 7.3 4.0 

24 8.8 5.4 

72 8.9 4.7 

168 8.9 4.4 

 

3.3.4. Optical properties of aged P3HT nanoparticles: 

absorption and emission 

Finally, the optical properties of P3HT NPs prepared from an aged solution are shown 

in Figure 3.19, revealing significant alterations in both absorption and emission spectra. 
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Figure 3.19. UV-Vis absorption spectra as a function of aging for P3HT NPs 

prepared by flash. Green corresponds to 0 h, violet to 24 h, red to 72 h and black 

to 168 h. 

 

Both the UV-Vis absorption and emission present three clear maxima, which are 

associated with the −* electronic transitions to different vibronic levels (0-0,0-1 and 0-2 

transitions). In the case of the absorption spectrum, the NPs prepared from aged solutions 

exhibit a lower amorphous content (Figure 3.19) since, in the 400-500 nm region, associated 

with the intramolecular −* transitions of torsionally disordered chain segments, presents a 

lower contribution52,83. This observation indicates an enhancement in the degree of chain 

aggregation or supramolecular organisation of the polymer concerning aged P3HT solutions. 

Additionally, an improved arrangement of the chains is manifested through the more 

pronounced maxima, which is facilitated by an increase in crystallinity, as evidenced by X-

ray analysis. Furthermore, Figure 3.19 shows an increase in the 0-0 band (624 nm). Since the 

0-0 band represents interchain transitions with no vibrational changes, its increase indicates 

greater interchain ordering and crystallinity in the aged NPs, favouring the formation of more 

stable excitons72,84. The accompanying redshift when the aging increases further supports this 

better ordering of the crystalline aggregates and an increase in the extension of conjugation47. 
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Finally, the tail at high wavelengths is more intense, indicating that there are heterogeneous 

ordered aggregates or stronger intermolecular interactions that allow forbidden low-energy 

transitions44,45. 

The emission spectrum, also shown in Figure 3.19, displays significant changes that are 

consistent with those discussed in the absorption spectrum. In the emission region of lower 

wavelengths (600 nm), there is a greater contribution from NPs prepared from aged 

solutions, indicating a higher presence of aggregated states in which excitons are produced. 

Furthermore, the 0-1 band (670 nm) again gains intensity, indicating greater interchain 

ordering47, while the 0-2 maximum (820 nm) loses intensity as the NPs age. This behaviour 

is indicative of a reduced participation of vibrational excited states, favouring the relaxation 

of excitation towards lower states. This is attributed to an increased rigidity of the system or 

a reduced contribution of amorphous domains, which favours more direct and less 

disordered transitions38,43. 

 

Table 3.11. Table displaying the intensity ratios between the 0-0 and 0-1 bands 

of the absorption and emission spectra for NPs prepared with aging solutions. 

Aged (h) Absorption Emission 

A0-0/A0-1 I0-0/I0-1 

0 0.728 1.002 

24 1.071 0.965 

72 1.041 0.986 

168 1.042 0.906 

 

The direct relationship between 0-0 and 0-1 reflections, as detailed in Table 3.11, also 

provides complementary information for the formation of ordered aggregates51. As discussed 

in section 3.1.3 on the properties of P3HT NPs, the value obtained for the absorption ratio 

for a P3HT 3g/L and R=1/6 (corresponding to 0 hours) sample is less than 1, and greater 

than 1 in emission, implying a coexistence of J and H aggregates with amorphous zones, 

being the intra-molecular interactions more characteristic. Conversely, in aggregated NPs, 

this ratio is greater than 1 in absorption and less than 1 in emission, indicating that the long-

range intrachain exciton coupling is higher due to the greater presence of J-aggregates, which 

are more ordered structures with larger conjugation length51,60. These findings also imply that 

a conformational change occurs in the chains when transitioning from the aged solution (see 



Flash nanoprecipitation of P3HT nanoparticles: Tuning morphology, crystallinity, and optical 
properties via concentration, solvent ratio, and aging effects 

158 

Table 3.7) (where there was a reduction in the ratio of absorption intensities) to the NPs (see 

Table 3.11) (where this ratio increases). One potential explanation for this phenomenon is 

that the polymer chains, which were initially free in solution, begin to pre-aggregate. This is 

consistent with the increase in the degree of stacking of H-type molecular packing46. The 

change from pre-aggregates to NPs forms disrupts the dominant forces of -stacking, 

thereby favouring those that increase chain planarity and intra-chain order59. Additionally, 

both the redshift in absorption and blueshift in emission and the lower contribution at about 

500 nm and the longer tail at higher wavelengths suggest that there is less presence of H-

aggregates51,83. As the solution ages, these H-aggregates could dissociate or rearrange into 

more ordered structures, such as J-aggregates, indicating an increase in the ordering of the 

P3HT chains within the NPs. 

Finally, the band gap is also reduced in the aged NPs, especially the one obtained by the 

Tauc plot (Section 2.4.4.1), as shown in Table 3.12. This further validates the presence of a 

higher crystalline order, while at 168 h, the band gap is slightly larger than at other aging 

times, possibly due to the packing may partially restrict electronic delocalisation, decreasing 

the quantum efficiency of the emission process47. 

 

Table 3.12. The band gap for all NPs was calculated from the intersection of the 

absorption and emission spectra, as well as from the Tauc plot. 

Aged (h) Abs-emis cross Tauc plot 

0 1.95eV (635 nm) 1.95 eV 

24 1.90 eV (653 nm) 1.71 eV 

72 1.90 eV (653 nm) 1.69 eV 

168 1.92 eV (645 nm) 1.85 eV 

 

The results obtained in this study are consistent with the findings reported in previous 

sections, which demonstrated that the process of aging facilitates the formation of ordered 

aggregates through enhanced organisation of P3HT chains. This process is known to 

promote J-type packing, resulting in an increased intensity of specific electronic transitions 

and an enhancement in intramolecular order, characterised by an extended conjugation 

length46,59. The correlation between the XRD data and the optical properties lends further 

support to this interpretation, suggesting that the enhancement in crystallinity is directly 

associated with the growth in both the number and size of P3HT aggregates. 
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3.4. Conclusions 

In summary, this chapter has investigated the influence of different preparation 

conditions on the properties of P3HT NPs produced via flash nanoprecipitation. The study 

emphasises the importance of factors such as concentration, R and solution aging on NP 

size, morphology, crystallinity, and optical characteristics. The main findings are: 

-Increasing the concentration above 3 g/L leads to the formation of NP aggregates due 

to the supersaturation of the solution. Notably, the 5 g/L NPs have a slightly higher 

crystallinity, probably due to their larger particle size, which has a lower ratio of surface 

defects. This conclusion is also corroborated to be extracted by the UV-Vis and emission 

spectra. 

-Varying the antisolvent volume does not significantly affect the NP size, with the 

intermediate volume ratio (R = 1/6) having the smallest NP size and the highest crystalline 

content. However, the optical properties indicate that it is the 1/4 ratio that shows a greater 

planarization of the chains, which implies better intrachain charge transport. 

-The aging of P3HT solutions further influences NP formation. Aging leads to the 

formation of ordered pre-aggregates in solution, predominantly in the form of H-aggregates. 

However, prolonged aging (beyond 7 days) induces gelation, which does not allow the 

preparation of NPs adequately. Regarding the NPs, the particle size tends to decrease slightly 

with increasing aging due to enhanced nucleation and crystallisation from pre-aggregated 

chains, while a higher presence of aggregates and size dispersion has also been observed. 

This phenomenon may be attributed to the gelation of the solution, which impedes the rapid 

displacement of the solvent by the non-solvent, resulting in less homogeneous sizes. 

Furthermore, aged solutions yield NPs with higher crystallinity. The hypothesis that pre-

aggregates in solution could act as nucleation centres during nanoprecipitation is investigated 

in this study. The pre-ordering of these structures could facilitate the alignment of new 

precipitating P3HT chains, leading to faster growth of existing crystalline domains and the 

formation of NPs with higher overall crystallinity. In the context of absorption, there is a 

reduced contribution of amorphous content and an enhanced assembly of chains, a 

phenomenon that is further substantiated by the diminished band gap, once more 

attributable to the thermodynamically controlled formation of pre-aggregates. 
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Finally, some of the samples studied and discussed in this chapter will be applied in 

Chapter 6 to assess how their structural and optical properties, particularly crystallinity, size, 

and aggregation, affect the photodegradation of a model organic pollutant. It is hypothesised 

that NPs with higher crystallinity and a greater proportion of J-aggregates will facilitate more 

efficient charge separation and free radical formation, thus exhibiting superior photocatalytic 

activity. The findings of this study emphasise the critical role of NP preparation parameters 

in tuning the properties essential for environmental remediation applications. 
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Miniemulsion is a versatile technique widely employed for the preparation of polymer 

NPs, where the use of surfactants and sonication is essential to stabilise the droplets and 

prevent coalescence during the process1-5. In this method, sonication not only dictates the 

droplet size distribution but also strongly influences the resulting NP characteristics, 

including morphology, crystallinity, and optical properties6-10. Sonication conditions, such as 

time and intensity can significantly impact the size uniformity and stability of polymer NPs, 

which in turn govern their performance in applications ranging from optoelectronics to 

photocatalysis11. In the case of P3HT, whose nanoscale structuring critically determines its 

photophysical and electronic behaviour, the miniemulsion method is particularly attractive 

for preparing aqueous dispersions due to its scalability and ability to fine-tune particle 

characteristics. In this case, sonication is a crucial step: insufficient energy may lead to 

unstable dispersions, whereas excessive input may disrupt polymer chains or promote 

undesired aggregation, altering structural and optical properties. Nevertheless, systematic 

investigations into the effect of sonication intensity, particularly comparing ultrasonic baths 

and probe sonication at varying amplitudes, remain scarce. Addressing this gap is essential 

for optimising NP performance in functional applications such as photocatalysis. 

This chapter addresses this by systematically investigating the effect of varying sonication 

intensity on P3HT NPs prepared via miniemulsion. SDS was used as a surfactant, and 

different sonication strategies were employed: an ultrasonic bath (15 min) and a sonication 

probe at amplitudes of 10 %, 25 %, and 35 %, with a constant sonication time of 1 min. The 

results are also compared with particles prepared without sonication, allowing to elucidate 

the role of this step-in NP formation. As schematised in Figure 4.1, the study systematically 

examines the influence of sonication conditions on NP size and morphology (AFM, DLS), 

crystallinity (XRD), and optical properties (UV–Vis and fluorescence spectroscopy). The 

insights obtained provide valuable guidelines for tailoring P3HT NPs and identifying the 

most suitable processing conditions for applications such as photocatalysis. 
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Figure 4.1. Schematic representation of the preparation conditions for all P3HT 

nanoparticle dispersions produced by miniemulsion. The figure highlights the 

various sonication methods employed, including non-sonicated samples, those 

sonicated in a water bath, and probe-sonicated samples at different amplitudes 

(10%, 25% and 35%). 

 

4.1. Effect of sonication on the size, morphology and 

aggregation of the nanoparticles 

The AFM topographic images of the different samples deposited onto silicon wafers are 

shown in Figure 4.2. The size distribution histograms for each condition were derived from 

the NP diameters (Figure 4.2), and the histograms obtained for samples non-sonicated and 

bath sonicated through DLS are also plotted (Figure 4.3). In addition, the polydispersity (Q) 

and the average size by number of the hydrodynamic diameter (Dh) for better normalisation 

were obtained, following the formula in Section 2.4.3. 
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Figure 4.2. AFM images of P3HT NPs prepared by the miniemulsion protocol 

(a) without sonication, (b) with bath sonication, (c) with probe sonication at 

10% amplitude, (d) 25% amplitude and (e) 35% amplitude. The corresponding 

diameter distributions with the distribution curve type ((f) to (j)) are shown on 

the right. 

 

As revealed in Figure 4.2, the shape of the NPs in all samples is nearly spherical. In the 

absence of sonication, larger particle size (Figure 4.2 (a)) and aggregates are observed. This 

fact contrasts with the sonicated samples in both the water bath and the probe. Therefore, it 

can be concluded that sonication generates a greater number of growth nuclei and a greater 

disentanglement of the polymer chains12–14, resulting in a smaller size for the NPs. The size 

of the NPs prepared with sonication is similar, exhibiting little dependence on the sonication 

conditions. Also, NPs prepared with sonication show minimal aggregation (Figure 4.2 (b) to 

(e)). The reduced aggregation in sonicated NPs suggests the enhanced dispersion efficiency 

achieved through this method, resulting in a more uniform NP distribution. The size 

distribution obtained by AFM in Figure 4.2 (f) is notably more Gaussian-type, with more 

repeated diameters of 90 nm. In sonicated samples, the size distributions obtained from AFM 

are more homogeneous and have a lognormal type (see Figures 4.2 (g) to 4.2 (j)). A 

comparison of the sonicated samples reveals a shift in diameter distribution towards larger 

sizes in the samples sonicated by probe in comparison to those sonicated by ultrasonic bath. 

Indeed, in NPs sonicated by the probe, an increase in amplitude results in a shift of the 

diameter distribution towards larger diameters. Consequently, the most frequently observed 

sizes in water bath sonication and at a sonication amplitude of 10% are 30 nm. However, 

when the amplitude is increased to 25% and 35%, the most frequently observed size is 50 

nm in both cases.  

The effect of sonication in producing smaller and more monodisperse particles is clearly 

observed in Figure 4.3, where the size distribution obtained by DLS is compared for NPs 

prepared without sonication and those prepared by sonication in the bath. Here, 

hydrodynamic diameters (Dh) obtained from the intensity distribution are reported to 

highlight the effect of sonication. The Dh, corresponding to the maximum of the distribution, 

is significantly reduced from 195 nm for the non-sonicated sample to 109 nm for the 

sonicated one due to the presence of aggregates observed by AFM. Furthermore, the 

monodispersity is drastically improved, as evidenced by the full width at half maximum 

(FWHM) of the distributions, which decreases from 342.9 nm to just 13.9 nm after 

sonication. 
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Figure 4.3. Size distributions obtained by DLS of P3HT NPs prepared by 

miniemulsion with different sonication conditions. The orange colour 

corresponds to non-sonicated, and dark yellow corresponds to sonicated in the 

bath. 

 

The finding that sonication reduces NP size and improves monodispersity is further 

reinforced by a comparison of number-average diameters obtained from both AFM and DLS 

(see Section 2.4.3.) measurements (Figure 4.4), which show a close similarity. As can be seen, 

both techniques (with the exception of the bath-sonicated sample due to its monodispersity 

and no presence of aggregates) tend to yield a smaller NP size until a minimum of 

approximately 40 nm is reached at a 10% sonication amplitude, after which the size increases 

slightly. 
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Figure 4.4. Variation in particle size diameter obtained by AFM (dark grey) and 

DLS (Dn) (red) for samples prepared by miniemulsion. The sample that is not 

sonicated is referenced as N.S., the sample that is sonicated in the ultrasonic bath 

is referenced as Bath, and the samples that are sonicated by the probe are 

referenced as a function of amplitude percentage.  

 

Kleinhenz et al.15 observed that thin films prepared from aged solutions resulted in the 

formation of fibres that were shorter when sonicated. Also, in the literature, it has been 

reported that a short sonication time favours more crystalline structures, whereas long times 

may limit growth, leading to an increase in the number of grain boundaries16. This effect may 

also occur with increasing sonication intensity. Pao et al.17 found that high-intensity 

sonication can produce smaller particles, but in turn, damage the polymer and generate 

excessive heat in the solution, which should be avoided. In this thesis, to verify that the 

intensity of the sonication did not break the polymer chains, changes in the molecular weight 

were estimated by analysing the size of the chains in sonicated and non-sonicated solutions 

by DLS. The cumulant analysis did not give smaller coiled chain sizes in the sonicated one 

(14 nm in the non-sonicated versus 17 nm in the sonicated by probe at 35% amplitude). 
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4.2. Crystalline structure of the P3HT nanoparticles prepared by 

miniemulsion 

Figure 4.5 shows the XRD patterns as a function of the scattering vector q for the NPs 

prepared with different sonication conditions. In Figure 4.5 (a), results for NPs prepared 

without sonication and those prepared with bath sonication are presented. In both cases, the 

reflections of the form I crystalline phase of P3HT are observed: an intense (100) diffraction 

maximum at q = 3.8 nm-1 and its higher orders (200) and (300) reflections observed at q = 

7.6 nm-1 and 11.4 nm-1, respectively18–21. The (020)/(002)/(010) reflection is observed at q = 

16.7 nm-1.18–21 
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Figure 4.5. (a) X-ray diffraction patterns for non-sonicated (orange lines) and 

bath-sonicated (dark yellow lines) NPs and (b) for bath-sonicated (dark yellow) 

and probe-sonicated samples (brown for 10%, magenta for 25% and violet for 

35%). Several narrow rings between 14.8 and 25 nm-1, labelled with an asterisk, 

can be attributed to residual crystalline SDS22. 
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However, it is interesting to note that the ultrasonication induces changes in the - 

stacking as revealed by the shift towards higher q of the (020)/(002)/(010) reflection in the 

NPs prepared by bath sonication. As discussed in the preceding chapter concerning the 

crystalline analysis by diffraction, this shift may be related to a decrease in the distance 

between crystalline planes, that is, a more compact structure18. The interplanar distance 

corresponding to the − stacking (reflection 020) was estimated to be 0.382 nm for the 

non-sonicated sample and 0.378 nm for the sample sonicated in a bath18,23. The results 

obtained provide corroboration for the more compact structure. 

Figure 4.5 (b) shows the XRD results for the NPs prepared by bath sonication and by 

probe ultrasonication at different intensities. Again, the reflections corresponding to the 

form I crystalline phase of P3HT are observed18–21. And also, variations of the - stacking 

distance with the different sonication conditions are observed. Probe sonication produce a 

decrease in the q position of the (020) peak, revealing a larger - stacking distance compared 

with those prepared from low-intensity sonicated samples18.  

In order to estimate possible variations in the crystallinity of the samples, the area of the 

(020)/(002)/(010) and (100) reflections was calculated. Figure 4.6 presents the area integrated 

of the (100) and (020)/(002)/(010) peaks for all samples. Results show that the non-sonicated 

NPs exhibit a significantly lower degree of crystallinity in comparison to those sonicated. 

When comparing the integrated areas of samples prepared under different sonication 

conditions, the results show that the samples prepared with the ultrasonic probe show a 

slight decrease in the integrated areas, and this decrease is more pronounced with increasing 

probe intensity. These results indicate that probe sonication induces a less ordered molecular 

organisation, hindering the formation of new domains during nucleation and growth or 

dispersing more of the individual chains15. 
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Figure 4.6. Values obtained from the integrated area of the (100) and (020) 

diffraction maxima for all samples prepared by minimulsion. The non-sonicated 

sample is referenced as N.S., the ultrasonic bath sonicated sample is referenced 

as Bath, and the probe sonicated samples are referenced as a function of 

amplitude percentage. 

 

It was proposed that sonication induces planarization of the P3HT chains, which can 

facilitate the rearrangement of the chains and their packing, promoting the formation of 

more ordered aggregates in solution and favouring the crystallinity and a longer conjugation 

length of the NPs24. Furthermore, the distribution of the surfactant when the sample is 

sonicated can be more homogeneous, facilitating the self-assembly of the chains. However, 

these results indicate that high-intensity sonication does not further improve the - stacking 

and the crystallinity. On the other hand, the presence of the surfactant could be considered. 

A plausible hypothesis is that the high, localized energy and turbulence produced by probe 

sonication generate a significant amount of localized heat, which may affect the interactions 

between the polymer chains and the surfactant molecules. This intense energy input could 

induce the segregation of the surfactant molecules and their subsequent re-crystallization. 

The fact that we observe maxima (marked with asterisks in Figure 4.5 (b)) corresponding to 
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crystalline SDS strongly supports this reasoning. In contrast, bath sonication provides a more 

homogeneous and less energetic input, which facilitates the removal of SDS during dialysis 

rather than its recrystallisation. Residual SDS crystals, if present, could potentially influence 

the exciton diffusion of the NPs, and therefore are a relevant aspect to consider. 

 

4.3. Optical properties of P3HT nanoparticles at different 

sonication levels: absorption and emission 

As was the case for the flash NPs presented in the previous chapter, colour differences 

are observed between the dissolved P3HT (orange) and the miniemulsion NPs dispersions 

(purple) (Figure 4.7).  

 

 

Figure 4.7. Solutions of P3HT 3g/L in CHCl3 on the left and NPs prepared by 

miniemulsion on the right. The observed colour change is a consequence of the 

aggregation state of P3HT. 

 

The UV-Vis and fluorescence spectrum of a P3HT solution in CHCl3 is presented in 

Figure 4.8. The absorption spectrum shows a broad band centred at 450 nm, which is 

associated with the intrachain − transitions25–27. No aggregates are observed at high 
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wavelengths. In addition, the fluorescence emission spectrum shows a band at 580 nm and 

a shoulder that are associated with the ground and first singlet excited states, as previously 

mentioned in the previous Chapter, indicative of the heterogeneity of the local environment 

of the chromophores28,29. 

 

 

Figure 4.8. Absorption and emission spectrum of P3HT dissolved in CHCl3. 

 

Figure 4.9 shows the absorption and emission spectra of all NPs prepared by 

miniemulsion. In all cases, the UV-Vis spectra exhibit three bands, located at 525 nm, 556 

nm, and 607 nm, associated with specific electronic transitions attributed to the presence of 

crystalline domains in P3HT25,30,31. However, depending on the preparation conditions of the 

NPs, these bands show differences. Figure 4.9 (a) displays a comparison between the UV-

Vis and emission spectra of NPs prepared from non-sonicated and bath-sonicated solutions. 

The UV-Vis spectrum of the non-sonicated sample is shifted towards longer wavelengths 

compared to that of the sonicated NPs. The ratio between the 0-0 and 0-1 transitions also 

shows differences in samples prepared with and without sonication. The values of the 0-0/0-
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1 ratios are presented in Table 4.1, indicative of enhanced intrachain exciton coupling32. The 

non-sonicated sample has a value greater than 1, suggesting a higher presence of J 

aggregates33,34. A high intensity of the 0-0 vibronic transition is associated with a low exciton 

bandwidth, indicating an increase in the conjugation length, as previously mentioned, and a 

higher intrachain ordering along an individual polymer chain27,32,35. Another important 

difference in the UV-Vis spectra of non-sonicated and bath sonicated NPs appears in the 

high wavelength regions, where a tail can be observed in the non-sonicated NPs, while in the 

sonicated ones, this tail does not appear. The presence of this tail has been attributed to 

lower energy transitions due to the formation of heterogeneous aggregates36,37. In the case of 

emission, as in absorption, the same transitions are identified for all samples25.  
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Figure 4.9. (a) UV-Vis absorption and emission spectra for non-sonicated 

(orange lines) and bath-sonicated (dark yellow lines) samples, and (b) UV-Vis 

absorption and emission spectra for bath-sonicated (dark yellow) and probe-

sonicated samples (10%: brown, 25%: magenta and 35%: violet). The colour 

gradient becomes darker as the amplitude increases. In the emission, all samples 

were measured under the same excitation wavelength (555 nm). The spectra are 

normalised to the more intense band. 
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To address the effect of the sonication on the optical properties of the colloidal 

suspensions, Figure 4.9 (b) shows the absorption and emission spectra for bath sonicated 

NPs and those sonicated with the ultrasonic probe at different amplitudes. Firstly, compared 

to the bath sonicated NPs, the NPs prepared by the ultrasonic probe show very similar UV-

Vis spectra with a slight blue shift (displacement towards lower wavelength values), indicating 

lower planarity of the chains and a larger presence of H-aggregates. The 0-0 and 0-1 ratio 

(Table 4.1) corroborates these results, exhibiting values less than 1 in absorption38. The 

sonicated samples in the probe display an even lower value compared to those sonicated in 

an ultrasonic bath. This observation indicates that the transition to the first vibronic state is 

accessible39, and more electrons are initially promoted from the fundamental electronic state 

to a vibrational excited state in the electronically excited molecule in sonicated NPs by the 

probe. Moreover, the 0-2 band is less intense in the sample prepared in the ultrasonic bath. 

 

Table 4.1. The intensity ratios between the 0-0 and 0-1 bands of the absorption 

spectra for non-sonicated and sonicated samples. 

Conditions 
Absorption 

A0-0/A0-1 

Non sonicated 1.135 

Bath 0.782 

10% 0.686 

25% 0.670 

35% 0.750 

 

Among the NPs prepared with probe sonication, several significant differences can be 

appreciated in Figure 4.9 (b). The most significant of these is that the 0-0 bands gain intensity 

as sonication amplitude increases, implying greater planarization of the rings and better 

intermolecular order40,41. 

The band gaps36,42,43 estimated from the emission and absorption spectra and calculated 

through the Tauc plot, as explained in Chapter 2.4.4.1, are present in Table 4.2. The lowest 

band gap is that of the non-sonication NPs, despite their lower crystallinity. The band gaps 
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of the NPs prepared from sonicated solutions have comparable values, although slightly 

higher for the NPs prepared with the ultrasonic probe. 

 

Table 4.2. Band gap for non-sonicated and sonicated samples, calculated from 

the intersection of the absorption and emission spectra and the Tauc plot. 

Conditions Abs-emis cross Tauc plot 

Non sonicated 1.93 eV (644 nm) 1.78 eV 

Bath 1.98 eV (626 nm) 1.94 eV 

10 % 2.01 eV (618 nm) 1.96 eV 

25 % 2.01 eV (618 nm) 1.96 eV 

35 % 1.99 eV (624 nm) 1.95 eV 

 

Moreover, the values of the conduction band edge potential (ECB) and the valence band 

edge potential (EVB) obtained from the Tauc plot43–45 (see Chapter 2.4.4.1) have been 

calculated and are presented in Table 4.3. The NPs with a smaller band gap are those 

prepared without sonication, which is reflected in the closer proximity of the ECB and EVB 

values. The edges obtained for all the sonicated samples are very similar. 

 

Table 4.3. Calculated energy levels of the conduction band edge (ECB) and 

valence band edge (EVB) for P3HT nanoparticles prepared under different 

sonication conditions. The estimations are based on the intersection energy of 

the absorption and emission spectra and the optical band gap determined via 

Tauc plot analysis. 

Conditions ECB EVB 

Non sonicated -1.67 eV 0.24 eV 

Bath -1.69 eV 0.27 eV 

10 % -1.70 eV 0.28 eV 

25 % -1.70 eV 0.28 eV 

35 % -1.70 eV 0.27 eV 
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4.4. Conclusions 

In summary, this chapter has investigated the influence of sonication conditions on the 

preparation of P3HT NPs by miniemulsion, revealing the significant impact of this parameter 

on various properties crucial for their applications. The following key conclusions have been 

drawn: 

-Sonication significantly affected the NP diameter and aggregation. NPs prepared from 

non-sonicated solutions exhibited the largest average particle diameter and a higher degree 

of aggregation. In contrast, the sonication also led to a more uniform dispersion. Sonication 

in the ultrasonic bath resulted in the smallest NPs, while sonication in the probe led to size 

distributions that shifted towards larger diameters.  

-Sonicating the solutions produces more crystalline NPs, especially the bath sonicated 

NPs. NPs prepared from probe-sonicated solutions show a trend towards a slight decrease 

in crystallinity as probe amplitude increases. 

-The bath-sonicated NPs, which exhibit higher crystallinity compared to the probe 

sonicated NPs, also showed spectral features suggesting a higher degree of interchain order 

and J-aggregate formation. 

Some of the NPs studied and discussed in this chapter will be applied in Chapter 7, where 

their structural and optical properties, including crystallinity, size, and aggregation state, will 

be correlated with their efficiency in the degradation of a model organic pollutant. The 

subsequent evaluation of the impact of these characteristics on the degradation efficiency 

and mechanism will provide a deeper understanding of the structure-function relationship in 

these nanomaterials for environmental applications, underscoring the importance of 

controlled preparation for developing sustainable pollutant remediation strategies. 
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Flash nanoprecipitation and miniemulsion are two widely used techniques for producing 

polymer NPs, each relying on distinct physical principles for particle formation (see Sections 

2.2.2 and 2.2.3). Although both have been successfully applied to P3HT, direct, and 

systematic comparisons of the resulting NP properties remain scarce in the literature1,2. 

Building on the previous chapters of this thesis, which investigated P3HT NPs obtained by 

flash nanoprecipitation (Chapter 3) and by miniemulsion (Chapter 4), this chapter aims to 

address this gap by analysing the intrinsic differences between P3HT NPs prepared by each 

method, from the properties of their precursor solutions to their final morphology, 

crystallinity, and optical behavior. The analysis also employs fluorescence lifetime imaging 

microscopy (FLIM) to gain further insight into exciton dynamics and charge separation 

pathways, providing a more in-depth understanding of the physical processes that govern 

NP formation by each method. 

 

5.1. Effects of the solvent on P3HT solutions 

As mentioned in previous chapters, flash nanoprecipitation of P3HT NPs involves an 

initial solution of the polymer in THF. For the preparation of miniemulsion P3HT NPs, the 

solvent used is CHCl3. At the same concentration (3 g/L), the visual inspections reveal 

differences in the colour of the solutions (Figure 5.1). In a first approach, the observed 

variations can be attributed to the different solubility of the polymer in these solvents.  

 

 

Figure 5.1. Solutions of P3HT 3 g/L in: CHCl3 on the left and THF on the right. 
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The observed differences in colour are better quantified by UV-Vis absorption 

experiments (Figure 5.2). A broad band centred at 450 nm is observed, which is attributed 

to − transitions occurring in the coiled polymer chains in solution3–5. A small difference 

in the position of this broad peak is observed when comparing the two solvents. Interactions 

of P3HT molecules with the solvent are affected by polarity, viscosity, and electrostatic 

effects, which are all relevant to the solvation process. All these interactions influence the 

conformation of the chains, their rigidity, or the local chemical environment, affecting the 

energy of the polymer states and causing this shift6. Furthermore, in the absorption spectrum 

of P3HT in THF, a band is present at high wavelengths (613 nm), suggesting the presence 

of ordered aggregates3,7,8 as observed in NPs prepared in previous chapters. This is due to 

the limited solubility of P3HT in this solvent. The Hansen solubility parameters or Ra (see 

Chapter 1.2.2) are useful for determining the theoretical solubility of a compound in a 

solvent. These parameters confirm that P3HT has a higher solubility in CHCl3 (Ra = 1.7 

MPa1/2) than in THF (Ra = 6.2 MPa1/2)9,10. 
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Figure 5.2. UV-Vis absorption and emission spectra of P3HT solutions in THF 

(curves in wine colour) and in CHCl3 (curves in orange colour). 

 

There are also differences between the two solvents in the emission spectrum (Figure 

5.2). A peak centred at 580 nm is observed in both samples, accompanied by a shoulder. The 

intensity of this shoulder is dependent on the solvent, and its presence is attributed to the 

existence of ordered aggregates. The higher contribution of THF in this region is consistent 

with the absorption results11. Furthermore, apart from the coexistence of coiled and extended 

P3HT conformations, environmental factors such as solvent polarity modulate these spectral 

signatures and energy levels of the P3HT electronic states8,12. 

In order to detect possible changes in the molecular weight of the polymer due to the 

solvent, the size of the molecules was determined by DLS. In the case of CHCl3, the size 

obtained corresponds to about 22.7 nm, a value consistent with other materials of similar 

molecular weight. In contrast, the result changes when P3HT is measured in THF, obtaining 

a value of chain size of 50 nm. This indicates that P3HT tends to aggregate very rapidly when 

the heat source is removed, as mentioned in Chapter 3. This makes obtaining values for the 

free chains in the solvent difficult. 

The assembly behaviour of P3HT in solution is a determining factor in the properties 

and characteristics observed in the solid state. This assembly behaviour is associated with the 

molecular structure and preparation conditions in the solution, as previously observed. As 

previously mentioned, P3HT exhibits different intramolecular and intermolecular 

interactions in solution, resulting in a complex structure of crystalline P3HT. This transition 

from conformational disorder to ordered aggregation is of particular interest in this study. 

This transition covers different dimensions, ranging from intramolecular conformations 

(e.g., twisted angles, chain folding) to intermolecular ordering (e.g., − stacking).  

The ensuing sections will thus comprise a study of P3HT in the solid state, focusing on 

these two solvents. 
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5.2. Comparison of the size and aggregation of the 

nanoparticles depending on the preparation method 

 

 

Figure 5.3. AFM topography images of P3HT NPs deposited on a silicon wafer 

for (a) flash NPs and (b) miniemulsion NPs. along with the corresponding 

histograms of particle diameter distribution of (c) flash P3HT NPs (red 

histogram), and (d) miniemulsion P3HT NPs (violet histogram). 

 

Figure 5.3 shows an AFM topography image of deposits of P3HT prepared by flash, by 

miniemulsion and their corresponding diameter distributions. Size intensity distributions 

obtained by DLS are shown in Figure 5.4. It can be seen that the NPs produced by both 

methods are very similar in size, with a clear tendency towards spherical morphology (Figure 

5.3 (a) and (b)). The size distribution for both techniques does not exceed 100 nm, with the 

highest frequency of diameters around 20 to 40 nm. The average diameters in NPs prepared 

by miniemulsion and flash NPs are shown in Table 5.1. It is important to note that, in the 

case of miniemulsion, the size of the NPs is not only influenced by the concentration of the 
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polymer solution but also by the concentration of the surfactant in water13. Furthermore, 

both P3HT and SDS are present in the NPs, with SDS acting as a stabilising agent. 

Consequently, in Figure 5.4, changes in NP diameters in DLS are observed. A plot of the 

size distribution is shown in Figure 5.4. 

 

 

Figure 5.4. Size distribution of the P3HT NPs prepared by flash (red) and 

miniemulsion (violet) in suspension obtained by DLS. 

 

Table 5.1 shows the diameter of both types of NPs by AFM and by DLS, as well as the 

Q obtained by DLS. In the case of both preparation methods, the Dn is larger than that 

obtained by AFM due to the presence of some aggregates. In the context of miniemulsion, 

there is a potential for the polymer to become swollen within a colloidal system, particularly 

in the presence of a water-soluble surfactant. Furthermore, the miniemulsion sample exhibits 

a minimal Q index, indicating a monodisperse population (see Table 5.1). By contrast, the 

flash-prepared sample exhibits a higher Q, although the value remains within acceptable 

range. 
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Table 5.1. Results of the diameter obtained by AFM and the Dn values and Q 

obtained using DLS of P3HT NPs prepared by flash and by miniemulsion. 

Preparation 

method 

AFM DLS 

Diameter (nm) Dn (nm) Q (× 10-2) 

Flash 42 ± 18 56 ± 18 12 

Miniemulsion 40 ± 20 86 ± 2 4.7 

 

The tendency to form aggregates can also be explained by the zeta potential, which is 

also known as electrokinetic potential14-16. The zeta potential is a measure of the magnitude 

of the electric charge on the surface of particles in a colloidal dispersion and is measured in 

millivolts (mV)14–17. It is fundamental to understand and evaluate the stability of colloidal 

dispersions: a particle immersed in a liquid attracts oppositely charged ions, forming a layer 

around it (electric double layer)15-17. High values (positive or negative) indicate a greater 

repulsion between particles, which prevents them from agglomerating or precipitating and, 

therefore, is a more stable dispersion16. Conversely, values close to zero suggest a tendency 

to aggregation. In general, the value that differentiates between highly stable and unstable 

suspensions is generally taken at either +30 or -30 mV14,16. P3HT NPs prepared by 

miniemulsion are more stable than flash NPs, since their potential in absolute terms is higher 

(33 mV vs 24 mV). This could account for the broader size distribution and increased 

tendency toward aggregation observed in flash-prepared NPs. 

 

5.3. Changes in crystalline structure in nanoparticles: GIWAXS 

The impact of the NPs preparation method on their structure has been studied by XRD. 

Figure 5.5 shows the diffractograms of both types of NPs. As mentioned in Chapters 3 and 

4, in both cases, the reflections corresponding to the crystalline phase I of P3HT are 

observed18,19. However, significant differences have been identified. NPs preparation via 

miniemulsion are more crystalline, as indicated by the more intense and narrower reflections. 

Also, a marginal increase in the position of the (100) reflection (3.83 nm-1 for miniemulsion 

vs. 3.77 nm-1 for flash NPs), attributed to enhanced interdigitation or a variation in the tilt of 

the alkyl side chains20,21. Additionally, for miniemulsion, the (020)/(002)/(010) reflection is 

observed at a higher value of the scattering vector. This reflection is related to the − 
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stacking2,22, and therefore, these results indicate closer interchain stacking for miniemulsion 

NPs23. As discussed in preceding chapters, this shift signifies a more compact structure along 

this axis24, most likely attributable to the presence of SDS between the chains. Similarly, the 

interplanar distance obtained by means of the Bragg law also changes. In the (100) direction, 

miniemulsion NPs had an interplanar distance of 1.63 nm, in comparison to 1.69 nm 

exhibited in flash NPs. In the (020) atomic plane is 0.378 nm in miniemulsion NPs and 0.382 

nm in flash NPs. These results support that the polymer chains in miniemulsion NPs are 

more compactly packed. The presence of the surfactant could induce this, as it has been 

recently suggested3. However, it could also be related to the fact that different solvents are 

used in each type of preparation. For instance, Newbloom et al.25 examined the structure of 

the self-assembly of colloidal particles in various aromatic solvents, demonstrating that the 

observed structure is highly dependent on the selected solvent.  

 

 

Figure 5.5. XRD intensity of PH3T miniemulsion NPs (purple) and flash NPs 

(red) deposited on a silicon wafer. 
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5.4. Changes in optical properties in nanoparticles: absorption 

and emission 

The colour of the water suspension of NPs prepared by miniemulsion and flash 

nanoprecipitation is different, as illustrated in Figure 5.6. Slight variations in the colour of 

each suspension are evident, with the miniemulsion displaying a more purple tone and the 

flash exhibiting a pinkish-violet tint. From these visible colour differences, it can be assumed 

that the optical properties of both samples are different.  

 

 

Figure 5.6. Suspensions of P3HT NPs prepared by miniemulsion (left) and 

P3HT NPs prepared via flash nanoprecipitation (right).  

 

Figure 5.7 shows the absorption and emission spectra of the NPs dispersed in water. In 

both cases, −* electronic transitions corresponding to ordered states of P3HT are 

observed3,7,8,12,16. The spectrum corresponding to the miniemulsion NPs displays more 



Comparative preparation of P3HT nanoparticles: flash versus miniemulsion and effects on 
structural, optical and FLIM properties 

198 

defined bands than the spectrum of the flash NPs. Also, miniemulsion NPs show a higher 

ratio between the intensity of the 0-0 and 0-1 bands (0.782 for miniemulsion vs 0.728 for 

flash) and emission (1.167 for miniemulsion vs 1.002 for flash). These observations are 

attributed to enhanced molecular organisation and improved interchain coupling in the case 

of miniemulsion NPs, in agreement with the XRD experiments. Furthermore, the bands 

exhibit a slight redshift, which lends support to a more effective chain organisation, thereby 

favouring electronic organisation with enhanced − overlap5 probably due to enhanced 

planarization of the chains27,28 and a more extended conjugation length, obtaining more stable 

excitons29,30. Tan et al.31 reported that an increase in conjugation within surfactant led to 

elevated levels of chain order and conjugation length in the resultant P3HT colloids, thereby 

providing support for the results presented here. The contribution at wavelengths of 400-

500 nm is more pronounced in flash, a phenomenon associated with this elevated amorphous 

content3–5. Saifuddin et al.32 also observed that there are differences in the assembly of the 

chains in thin films depending on the evaporation rate of the solvent. However, in this case, 

it is not expected that this is a determining factor since there is no significant difference in 

the boiling point of the solvents (THF: 66°C and CHCl₃: 61°C). 
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Figure 5.7. UV-Vis absorption and emission spectra for P3HT NPs prepared by 

two methods: flash method (red), and miniemulsion method (purple). The bands 

corresponding to the 0-0 transition (at ≈612 nm in absorption and ≈667 nm in 

emission), the 0-1 transition (at ≈564 nm in absorption and ≈707 nm in 

emission) and the 0-2 transition (at ≈524 nm in absorption and ≈821 nm in 

emission) are also identified. 

 

It is important to note that these results align with those previously observed in X-ray 

studies, which attributed the observed effects to the presence of surfactant. This 

phenomenon can be attributed to the semicrystalline structure of P3HT, which is influenced 

by the interactions between SDS and P3HT. These interactions suggest a potential role for 

SDS in affecting the properties of the NPs. Consequently, changes in the band gap should 

be expected. The analysis of both absorption spectra, through the construction of a Tauc 

plot33–35 (Section 2.4.4.1.), yielded similar values for the band gap of the two types of NPs. 

However, the band gap for miniemulsion NPs was slightly smaller (1.94 eV) than that for 

flash NPs (1.95 eV). 

 

5.5. Fluorescence lifetime of the nanoparticle suspensions 

To further understand the observed differences in the optical properties of the two types 

of NPs, fluorescence lifetime measurements were conducted. These experiments provide 

information about the duration of the excited state in the molecule before it is de-excited, as 

explained in detail in Section 2.4.4.3. Figure 5.8 shows the fluorescence decay curves 

following excitation at 640 nm for suspensions of P3HT NPs prepared by the flash and 

miniemulsion methods. For comparison, the lifetime of a P3HT thin film with a thickness 

of approximately 300 nm is also presented. 
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Figure 5.8. (a) Normalised fluorescence decays of P3HT NPs prepared by the 

flash technique (red symbols), the miniemulsion technique (purple symbols) and 

the thin film (green symbols) after excitation at 640 nm. The thick solid lines 

represent the fits obtained to the experimental data, using four exponential terms 

for the NPs and three exponential terms for the thin film. The thin black line 

represents the instrumental response function (IRF) of the instrument. (b) The 

resulting decay times (τi) and the normalised intensities, calculated from the pre-

exponential coefficients (ai), are presented for each of the systems studied. The 

same colour code as in (a) is used. The dashed lines indicate the averaged intensity 
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half-lives obtained from the fits, which allows a clear comparison of the 

fluorescence dynamics between the different samples. 

 

Fluorescence lifetimes for each system depend on the type of NP, as it is observed in 

Figure 5.8 (a). This is a signature of differences in the deactivation mechanisms for the 

respective systems under investigation. Of particular interest is the rapid decay of the 

fluorescence observed for NPs prepared by miniemulsion, compared to flash NPs and the 

thin film. The analysis of the decay curves shown in Figure 5.8 (a) was performed by fitting 

the data to a combination of multiple exponential functions, reflecting the heterogeneity of 

the relaxation mechanisms. To facilitate comparison, and following the methodology of 

Ferrari et al.36, the decay times were grouped into four characteristic regions: 

-₁: Lifetimes longer than 1 ns, associated with long-lived excited states. 

-₂: Times close to 0.2 ns, characteristic of de-excitation in ordered aggregates. 

-₃: Times close to 0.1 ns, associated with relaxation of intermediate emissive states. 

-₄: Times around 0.01 ns, indicative of ultrafast relaxation processes. 

The photophysical behaviour of each system was characterised from these values and the 

relative contribution of each, as shown in Figure 5.8 (b). Firstly, analysis of the P3HT film, 

which has been extensively studied in the literature37–39, shows that the shorter times (₄) do 

not make a significant contribution. Instead, the ₂ and ₃ components dominate, with a 

small contribution at long times (₁). These times have previously been associated with the 

decay of emissive states in ordered aggregates of P3HT,39 i.e., the de-excitation of excitons 

confined in crystalline regions. In contrast, the fit for NPs shows a strong contribution from 

the ₄ component, which represents the fastest de-excitation process. This de-excitation 

process is associated with the transition from a hot photoexcited state to a geometrically 

relaxed aggregate state37. Ghosh et al.40 have suggested that in P3HT NPs dispersed in 

aqueous media, a considerable proportion of the polymer chain behaves as a hydrophobic 

material and adopts a coil-like structure, which favours faster de-excitation. This effect is 

particularly pronounced in NPs prepared by miniemulsion, where practically all the decay 

occurs by this process. This behaviour can be attributed to the enhanced interaction between 

the polymer chains in the NPs, facilitated by the presence of SDS. The presence of SDS in 

the medium stabilises the hydrophobic and hydrophilic arrangement of the polymer chains, 



Comparative preparation of P3HT nanoparticles: flash versus miniemulsion and effects on 
structural, optical and FLIM properties 

202 

allowing the chromophores to be closer to each other than in the thin film and flash NPs, 

and consequently enhancing the efficiency in the transition from high-energy excited states 

to relaxed states. In flash prepared NPs, processes relaxing with longer lifetimes (3 and 2) 

are also important. These processes have been associated with deexcitations of excitons 

trapped in crystalline regions, and excitons localised in structural defects36,37. 

The optical properties of NPs obtained by flash and miniemulsion methods exhibit 

notable disparities, suggesting variations in fluorescence lifetimes. The NPs prepared by 

miniemulsion primarily exhibit fluorescence decay related to the hopping transition to low-

energy sites with a conformational planarization of the polymer backbone, resulting in 

shorter lifetimes38,41. In contrast, the fluorescence obtained by the flash method presents 

contributions from both short and long lifetimes. The fluorescence in flash NPs, therefore, 

decays via emissive states, attributable to exciton recombination, having lower efficiency in 

controlled energy transitions. These observations are consistent with the lower crystallinity 

observed by X-ray and a higher presence of defects observed in the weaker, less structured, 

and red shift in the emission spectrum in the NPs prepared by flash. In contrast, NPs 

prepared by miniemulsion exhibit higher intensity in the lower energy bands in the 

absorption spectrum, indicating a higher proportion of J-aggregates and higher delocalisation 

of excitons. The presence of J-aggregates in NPs prepared by miniemulsion favours energy 

transfer between polymer chains and non-radiative deactivation of excitons, explaining the 

lower weights of 3, 2 and 1 in their fluorescence decay. This is due to the fact that excitons 

can migrate through high crystallinity regions and become trapped in defects or impurities, 

which reduces the emission efficiency. Therefore, in NPs obtained by miniemulsion, it is 

hypothesised that the excited electrons migrate from the inner core of the particle to the 

external hydrophilic regions. This is consistent with other previous studies that have 

identified the formation of a reversible charge transfer complex between P3HT and 

molecular oxygen in the presence of water42. Furthermore, in P3HT solutions with 

electrolytes, it has been observed that the polymer can be polarised, reducing its energy levels, 

and thus modulating its optical and electronic response43. 
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5.6. Conclusions 

In summary, this chapter systematically compares the influence of two NP preparation 

methods, flash and miniemulsion, on the properties of P3HT NPs. A preliminary 

investigation into the comparison of the P3HT solutions (THF for flash and CHCl₃ for 

miniemulsion) revealed that CHCl₃ supports the formation of more extended polymer 

chains and THF presents few aggregates. 

The results indicate that miniemulsion NPs exhibit a more homogeneous size 

distribution, higher crystallinity, and enhanced chain planarization (evidenced by optical 

characteristics such as a higher A0–0/A0–1 ratio), leading to the predominance of J-aggregates 

and efficient non-radiative processes. Conversely, flash NPs show lower crystallinity and 

higher dispersity of sizes. These observations are related to less effective exciton dynamics 

and elevated rates of exciton recombination. 

It is hypothesised that these structural and optical distinctions will have a significant 

effect on the photocatalytic performance of the NPs. In Chapter 7, the relationship between 

NP properties, including crystallinity, size, and aggregation, and their efficiency in degrading 

a model organic pollutant will be further explored. 
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As outlined in Section 1.5.2, the crystalline phase composition of PVDF is strongly 

influenced by processing conditions, particularly the choice of solvent, which governs chain 

conformation and nucleation pathways1–3. Previous studies have shown that solvent 

properties can bias crystallisation towards either non‐polar ‐phase or electroactive 

‐phases2-4, with most reports focusing on bulk films or specific NP preparation routes. 

However, a systematic, side‐by‐side comparison of bulk deposits and water‐dispersed NPs 

prepared under controlled and comparable solvent conditions is still lacking.  

This chapter aims to address this knowledge gap by systematically exploring the role of 

diverse solvents in the preparation of both bulk PVDF deposits (via solvent casting) and 

water-dispersed PVDF NPs (via dialysis and flash microfluidics). The objective is to provide 

fundamental insights into the decisive role of the solvent in dictating ferroelectric phase 

formation under comparable processing conditions, thereby advancing the field of PVDF 

polymorphism control at the nanoscale. Following this thread, the chapter is organised as 

follows: 

-Section 6.1 reviews the properties of the solvents used.  

-Section 6.2 presents the influence of these properties on the phases of PVDF prepared 

in bulk as deposits.  

-Section 6.3 examines the solvent effect on NP characteristics. 

-Section 6.4 compares deposits and NPs to assess the role of solvent–antisolvent 

transition in phase formation. 

-Section 6.5 summarises the conclusions. 

 

6.1. Evaluation of solvent properties for PVDF crystallisation 

For this study, solvents in which the polymer is soluble5–7 have been selected based on 

the work carried out by Marshall et al.5, Chan et al.6, and Bottino et al.7. Solvents such as 

ethanol, methanol and acetone, which are known as "green solvents", have also been used8,9, 

all of which are miscible with water. Table 6.1 presents a compilation of different properties 

of the solvents that may have a role in the development of polar phases of PVDF, including 

polarity, measured through the dipole moment and dielectric constant; boiling point; and 
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solubility as determined by the Hansen solubility parameter (Ra). The following properties 

will be explained in order to determine the reason for the selection of these parameters as 

variables for consideration:  

 

Table 6.1. Physicochemical properties of various organic solvents: boiling points 

(Tb), Hansen solubility parameter by Ra6, dipole moments () in Debyes and 

dielectric constant (r) at 25ºC. Solvent acronyms: PC: Propylene Carbonate; 

DMSO: Dimethyl Sulfoxide; DMA: N,N-Dimethylacetamide; MEK: Methyl 

Ethyl Ketone; THF: Tetrahydrofuran. 

Solvent Tb (ᵒC) Ra (MPa1/2)  (D) r at 25ºC 

PC 24210 11.911–13 5.1614,15 66.015,16 

DMSO 18917,18 4.5412,13,19 4.0014,17 46.917 

DMA 16517 1.1512,13,19 3.7314,17 37.817 

Acetone 56.017 5.1611–13 2.8820,21 20.717 

MEK 80.017 9.0012,13 2.7714,17 18.517 

EG 19710 33.612,13 2.2022 37.7 

THF 66.017,23 7.2212,13,19 1.7414,17 7.5017,24 

MetOH 64.817,25 26.312,13,19 1.7018,26 32.717 

EtOH 78.027 20.812,13,19 1.6914,26 24.817,28,29 

FA 10130 10.312,13 1.4131,32 58.330 

 

• Boiling temperature: The temperature at which the solvent state changes from 

liquid to vapour at ambient pressure. It depends on several aspects like 

intermolecular forces, such as hydrogen bonds, Van der Waals forces and dipole-

dipole interactions, and chemical composition33–36. 

• Solubility: As outlined in Section 1.2, the solubility of a polymer in a solvent is 

determined by the distance on the three-dimensional HSP sphere, as defined by 

Equation 1.6. The equation considers the tendency of each component to form 

dipolar interactions, dispersion forces or hydrogen bonds. The closer these values 

are between the two components, the lower the value of Ra and the greater the 

theoretical solubility of the solute in the solvent. 

In the case of PVDF has a high dipole moment due to the highly 

electronegative C-F bonds. In general, solvents with high dipole moments interact 

more readily with these polar regions of PVDF, helping to break intermolecular 
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interactions, such as dipole-dipole or hydrogen bonds, within the polymer, 

allowing the chains to separate and the polymer to dissolve. Consequently, the 

determination of Ra facilitates the identification of the most suitable solvent for 

dissolution, i.e., the solvent that presents the most favourable interactions, thereby 

enabling the understanding of the phase formation process of PVDF. 

• Polarity: Polarity in a molecule is defined by the uneven distribution of electron 

density35,37. In a covalent bond, this means that one atom is attracting the shared 

electrons more strongly than the other atom, resulting in a negative partial charge 

on the more electronegative atom and a positive partial charge on the other. This 

charge separation leads to the formation of an electric dipole10, a concept of 

significant importance in molecular behaviour. For instance, polar molecules with 

distinct positively and negatively charged centres can interact effectively with 

other polar and ionic species. In the context of solvents, polarity refers to the 

ability to solvate and stabilise charges, thereby significantly impacting their 

capacity to dissolve various substances35,37. A polar solvent establishes strong 

electrostatic interactions with polar solute molecules. Two of the most widely used 

parameters to quantify solvent polarity are: 

1. Dipole moment: The dipole moment () is a quantitative measure of the 

charge separation within a molecule, determined by the difference in 

electronegativity between atoms and the molecular geometry3,10,35,37. It is 

represented as a vector pointing from the positive charge to the negative 

charge, and is defined as the product of the charge difference () and the 

distance (d) between them, typically measured in Debye (D):  

 

 μ = δ x d Eq. 6.1 

 

Therefore, the dipole moment of a solvent could impact its 

effectiveness in dissolving polar compounds via electrostatic interactions 

between the solvent and solute.  In the case of PVDF, the solvent polarity 

plays a crucial role in determining the molecular conformation of the 

chains in solution, which may affect the formation of the , , and  

crystalline phases upon solvent evaporation. 

2. Dielectric constant: The dielectric constant (denoted as ε or εr), also 

known as relative permittivity, is a dimensionless parameter that 
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quantifies the ability of a material to attenuate the strength of the electric 

field between two oppositely charged ions compared to a vacuum38–40. It 

is a bulk property that represents the ability of a solvent to reduce the 

effective electrostatic interactions between charged or polar species. The 

density and the polarizability of the solvent molecules influence this 

property41, and it is defined as the ratio of the permittivity of the solvent 

(ε) to the permittivity of free space (ε₀)39: 

 

 r = 
𝜀

𝜀0
 Eq. 6.2 

 

A higher dielectric constant indicates the capacity of a solvent to 

effectively stabilise and solvate ionic or polar species by reducing the 

electrostatic forces between them, thus enhancing their solubility. In 

summary, solvents with higher dielectric constants tend to be more polar. 

In the context of PVDF crystallisation, similarly to what was explained 

above in relation to the dipole moment, the dielectric constant could 

influence the strength of solvent–polymer interactions, thereby affecting 

the conformation of the polymer chains during dissolution and the 

stabilisation of specific polymer conformations during crystallisation 

from solution. 

 

6.2. Solvent effects on the morphology and crystallisation of 

free-standing PVDF deposits 

As previously outlined, deposits have been prepared by drop casting using the solvents 

described in Table 6.1. The concentration of the deposits was 50 g /L. 

Figure 6.1 shows a photograph of deposits prepared from casting PVDF solutions in 

different solvents (DMSO, DMA, MEK, THF and MetOH); their appearance is substantially 

different. Samples such as MetOH, EtOH or EG, which exhibit high values of Ra (see Table 

6.1), require temperature to facilitate the dissolution of PVDF, as they act as swelling agents, 

and it is necessary to break the Van der Waals forces and weak hydrogen bonds that hold 
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the chains together7,42. The crystallisation of PVDF and the identification of the predominant 

phases have been studied through XRD (WAXS) (see section 2.4.1) and FTIR (see section 

2.4.5). 

 

 

Figure 6.1. Differences in the appearance of deposits prepared using: (a) DMSO, 

(b) DMA, (c) MEK, (d) THF and (e) MetOH. 

 

6.2.1. Impact of solvent properties on the developed 

crystalline phases of PVDF deposits 

Figure 6.2 shows X-ray diffractograms for deposits of PVDF prepared from solution in 

selected solvents listed in Table 6.1. 
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Figure 6.2. Diffraction patterns obtained for PVDF deposits prepared by free-

standing using different solvents, as indicated by the labels in the scattering 

vector (q) range from 11 to 16 nm-¹. The label powder refers to the PVDF 

powder as received. The identified crystalline phases, indicated by dotted lines, 

correspond to  (grey),  (pink) and  (blue). Each diffractogram was baseline 
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corrected to zero intensity and then normalised to the intensity of the most 

intense peak located between 14.10 and 14.25 nm-1. The spectrum was then 

separated by 0.6 units. 

 

Diffraction patterns presented in Figure 6.2 demonstrate that the solvent does indeed 

affect the PVDF phase, resulting in variations in the position and ratio of the intensity 

maxima. In general, all the diffraction patterns exhibit similar features, with Bragg peaks 

around 13-13.3 nm-1 and 14.1-14.45 nm-1.2,4,43–45 However, some differences are observed, 

like the presence of a shoulder at 12.5 nm-1 in some samples or clear variations of the central 

position of the Bragg maxima. Figure 6.2 dotted lines indicate the reported positions for the 

,  and  crystalline phases of PVDF. A detailed description of the crystallographic 

positions in q of the different PVDF crystalline phases is presented in Table 6.2. The 

observed variations in the positions of the Bragg maxima could indicate a more significant 

presence of each of those phases. In addition, it is possible to obtain qualitative information 

on crystallinity. In Figure 6.2, there is a loss of resolution of the maxima, which results in 

them becoming less defined and wider when transitioning from FA to PC. This finding 

suggests that the deposits under study are less crystalline and exhibit a greater amorphous 

contribution46. 

 

Table 6.2. Position in q (nm-1) of the different reflections with their respective 

Miller indexes and the corresponding crystalline phase. The bibliographical 

references used for indexing are indicated in the last column. 

q (nm-1) Phase/s hkl References 

12.65-12.75  100 2,43–45,47,48 

12.95-13.05  020 2,6,43–45,47–52 

13.30-13.40  020 2,43–45,48,49 

13.70-13.80  002 2,43–45,47,48 

14.05-14.15   110 2,6,43–45,47–51,53 

14.46-14.56   
 200/110 

 021/101 

2,43–45,47–51,53 

 

In order to obtain an estimation of the proportion of each crystalline phase for PVDF 

deposits prepared using different solvents, a fit of the diffractograms is required in terms of 

contributions of the different crystalline phases. Figure 6.3 presents an example of different 
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fits for distinct samples with varying contributions from each phase. The fit of XRD patterns 

was performed by modelling the amorphous halo using pseudo-Voigt functions, which better 

account for both instrumental broadening (Gaussian) and sample-induced effects 

(Lorentzian), while the crystalline peaks were adjusted with Lorentzian functions, suitable 

for isolated Bragg reflections in semi-crystalline polymers54–56. 

 

 

Figure 6.3. Representative examples of the fitted XRD patterns for the analysis 

of amorphous and crystalline phases in PVDF. Red symbols represent 
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experimental points. The black lines correspond to the fits obtained by summing 

the individual contributions of the amorphous halo (blue), the reflections of the 

 phase (green), the  phase (yellow) and the  phase (purple). Panels show 

PVDF deposits prepared using (a) DMSO and (b) EtOH as solvents. The 

amorphous halos were modelled using Voigt functions, while crystalline peaks 

were fitted using Lorentzian profiles. It should be noted that the quality of the 

fit may vary depending on the complexity of the pattern and the relative 

contribution of each crystalline phase. 

 

From each fit, the ratio between the area corresponding to the Bragg peaks of each phase 

and the amorphous halo can be used to quantify fractions of each phase. In this way, one 

can define the fraction of electroactive phase (EA) or the fraction of  phase () as 

described in Eq. 6.3 and 6.4. 

 

 EA = 
𝐴𝛽  + 𝐴𝛾

𝐴𝛼  + 𝐴𝛽 + 𝐴𝛾
× 100 Eq. 6.3 

  = 100 - EA Eq. 6.4 

 

where the Aα, A, and A are the sum of the areas in the diffractogram corresponding to 

each maximum of associated the , , and , respectively. 

 

6.2.2. Influence of solvent on the chain conformation in PVDF 

deposits: A quantitative FTIR spectroscopic study 

Figure 6.4 presents the FTIR spectra for PVDF deposits prepared from solutions in the 

selected solvents listed in Table 6.1. FTIR results show different spectral signatures for 

deposits prepared from different solvents. Precisely, FTIR spectra exhibit differences in 

intensity for the characteristic bands of the different crystalline phases of PVDF43,57. 

 



Development of polar phases in PVDF deposits and NPs 

217 

 

Figure 6.4. Normalised Infrared (IR) spectra of the samples prepared by drop 

casting deposition from solution in different solvents, indicated by the labels. 

The spectra labelled as powder correspond to the PVDF sample as received. All 

spectra have been baseline-corrected and normalised to the intensity of the most 

prominent absorption band at 873 cm-1 to facilitate comparison. A vertical offset 
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of 0.9 absorbance units has been applied between successive spectra for clarity. 

The characteristic vibrational bands of the main crystalline phases are marked by 

dotted lines: : grey, : pink,  and : purple. 

 

As observed in Figure 6.4, deposits prepared using PC, DMSO, or DMA exhibit strong 

absorption bands at approximately 480 cm-1 and 1230 cm-1, which are associated with the  

phase. Furthermore, the bands at 510 cm-1 and 835 cm-1 that are clearly visible in the samples 

prepared from solution in PC, DMSO and DMA, are associated with the electroactive phases 

 and . It is important to note that many of the IR bands coincide for the  and  phases 

due to their TTT conformation present in both phases52. On the contrary, the bands at 874 

cm-1, 975 cm-1, and 1185 cm-1, in these three samples, present lower intensity than in all the 

other samples. These bands are associated with the non-polar  phase43,57. 

To quantitatively assess these spectral changes, the analysis focuses on the contributions 

of the electroactive phases (β and γ) by establishing the intensity ratio between the band 

related to the electroactive phase (840 cm-1) and the band associated with the  phase 

(763 cm⁻¹) (Figure 6.5), within the same vibrational mode58–61. This relationship is expressed 

by the following equation, explained by Gregorio61,62:  

 

 EA = 
𝐼840

𝐾840
𝐾763

 × 𝐼763+ 𝐼840

× 100 Eq. 6.5 

  = 100 - EA Eq. 6.6 

 

where EA and  in Equations 6.5 and 6.6 are representative of the fraction of the 

electroactive and  phases, I840 is the intensity of the band corresponding to 840 cm-1, I763 is 

the intensity at 763 cm-1, and K840 = 7.7x104 cm2/mol and K763 = 6.1x104 cm2/mol are the 

absorption constants at the corresponding wavenumber60,61,63,64. These results underscore the 

critical role of the solvent in modulating the phase composition of PVDF deposits, offering 

insights into how solvent properties affect the molecular ordering of the material, as 

described below. 
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Figure 6.5. IR spectra in the 720-900 cm-¹ wavenumber region of a PVDF 

sample prepared from DMA (orange) and acetone (yellow), highlighting the 

characteristic bands of the non-electroactive (, grey dashed line) and 

electroactive ( and , purple dashed line) phases. All spectra have been baseline-

corrected and normalised to the intensity of the most prominent absorption band 

at 873 cm-1 to facilitate comparison. A vertical offset of 0.8 absorbance units has 

been applied between successive spectra for clarity. 

 

6.2.3. Influence of solvent properties on the crystalline phase 

formation of PVDF: role of the boiling point, solubility and 

polarity 

The degree of crystallinity was determined from XRD data by comparing the area of the 

amorphous halo with the total diffractogram area. For example, Figure 6.3 shows that NPs 

prepared in DMSO exhibit a crystallinity of 38%, whereas those obtained in EtOH reach 

58%. Furthermore, significant variations in the polar phase content are observed when 

changing the solvent. Figure 6.6 depicts the fractions of the different crystalline phases 

estimated by both XRD and FTIR for NPs prepared in different solvents. The trends 
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observed with both techniques are consistent, confirming the solvent-dependent formation 

of polar phases. 

Figure 6.6 (a) shows the dependency of the fraction of electroactive phase on the 

solubility in the form of Ra. The results indicate an apparent lack of correlation with PVDF 

crystalline phase formation, suggesting that this property exerts a less direct influence on 

polymer chain organisation during the crystallisation process. It is important to note that, in 

contrast to the findings of Kumar et al.65, which demonstrated that better Hansen parameters 

resulted in more electroactive phases in thin films, the results of this study indicate that, in 

the studied solvents, solubility does not significantly influence the formation of the desired 

phases. This apparent discrepancy stems from the fundamental difference in the 

crystallization mechanisms employed. The study by Kumar et al.65 utilized the Langmuir 

technique, where PVDF chains crystallize at the air-water interface. In this process, the 

organization and packing of polymer chains are governed by a combination of interfacial 

interactions, surface pressure, and solvent spreading properties. Conversely, deposits 

prepared in this Thesis involve crystallization from solution, a bulk process where the key 

determinant is the interaction between the polymer chains and the solvent molecules 

themselves. Consequently, all solvents are considered suitable for the study.  

Figure 6.6 (b) presents the relationship between the fraction of the electroactive phase 

and the boiling point of the solvent. As shown in Figure 6.6 (b), the fraction of electroactive 

phase is larger for the solvents with higher boiling temperature, except for EG. This fact can 

be related to the process of evaporation, a solvent with a higher boiling point evaporates 

more slowly, which may allow for a longer rearrangement time of the PVDF chains. This 

phenomenon may potentially favour crystallisation in the electroactive phase. Chinaglia et 

al.66 reported that highly polar solvents can induce a β or γ polar phase in PVDF films, but 

this seems to occur only in micrometre-thick films, and the fraction of polar phase is highly 

dependent on the evaporation rate of the solvent. However, Zhang et al.67 used a low-boiling-

point solvent, such as acetone, to favour the -phase by electrospinning. 

A clear trend is observed in the case of the dipolar moment (Figure 6.6 (c)), indicating 

that the more polar the solvent, the higher the percentage of the electroactive phase, 

especially from a value of 2.8 D, which coincides with the dipole moment of the electroactive 

phases (2.1 D)1. This finding is consistent with the results reported by other research groups 

in the context of film preparation2,6,50,52,53. While there is a consensus that the polar phases of 

PVDF are favoured in the presence of polar solvents, the crystallisation of the phases as a 

function of the polarity of the solvent has not been studied in depth50,52,68. However, it should 
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be noted that crystallisation does not necessarily have to depend solely on one parameter. It 

is hypothesised that in more polar solvents, the strong dipole-dipole interactions between 

the solvent and the -CF₂- groups of PVDF may stabilise this conformation, reducing the 

chain energy in electroactive conformations1,2,42.  

A slight trend is also observed in the case of the dielectric constant (Figure 6.6 (d)). The 

dielectric constant of the solvent appears to influence the composition of the electroactive 

phase, with higher dielectric constant solvents resulting in a greater proportion of the 

electroactive phase, excluding FA. The high dielectric constant of the solvent is indicative of 

its greater ability to stabilise partial charges. In the case of PVDF, this facilitates the formation 

of interactions that stabilise the electroactive phases. 
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Figure 6.6. Variation of the percentage of electroactive phase as a function of 

different properties of the solvents obtained by XRD (filled symbols) and FTIR 

(empty symbols): (a) solubility (Ra), (b) boiling temperature, (c) dipole moment 

and (d) dielectric constant. Solvents are represented by the following symbols: 

DMA (square), DMSO (circle), acetone (triangle), THF (inverted triangle), MEK 

(rhombus), FA (left-facing triangle), PC (hexagon), EtOH (star), MetOH 

(pentangle), EG (right-facing triangle). The PVDF in powder form has a EA 

value of 7.7 and EA value of 39. 

 

6.3. Preparation and characterisation of PVDF NPs: Effect of 

dialysis and flash techniques on morphology, size, and phase 

formation 

NPs were prepared by dialysis (see Section 2.2.1), employing the same solvents utilised 

in preparing the deposits (see Table 6.3). Additionally, for those solvents with a boiling point 

lower than that of water, NPs were also prepared via the flash technique (see Table 6.3). 

 

Table 6.3. Description of the methods for preparing NPs using different 

techniques (dialysis and flash methods). The organic solvent selected for the 

preparation, the initial concentration (in grams per litre) of the solution utilised, 

and the preparation method are included. 

Solvent Concentration (g/L) NP Preparation Method 

Acetone 

2 

Dialysis/Flash 

DMA Dialysis 

DMSO Dialysis 

EtOH Dialysis/Flash 

EG Dialysis 

FA Dialysis 

MEK Dialysis/Flash 

MetOH Dialysis/Flash 

PC Dialysis 

THF Dialysis/Flash 
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6.3.1. Investigation of solvent effects on PVDF NP by flash 

nanoprecipitation 

 

6.3.1.1. Morphological and size characterisation of PVDF NPs 

prepared by flash nanoprecipitation 

The size and morphology of the PVDF NPs prepared by flash nanoprecipitation were 

characterised by AFM after deposition on a silicon substrate by drop casting and spin coating 

(see sections 2.3.1 and 2.3.2). Figure 6.7 presents images of NPs prepared by microfluidics 

using five different solvents (acetone, EtOH, MEK and MetOH), accompanied by their 

respective histograms. The images illustrate the spherical nature of the NPs. 
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Figure 6.7. (a)-(d) AFM topographical images of PVDF NPs prepared by flash 

in microfluidics: (a) acetone, with an inset showing the two populations, (b) 

EtOH, (c) MetOH and (d) MEK. (e)-(h) Histograms of measured diameters of 

PVDF NPs prepared by flash in microfluidics: (e) acetone, (f) EtOH, (g) 

MetOH and (h) MEK. A total of at least 100 NPs were measured. 

 

As shown in Figure 6.7, the samples prepared with acetone (Figure 6.7 (a) and (e)), EtOH 

(Figure 6.7 (b) and (f)), MetOH (Figure 6.7 (c) and (g)), and MEK (Figure 6.7 (d) and (h)) 

have comparable sizes and distributions. Also, all the images show aggregates of spherical 

NPs. An analysis of the particle sizes reveals narrow distributions in almost all samples, 
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although some large particles are also found. In the samples of EtOH, MetOH and MEK, 

this distribution manifests as different populations, with a population of smaller NPs around 

22.5 nm in EtOH (Figure 6.7 (f)) and MetOH (Figure 6.7 (g)), and 35 nm in MEK (Figure 

6.7 (h)), and sporadic appearance of larger NPs. The wider distribution in sizes observed for 

NPs prepared can be related to differences in solubility (Table 6.1), and this may affect the 

formation of larger aggregates of macromolecules that nucleate larger NPs. 

 

6.3.1.2. Solvent-induced variations in the crystalline structure 

of PVDF NPs prepared by flash 

XRD experiments were performed on PVDF NPs deposited via drop casting from 

aqueous dispersions to identify the phases formed. Figure 6.8 presents the diffractograms of 

samples prepared by microfluidics. As observed in Figure 6.8, the Bragg reflections are not 

well defined, with the exception of the flash NPs prepared from EtOH. This finding suggests 

a decrease in crystallinity from NPs prepared from MetOH (47% crystallinity) to NPs 

prepared from acetone (36% crystallinity). In the case of the NPs prepared from solution in 

THF, the X-ray structure obtained is compatible with that of the  phase. However, for all 

the rest of the solvents, the Bragg peaks appear to be combinations of more than one phase. 

The particular case of EtOH is interesting, since it shows clear Bragg reflections 

corresponding to the ,  and  phases69. 
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Figure 6.8. Diffraction patterns from NPs prepared via flash microfluidics with 

different solvents, as indicated by the labels in the scattering vector (q) range 

from 11 to 16 nm-¹. The crystalline phases (: grey, : blue, : pink) are indicated 

by dotted lines. This illustrates the structural variations affected by this method. 

The diffractograms were baseline-corrected by setting the minimum intensity to 
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zero and then normalised to the intensity of the most prominent peak located 

between 14.10 and 14.25 nm-1 for each sample. For clarity, a vertical offset of 1 

intensity unit was applied between successive spectra. 

 

6.3.1.3. Modulation of PVDF crystalline phases by solvent: FTIR 

study 

As illustrated in Figure 6.9, FTIR spectra provide additional insight by showing variations 

in the intensity of the characteristic vibrational bands related to the different crystalline 

phases of PVDF. For example, differences in the intensity of the bands correlated with the 

 phase (615 cm-1, 762 cm-1, 874 cm-1 and 1189 cm-1)43,57 are detected, representing a lower 

intensity in samples prepared from acetone and higher in the case of samples prepared from 

EtOH and powder, confirming the influence of the solvent on the composition of the PVDF 

crystalline phases. The bands assigned to the electroactive phases remain largely unaltered. 

Samples exhibiting elevated  phase show a slight blue shift at 1071 cm-1, which is ascribed 

to the bending of CF2. 
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Figure 6.9. IR spectra of the flash-prepared samples from solutions in different 

solvents, indicated by the labels, highlight the characteristic bands of each 

crystalline phase. The identified vibration modes of each crystalline phase are 

indicated by dotted lines, corresponding to : grey, : pink,  and : purple, 

  and : black. Each spectrum was normalised to its most intense peak at 
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approximately 873 cm-1. For visual clarity, a vertical offset of 0.7 absorbance 

units was applied between successive spectra. 

 

6.3.1.4. Influence of solvent properties on crystalline phases of 

PVDF NPs prepared by flash nanoprecipitation 

Figure 6.10 illustrates the trends observed by XRD and FTIR for PVDF NPs obtained 

by flash microfluidics, as a function of the boiling point (see Figure 6.10 (a)), and polarity, 

represented by dipole moment (see Figure 6.10 (b)) and dielectric constant (see Figure 6.10 

(c)). Both XRD and FTIR experiments consistently show that the fraction of electroactive 

phases remains relatively constant across the different solvents used. This effect can be 

attributed to the fact that the flash boiling point is less decisive, since the displacement of 

the solvent by the antisolvent produces the NPs and, therefore, the assembly of the chains. 

In the case of polarity, these solvents have polarities that are lower or only slightly higher 

than the polarity of the electroactive phases of PVDF. 
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Figure 6.10. Influence of solvent properties on the electroactive phase content 

in PVDF NPs, as determined by XRD (filled symbols) and FTIR spectroscopy 

(empty symbols). Samples were prepared by flash nanoprecipitation using 

microfluidics. The solvent properties examined were: (a) boiling point, (b) , 

and (c) r. Solvents are represented by the following symbols: acetone (triangle), 

THF (inverted triangle), MEK (rhombus), EtOH (star), MetOH (pentangle). The 

PVDF in powder form has a EA value of 7.7 and EA value of 39. 
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6.3.2. The influence of solvent on PVDF NPs prepared by 

dialysis 

 

6.3.2.1. Dialysis NPs prepared at room temperature 

 

6.3.2.1.1. Influence of solvent on the size, morphology, and 

nucleation mechanisms of PVDF NPs 

The size and morphology of the PVDF NPs were characterised by AFM in the same 

conditions as PVDF flash NPs. Figure 6.11 presents images of NPs prepared by dialysis 

using five different solvents (acetone, EtOH, EG, MetOH and THF), along with their 

respective size distributions. 
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Figure 6.11. (a)-(e) AFM topographical images of PVDF NPs prepared by 

dialysis. (a) corresponds to acetone, (b) EtOH, with an inset showing the two 

populations, (c) EG, (d) MetOH and (e) THF. (f) to (i) histogram of measured 

diameters of PVDF NPs prepared by dialysis. (f) corresponds to acetone, (g) 

EtOH, (h) EG, (i) MetOH and (j) THF. Total number of NPs counted: at least 

100. 
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In Figure 6.11 is observed that all samples have nearly spherical NPs with nanometric 

sizes that do not exceed 300 nm. Figure 6.11 (a), corresponding to acetone, shows small NPs 

with a size of approximately 22.5 nm and monodispersity. A similar observation can be made 

for MetOH and THF (see Figures 6.11 (d) and (e)), where the size for these samples is found 

to be approximately 30 nm and 45 nm, respectively. However, it is noted that the size 

distribution functions for these samples are broader (see Figures 6.11 (i) and (j)). In Figures 

6.11 (b) and (c), corresponding to NPs obtained from EtOH and EG, the images show larger 

sizes, leading to the appearance of bimodal size distributions (Figures 6.11 (g) and (h)), with 

one of the populations centred at 27.5 for EtOH and 22.5 for EG and the other at 222.5 for 

EtOH and 232.5 for EG. As it was explained in the previous section, the presence of these 

two distinct populations could be indicative of the existence of two distinct nucleation and 

growth mechanisms due to the interaction of the solvent with the PVDF. 

 

6.3.2.1.2. Solvent-dependent crystalline phase composition 

in dialysis prepared PVDF NPs 

The diffractograms for NPs prepared by dialysis with the different solvents are presented 

in Figure 6.12, revealing notable differences among the samples. As with deposits and 

microfluidic NPs, all the diffraction patterns show two main diffraction maxima. However, 

it should be noted that the positions of these maxima exhibit significant shifts depending on 

the solvent used. Specifically, NPs prepared from PC, DMSO, DMA, acetone and MEK 

show broad maxima, whose positions are consistent with electroactive phases. However, the 

NPs prepared from all the rest of the solvents show reflections with positions shifted towards 

lower q values, which are consistent with the non-polar  phase69. The degree of crystallinity 

exhibited by the NPs prepared with varying solvents exhibits marginal variation. For 

instance, the NPs prepared from DMSO exhibit a higher proportion of an electroactive 

phase, resulting in a crystallinity of 53%, in comparison to the 56% crystallinity of EtOH, 

whose predominant phase is . 
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Figure 6.12. Normalised XRD patterns of the samples prepared by dialysis using 

different solvents, as indicated by the labels, with identified crystalline phases (: 

grey, : blue, : pink) indicated by dotted lines. These patterns highlight 

differences in crystal structure and phase composition. The diffractograms were 
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baseline corrected to zero and then normalised to the maximum intensity peak 

observed between 14.10 and 14.25 nm-1 for each individual diffractogram. For 

visual clarity, a vertical offset of approximately 0.5 intensity units was applied 

between successive spectra. 

 

6.3.2.1.3. Influence of solvent on PVDF crystalline phase 

composition: FTIR Study 

The FTIR spectra of the NPs prepared by dialysis from different solvents are shown in 

Figure 6.13. Notably, the samples prepared from PC, DMSO and DMA clearly exhibit the 

bands at 480 cm-1 and 1230 cm-1 that are characteristic of the  phase 43,57. These samples also 

show other bands associated with electroactive phases (510 cm-1 and 835 cm-1)43,57, while 

those associated with the  phase (610 cm-1, 760 cm-1, 874 cm-1, 974 cm-1 and 1186 cm-1)43,57 

are detected with lower intensity compared to those from less polar solvents. The appearance 

of the band at 835 cm-1 is associated with the asymmetric oscillation of CH2 in polar 

conformation and the shift toward a larger wavenumber at 1071 cm-1, attributed to the 

bending of CF2. The results obtained from this study indicate that an increase in the dipole 

moment of the solvent leads to an enhancement in the torsion of the molecular chains (see 

Table 6.1). 

 



Development of polar phases in PVDF deposits and NPs 

237 

 

Figure 6.13. IR spectra of the samples prepared by dialysis from solutions in 

different solvents, indicated by the labels. All spectra were baseline-corrected and 

normalised to the strongest absorption at 873 cm-1, then vertically offset by 0.8 

absorbance units for clarity. Dotted lines mark the characteristic bands of each 

phase: : grey, : pink,  and : purple,   and : black. 
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6.3.2.1.4. The role of solvent and antisolvent miscibility and 

solvent polarity on the crystalline phase formation of 

dialysis prepared PVDF NPs 

The fraction of electroactive phases from XRD and FTIR was calculated as explained 

above for the case of the deposits. Thus, in the case of dialysis, the boiling point of the 

solvent is not a significant factor, as no evaporation occurs. Instead, the key step influencing 

the process is the solvent-antisolvent exchange across the membrane, which is governed by 

the miscibility between the organic solvent and water. Consequently, the solvent–water 

miscibility has been calculated using the Ra. Table 6.4 presents the values in terms of Ra of 

the solubility between the corresponding organic solvent and water. Figure 6.14 illustrates 

the trends observed by XRD and FTIR for the NPs obtained by dialysis with respect to the 

solvents Ra (see Figure 6.14 (a)), polarity in the form of dipole moment (Figure 6.14 (b)), and 

dielectric constant (see Figure 6.14 (c)). When the electroactive phase fraction is plotted as a 

function of the Ra parameter of the solvents (Figure 6.14 (a)), it is observed that, at low Ra 

values, indicative of solvents that are highly miscible with water, the predominant phase is 

the  phase, since the exchange of the solvent with water is rapid. Conversely, for solvents 

with higher Ra values that are less miscible with water, the PVDF phases that begin to appear 

are the electroactive ones. This is because a reduced rate of solvent exchange results in a 

prolonged exposure of the PVDF chains to the organic solvent environment. Consequently, 

the chains remain in a trans conformation for a greater duration due to the solvent. This 

prolonged exposure enables the chains to adopt and maintain this conformation more 

effectively during the gradual desolvation and crystallisation process. For Figures 6.14 (b) 

and (c), the observed trends are very similar to those obtained from the deposits.  

 

Table 6.4. Miscibility of organic solvents in water expressed in terms of Ra. 

Solvent Solvents Ra (MPa1/2) 

PC 77 

DMSO 64 

DMA 66 

Acetone 71 
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MEK 75 

EG 33 

THF 69 

MetOH 40 

EtOH 46 

FA 57 

 

Consequently, the dipole moment of the solvent can be identified as a pivotal factor (see 

Figure 6.14 (b)), with the formation of the electroactive phase starting to increase when the 

dipole moment of the solvent is equal to or greater than the dipole moment of the 

electroactive phase (2.1D)1. This finding suggests that a minimum dipole-dipole interaction 

between the solvent and the PVDF chain is necessary to stabilise the electroactive 

conformation. Conversely, if the dipole moment of the solvent is comparable or greater, the 

energetic interactions could be favourable enough to direct crystallisation toward the 

electroactive phases. As previously mentioned in the context of deposits, these trends can be 

attributed to the interactions between the solvent and the PVDF chains. Solvents with higher 

dipole moments interact through dipole-dipole forces with the -CF₂- groups of PVDF, 

which can influence the conformation of the chains in solution and during the precipitation 

process and stabilise the trans conformation associated with the electroactive phase1,42,68,70. 

Conversely, solvents exhibiting lower dipole moments may promote the formation of the -

phase, attributable to their less effective stabilisation of the trans conformation70.  
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Figure 6.14. Variation of the percentage of electroactive phase as a function of 

various solvent properties determined by XRD (filled symbols) and FTIR (empty 

symbols) for NPs prepared by dialysis: (a) boiling point; (b) dipole moment; (c) 

dielectric constant. A solvent property value of 0 corresponds to PVDF in 

powder form. Solvents are represented by the following symbols: DMA (square), 

DMSO (circle), acetone (triangle), THF (inverted triangle), MEK (rhombus), FA 

(left-facing triangle), PC (hexagon), EtOH (star), MetOH (pentangle), EG (right-

facing triangle). The PVDF in powder form has a EA value of 7.7 and EA value 

of 39. 
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6.3.2.2. Tuning electroactive phase formation in PVDF NPs via 

binary solvent mixtures of DMA and acetone 

Since the above results point towards an influence of the solvent polarity on the amount 

of electroactive phase of PVDF obtained in the form of bulk deposits or NPs, mixtures of 

solvents with different polarities were used to prepare NPs and study their fraction of 

electroactive phases. For instance, research such as that of Ma et al.50 has obtained a greater 

amount of electroactive phase in films when two solvents with different polarities are mixed. 

In particular, DMA has been selected as the more polar solvent, and acetone as the less polar 

solvent. NPs were prepared by dialysis using these binary mixtures as solvents, in the specific 

volume ratios of DMA and acetone 2:1, 1:1, and 1:2. 

 

6.3.2.2.1. Influence of binary solvent mixtures on the 

crystallisation and phase formation of PVDF NPs 

The effect of the DMA/Acetone ratio on the formation of the polar phase has been 

studied using XRD, as previously described. Figure 6.15 shows the diffractograms of NPs 

obtained by dialysis. Depending on the solvent ratio, slight differences can be observed in 

the relative intensity of the regions related to the different phases. The NPs prepared in pure 

DMA exhibit two less-defined and broader maxima, which may indicate lower crystallinity 

(25%) and positions consistent with electroactive phases. However, as the proportion of 

acetone in the initial solvent mixture increases, the maxima become more defined and 

narrower, indicating higher crystallinity (52% in solely acetone), and are more identifiable 

with a mixture of polar and non-polar phases. This phenomenon is not attributed to a 

preferential displacement of the more polar solvent (DMA) by the less polar one (acetone). 

Instead, the observed changes can be explained by the variation in the overall solvating power 

of the binary mixture, which directly impacts the crystallization kinetics. When the polymer 

is dissolved in pure DMA, the strong DMA-PVDF interactions promote the formation of 

polar conformations. However, the slow, gradual solvent exchange during dialysis may lead 

to a less-ordered structure with lower overall crystallinity. In contrast, as the proportion of 

acetone is increased, the overall polarity and solvating power of the mixture decrease, leading 

to a faster polymer collapse and nucleation when exposed to water. This more rapid 
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crystallization process favors the formation of a more crystalline structure but, due to the 

reduced control over chain organization, can result in a mixture of both polar and non-polar 

phases. The fraction of polar phases thus estimated from these diffractograms is presented 

in Figure 6.17. 

 

 

Figure 6.15. Characterisation of the samples by X-ray diffraction for samples 

with DMA (brown), acetone (green) and binary solvent ratios: 2:1 (caramel 

colour), 1:1 (orange) and 1:2 (yellow) with characteristic bands of the identified 

phases highlighted by dotted lines: : grey, : blue, : pink. All diffractograms 

have been baseline-corrected and normalised with respect to the most intense 

diffraction peak located between 14.10 and 14.25 nm⁻¹ to allow for direct 

comparison of relative peak intensities. A vertical offset of 0.7 units has been 

applied between successive curves to improve visual clarity. 
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6.3.2.2.2. Tuning PVDF crystalline phases with solvent 

mixtures: An FTIR spectroscopic investigation 

The polar phase formation in dialysis NPs prepared from DMA/Acetone mixtures was 

also investigated using FTIR spectroscopy in the spectral region of 400-1500 cm⁻¹. Figure 

6.16 shows the FTIR spectra of the NPs obtained by dialysis, and again, only subtle variations 

are observed among samples prepared from different solvent ratios. The presence of all 

phases of PVDF is confirmed in the samples. Samples prepared from solvent mixtures with 

a higher proportion of DMA exhibit lower intensities in the bands associated with the  

phase at 610, 765, or 978 cm-1,43,57 while bands corresponding to the electroactive phases, 

such as those at 488, 515, 840, 1233, or 1405 cm-1,43,57 show higher intensities. This suggests 

support for the idea postulated above those solvents with higher polarity may promote the 

formation of the  phase (all-trans conformation) and the  phase (TTTGTTTG’ 

conformation)50,71. 
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Figure 6.16. IR spectra of the samples prepared with DMA (brown), acetone 

(green) and binary solvent ratios: 2:1 (caramel colour), 1:1 (orange) and 1:2 
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(yellow). To facilitate visual comparison of the spectral features and trends, each 

spectrum was normalised to its most intense peak at approximately 873 cm-1, and 

a constant vertical offset of 0.7 absorbance units was applied between successive 

spectra. The characteristic bands of the identified phases are highlighted by 

dotted lines (: grey, : blue, : pink). 

 

6.3.2.2.3. Solvent mixtures and their impact on PVDF 

crystalline phase composition: A comparative WAXS and 

FTIR study 

The proportion of the electroactive phase is illustrated in Figure 6.17. Figure 6.17 show 

a slight trend for an increased proportion of the electroactive phase in the presence of a 

solvent mixture for XRD. These observations are consistent with the findings reported in 

the extant literature on films50. This tendency is more pronounced in the electroactive phase 

obtained when compared with the less polar solvent (acetone), but slightly higher than that 

obtained with the more polar solvent (DMA), reaching a maximum value when the ratio is 

1:1. This observation aligns with the conclusions drawn by Ma et al.50, who reported that a 

1:1 ratio in DMF as more polar solvent and acetone as less polar solvent is optimal for film 

preparation, leading to the highest electroactive content. The underlying mechanism for this 

phenomenon is attributed to the dipolar interactions and hydrogen bonding between the 

highly electronegative part of the solvent molecules (in this case, the O- of DMA) with the 

partial positive charge of the hydrogens (H+) of the PVDF chain, thereby stabilising the 

trans conformation associated with the electroactive phase42,50,52,68. Conversely, repulsive 

interactions between the O- of DMA and the fluorine (F-) of the chain further modulate 

this effect50,52. This phenomenon would explain why a solvent of lower polarity as acetone, 

is required to interact with DMA, and why a 1:1 ratio is more effective because it seems to 

achieve an optimal balance between the favourable and unfavourable interactions between 

the solvent and PVDF to control the process that maximises the formation of the 

electroactive phase. Other studies refer to the interaction of the NH2 group, instead of 

oxygen, with the fluorine atoms of the chain through hydrogen bonds, which favoured the 

presence of the trans conformation72–74. However, both explanations may be plausible, and 

the polar solvent molecules may orient themselves based on the interaction with the 

corresponding part of the chain, but the effect of acetone would be diminished. A theoretical 

study on the interactions between solvent molecules and the PVDF chain could provide 
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further insights into the mechanism. Conversely, in the context of FTIR spectra, a different 

trend can be observed. In this case, a tendency towards a lower proportion of electroactive 

phase is observed when there is a greater amount of acetone, indicating that an optimal 

balance between polar and less polar solvents is critical. The differences between XRD and 

FTIR may be due to the fact that both techniques are sensitive to different aspects of the 

crystal structure. XRD provides information about long-range ordering, while FTIR is 

sensitive to local molecular conformations. 

 

 

Figure 6.17. Variation of the electroactive phase of PVDF NPs as a function of 

solvent composition: pure solvents of DMA and acetone and mixtures with 

ratios of 2:1, 1:1 and 1:2 (DMA:Acetone) by XRD (filled symbols) and FTIR 

(empty symbols) analysis. Solvents are represented by the following symbols: 

DMA (square), acetone (triangle), DMA:Acetone (2:1) (triangle), DMA:Acetone 

(1:1) (rhombus), DMA:Acetone (1:2) (hexagon). 

 

6.3.2.3. Impact of dialysis bath temperature on crystalline 

structure of PVDF NPs processed from DMA 

Li et al.75 reported that, in PVDF films, increasing the crystallisation temperature 

increases the degree of crystallinity, whereas the content of the electroactive phase is 

maximised when crystallisation occurs at lower temperatures. In this section, NPs were 

prepared by dialysis using DMA as an organic solvent while varying the water bath 



Development of polar phases in PVDF deposits and NPs 

246 

temperature. Three distinct procedures were employed for this purpose. The first procedure 

was to use a bath at room temperature (around 20 ℃). This method has been employed in 

all previous preparations. The second procedure involved using an ice bath that provides a 

dialysis bath of approximately 15 ℃. A third preparation was carried out using a plate that 

heated the water bath to a temperature of 70 ℃. The objective of this study is to determine 

whether the effect of the temperature of the water bath affects the crystalline structure of 

PVDF NPs. 

 

6.3.2.3.1. Effect of bath temperature on PVDF phase 

formation and crystallinity 

Figure 6.18 shows the X-ray diffractograms for the three sets of NPs, prepared by 

dialysing at three different temperatures. It is notable that NPs formed by dialysis at elevated 

temperatures exhibit the most intense maximum at 12.9 nm-1, corresponding to the  phase. 

It is important to note that the maximum intensity decreases as the dialysis bath temperature 

decreases. In addition, a reduction in bath temperature has been shown to result in an 

increase in the intensity of the peaks that are associated with the electroactive phases. Finally, 

the sample dialysed at the room temperature appears to be the least crystalline (44% at high 

and low temperatures, and 25% at room temperature), although no major variations are 

observed. 
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Figure 6.18. Sample characterisation by WAXS of three samples prepared by 

dialysis at different water bath temperatures: low (15 ℃, blue), room (20 ℃, pink) 

and high (70 ℃, yellow), highlighting the characteristic bands of the identified 

phases, marked with dotted lines (: grey, : blue, : pink), and showing the 

changes in phase composition as a function of water bath temperature. Each 

pattern was baseline-corrected to zero intensity, normalised to the most intense 

peak in the q-range 14.10–14.25 nm⁻¹, and vertically offset by 0.6 relative 

intensity units for clarity 

 

6.3.2.3.2. Investigation of temperature effects on PVDF 

crystalline phases: An FTIR perspective 

Similarly, the FTIR data (Figure 6.19) reveal differences in band intensities. Specifically, 

bands associated with the electroactive phases, such as those at 488, 512, and 843, or 1235 

cm-1, exhibit decreased intensity at room temperature. Conversely, the intensity of bands 

characteristic of the  phase, such as those at 615, 764, or 882 cm-1, increases with increasing 

dialysis bath temperature. Furthermore, the band associated with the interaction between 

DMA and PVDF at 675 cm-1 shows enhanced intensity when the dialysis is performed at a 



Development of polar phases in PVDF deposits and NPs 

248 

higher temperature, suggesting a stronger interaction between the solvent and the polymer 

under these conditions. 

 

 

Figure 6.19. FTIR spectra of the three samples (low temperature (blue), room 

temperature (pink) and high temperature (yellow)), highlighting the characteristic 

bands of the identified phases (: grey, : pink,  and : purple) and the band 

associated with the interaction between DMA and PVDF (green band with 

asterisk), marked with dotted lines. All spectra have been baseline-corrected and 

normalised with respect to the most intense vibrational band located at 873 cm-

1, characteristic of the electroactive phases. A vertical offset of 0.8 units has been 

applied between spectra to enhance visual distinction. 

 

6.3.2.3.3. Influence of dialysis bath temperature on 

electroactive phase formation in PVDF NPs: A GIWAXS and 

FTIR Study 

As illustrated in Figure 6.20, the percentages of the electroactive phase for three samples 

have been determined by XRD (Figure 6.20 (a)) and FTIR (Figure 6.20 (b)). The sample 

dialysed at room temperature exhibits the lowest electroactive phase contribution in both 
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XRD and FTIR. This observation suggests that the temperature of the water bath does not 

significantly affect the thermodynamic or kinetic aspects governing the formation of the 

electroactive phase. Rather, it influences the overall crystallinity by modulating the rate of 

solvent exchange across the membrane and chain mobility during crystallisation. A bath at a 

lower temperature (20 ℃) could favour rapid nucleation and limit crystal growth due to the 

reduced mobility of the chains, thereby potentially favouring the formation of less ordered, 

electroactive-rich phases. Conversely, at higher temperatures (70 ℃), a more prolonged 

growth is favoured, which can induce changes in the conformation of the chains and the 

distribution of the phases. Gregorio et al.61 analysed these effects in films, concluding that 

high temperatures and long formation times give rise to more electroactive phases. Li et al.75 

investigated the impact of crystallisation temperature on PVDF films prepared from DMSO, 

observing an increased proportion of polar phase at 60°C. However, at lower and higher 

temperatures, this fraction decreases. Concurrently, Gutierrez-Fernandez et al.51 investigated 

the impact of temperature on NPs prepared by dialysis utilising DMA as an organic solvent. 

This work demonstrates how the increase in temperature favours the electroactive phases 

due to  to  phase transitions51. Okada et al.46 also obtained a higher percentage of 

electroactive phase when they subjected the DMF-prepared NPs to acetone and an ionic 

liquid at elevated temperatures. However, it should be noted that the temperatures at which 

differences were observed in both studies exceeded 145 ℃, which was not possible to achieve 

in the present study. Consequently, in contrast to the influence of the temperature in the 

formation of the films as explained by Li et al.75 or Gregorio et al.61, the alteration in bath 

temperature to prepare NPs could not influence the kinetic energy of the chains, thereby 

maintaining the degree of ordering during the solvent displacement stage. Furthermore, the 

investigation revealed that temperature does not appear to influence the rate of exchange of 

DMA through water. Therefore, the formation of the electroactive phase appears to depend 

primarily on the dissolution stage and the conformation adopted by the PVDF chains or the 

precipitation rate, which are not significantly affected by temperature. 
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Figure 6.20. Variation of the proportion of electroactive phase in PVDF NPs 

prepared by dialysis at different water bath temperatures, as determined by XRD 

(filled symbols) and FTIR analysis (empty symbols). Solvents are represented by 

the following symbols: low (circle), room temperature (square), high (star).  

 

6.3.3. Comparative analysis of flash microfluidic and dialysis 

for PVDF NPs formation 

 

6.3.3.1. The effect of solvent on PVDF NP morphology 

As shown in Figures 6.7 and 6.11, the overall tendency of NPs to adopt a spherical shape 

is observed. Figure 6.21 shows that the diameter of the smaller population corresponding to 

the preparation with all the solvents used, both by dialysis and by flash. Furthermore, it is 

observed that the sizes obtained for solvents such as acetone, EtOH, and THF are smaller 

in microfluidic flash than those in dialysis. These differences may be related to the mixing 

conditions of the solvent and antisolvent, which affect the nucleation and growth of the NPs. 

In the flash method, the displacement of the solvent by the antisolvent is faster than in 

dialysis, but less controlled. This could generate smaller NP sizes, but in turn, broader 

distributions. Additionally, the solvent removal process in flash is more rapid than in dialysis, 

with evaporation being faster than diffusion. 
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Figure 6.21. Particle diameters for the different organic solvents used to prepare 

PVDF NPs: dialysis (black) and flash microfluidics (red). 

 

6.3.3.2. Comparative study of PVDF NPs crystallinity and 

electroactive phase formation 

This section aims to provide a comparative analysis of the influence of the preparation 

methods on PVDF NPs produced by flash microfluidics versus those prepared by dialysis. 

Figure 6.22 shows the diffractograms of the NPs prepared by microfluidics (Figure 6.22 (a)) 

and those obtained by dialysis (Figure 6.22 (b)) for the same solvents. The spectra 

corresponding to the same solvents are similar. The degree of crystallinity is dependent on 

the method of preparation, though no clear trend has been identified as to which method 
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favours greater crystallinity. For instance, the crystallinity value of NPs prepared through 

acetone as a solvent is 36% in microfluidics and 52% in dialysis. The crystallinity value of 

NPs prepared through methanol as a solvent is 47% in microfluidics and 39% in dialysis. 

With regard to the position of the maxima, in the context of dialysis, the maxima associated 

with the electroactive phases are observed to be slightly more intense in the case of acetone 

and MEK. In the case of EtOH, the application of microfluidics to the diffractogram results 

in more clearly differentiated maxima. In THF and MetOH, no significant changes are 

observed. 

 

 

Figure 6.22. Diffractograms of PVDF NPs obtained by: (a) flash and (b) 

dialysis. 

 

In the case of the crystalline phases, Figure 6.23 compares the fraction of electroactive 

phases obtained by XRD (Figure 6.23 (a)) and FTIR (Figure 6.23 (b)) for both types of NPs, 

as a function of the dipole moment. FTIR results show that the electroactive phase fraction 

is constant for NPs prepared with solvents with dipolar moment below 2.1 D, for both types 
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of NPs. For solvents with higher values of the dipolar moment, the fraction of electroactive 

phase increases as the dipolar moment increases. XRD results also show this trend, although 

the trend is less pronounced than in the dialysis case. However, by FTIR, this trend is very 

similar, with coinciding values, obtaining similar electroactive phase values up to a dipole 

moment value of 2.1 D, as discussed above, where a slight increase in the electroactive phase 

is appreciated. In the case of flash, the application of this trend cannot be tested with more 

polar solvents due to their boiling point. 

 

 

Figure 6.23. (a) Variation of the electroactive phase in PVDF NPs prepared by 

dialysis (purple) and in flash (magenta) versus the dipole moment of the different 

solvents used, obtained from X-ray diffractograms and from (b) FTIR. Solvents 

are represented by the following symbols: DMA (square), DMSO (circle), 

acetone (triangle), THF (inverted triangle), MEK (rhombus), FA (left-facing 

triangle), PC (hexagon), EtOH (star), MetOH (pentangle), EG (right-facing 

triangle) 
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6.4. A comparative analysis of solvent influence on crystallinity 

and crystalline phases of PVDF deposits and dialysis-prepared 

NPs 

This section evaluates the effect of NP preparation by dialysis when compared to the 

deposits prepared from the same solvent. For this study, NPs prepared by dialysis were 

selected for comparison, since the flash NPs were prepared only in low-polarity solvents, 

due to the limitation of the solvent boiling point in the preparation method, resulting in no 

significant changes in the percentage of electroactive phase. 

In terms of crystallinity, no trends are observed in terms of crystalline content (see Figure 

6.24). The confinement of polymer chains within the NPs could potentially induce alterations 

in crystallinity. 
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Figure 6.24. Diffractograms of PVDF NPs obtained by: (a) deposits and (b) 

dialysis. 

 

In the case of the crystalline phases, the trend observed in the X-ray diffractograms 

(Figure 6.25 (a)) and FTIR spectra (Figure 6.25 (b)) is shown for the deposits and NPs. In 

the case of the information obtained by X-ray analysis, a greater contribution of the 

electroactive phase is observed for the less polar solvents in NPs. However, the trend of 

increasing percentage of electroactive phase starts at a very similar dipole moment, which 

corresponds to the dipole moment of the electroactive phase of PVDF1, as mentioned above. 

Similarly, in FTIR, both the deposits and the NPs show very similar results, with coinciding 

electroactive phase values for all solvents. These results indicate that the change from solvent 

to antisolvent does not affect the phase obtained, nor the precipitation technique. The 

decisive step is the dissolution of the polymer in the solvent and the molecular arrangement 

of the chains in solution. It is also noteworthy that the polymer concentration, which is 50 

g/L in the deposits and 2 g/L in the NPs, does not have a significant impact on either the 

crystallinity or the phases obtained. 

 

 

Figure 6.25. Variation of the electroactive phase in PVDF NPs prepared by 

dialysis (purple) and in deposits (red) versus the dipole moment of the different 
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solvents used, obtained from: (a) X-ray diffractograms. (b) FTIR. Solvents are 

represented by the following symbols: DMA (square), DMSO (circle), acetone 

(triangle), THF (inverted triangle), MEK (rhombus), FA (left-facing triangle), PC 

(hexagon), EtOH (star), MetOH (pentangle), EG (right-facing triangle) 

 

6.5. Conclusions 

This chapter comprehensively examined the impact of solvent properties on the 

formation of PVDF deposits and NPs, prepared by two distinct methods: dialysis and flash 

microfluidics. The utilisation of a combination of XRD and FTIR has facilitated the 

establishment of significant correlations between the physicochemical properties of the 

solvents and the ensuing crystalline phases. Based on the experimental findings, the following 

conclusions were drawn: 

- The formation of polar phases is governed by solvent polarity and boiling point: The 

formation of polar phases in PVDF is strongly influenced by solvent polarity, 

particularly as reflected by the dipole moment and dielectric constant, as well as by 

the boiling point. 

- Achievement of nanoscale sizes on a universal scale: In all cases, the presence of 

particles in the nanometric range was obtained, regardless of the preparation method 

(dialysis or flash) or solvent utilised. 

- Dipole moment as a key determinant for NPs: For PVDF NPs, the dipole moment 

emerged as the most relevant parameter governing the appearance of the 

electroactive phase, although this trend is less pronounced in flash-prepared NPs due 

to the lower polarity of the solvents used. 

- The minimal impact of binary solvents in dialysis: The utilisation of binary solvent 

systems in NPs prepared by dialysis yielded no significant effect on the appearance 

of polar phases. 

- The temperature's minimal impact in dialysis: Modifications to the temperature of 

the dialysis bath exhibited minimal influence on the formation of electroactive 

phases. 

- Method-independent polar phase formation: Minimal variations in polar phase 

formation were observed when comparing PVDF deposits (prepared by solvent 

casting, where solvent evaporation is key) and PVDF NPs (prepared by 

dialysis/flash, driven by solvent exchange). 
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The results obtained demonstrate the pivotal function of the dissolution stage in 

regulating the conformation of PVDF chains and the crystalline phase of PVDF in both 

deposits and NPs. Specifically, polar solvents have been shown to promote strong dipole-

dipole interactions, thereby stabilising the trans chain conformation and favouring 

electroactive phase formation. This emphasises the critical importance of optimising the 

solvent‐mediated dissolution stage. In conclusion, this work provides a solid foundation for 

future investigations focused on the molecular-level understanding of PVDF crystallisation. 

It is proposed that the integration of advanced spectroscopic studies and molecular 

simulations will further elucidate the intricate PVDF crystallisation mechanisms. 
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As mentioned in the introduction section, the utilisation of light as an energy source in 

the context of organic pollutant degradation has emerged as an appealing strategy in 

environmental remediation. The growing incidence of water pollution, particularly that 

attributable to organic dyes such as textile dyes, poses a significant environmental threat due 

to its potential consequences for human health and the environment1,2. The toxicity, 

carcinogenicity, and resistance to biodegradation of these dyes are of particular concern2,3. In 

this context, considerable attention has been focused on the development of efficient 

photocatalytic materials for dye degradation under visible light. 

Methylene Blue (MB) is a cationic dye extensively utilised in numerous industries and 

notably the textile industry4. MB serves as a representative model pollutant for evaluating 

photocatalytic performance. In this chapter, it is described the degradation of MB using NPs 

of P3HT. The intrinsic capacity of P3HT to induce the generation and transport of charges 

when excited by light, which in turn induces redox reactions, facilitates the photochemical 

formation of reactive oxygen species (ROS) (•OH and O2•
- radicals), including hydroxyl 

radicals and superoxide5–8. These, in turn, enable the oxidation, mineralisation, and 

transformation of organic compounds that are highly resistant to conventional processes9,10.  

Nevertheless, the effective implementation of semiconductor polymers in wastewater 

treatment is challenging. The photooxidation of the polymer itself when reactive species are 

formed and its limited solubility in aqueous media are critical aspects that must be addressed 

to ensure the efficiency and stability of the photocatalytic process11–13. The strategy of 

dispersing semiconductor polymers in the form of NPs has emerged as a promising approach 

to overcome the solubility issue by increasing the contact surface area with the aqueous 

medium and the pollutant, optimising light-harvesting and providing a means to address 

water pollution more efficiently13–18. As previously described in this thesis, the fabrication of 

P3HT NPs in stable dispersion within aqueous media is a facile process, thereby enabling its 

use in aqueous-phase applications19,20. In addition, it has been determined that the diverse 

methodologies employed for NP preparation, whether through flash nanoprecipitation or 

miniemulsion, exert a substantial influence on their physical and structural properties, 

including crystallinity, morphology, and optical characteristics. These properties are closely 

linked to the photocatalytic efficiency of the material, particularly due to their effects on 

crystallinity, exciton diffusion, and light-harvesting. 

In view of these findings, the aim of this chapter is to investigate how such differences 

in NP preparation affect the photocatalytic performance of P3HT NPs as photocatalysts 
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under visible light irradiation20–22. The experimental setup and conditions for 

photodegradation are detailed in Section 2.5. In particular, as demonstrated in Chapter 3, for 

flash NPs, the aging effect of the precursor solutions influences the morphology, crystallinity, 

and optical properties of the NPs, which are determining factors for the generation of 

ROS5,23,24. In this chapter, the effect of this aging process on the efficiency of the flash NPs 

as a photocatalyst is investigated. In the case of miniemulsion NPs, whose physical properties 

have been discussed in detail in Chapter 4, the different preparation conditions, especially 

related to the absence or presence of sonication of the precursor emulsion, modulate the 

physical properties like NP size and dispersion, as well as crystallinity and properties25. These 

factors could significantly impact the efficiency of MB degradation23,24. To evaluate the 

performance of both types of P3HT NPs, the decrease in MB concentration was monitored 

by UV-Vis spectroscopy, and kinetic constants were calculated. 

 

7.1. Photolysis of methylene blue in the absence of 

photocatalyst: A control study 

The degradation of MB under conditions of darkness and light exposure using the lamp 

has been followed by the evolution of the UV-Vis spectra as a function of time (see Figure 

7.1). For this purpose, 1 mL of Milli-Q water and 0.1 mL of the 15 mg/L MB solution are 

added to each experiment. 
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Figure 7.1. UV-Vis spectra obtained for the MB solution for 0, 30, 60, 90, 120 

and 240 minutes under (a) darkness and (b) light exposure. 

 

Figure 7.1 shows that, in the absence of light, MB does not undergo degradation. 

However, when irradiated, the MB exhibits degradation, as evidenced by the reduction in 

intensity of the UV-Vis spectrum. As previously stated in section 2.4.4.1, the concentration 
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of MB is calculated from the Lambert-Beer equation (Eq. 2.19) based on the extinction 

coefficient at 665 nm. 

Figure 7.2 presents the concentration of MB as a function of time. It is possible to study 

the reaction kinetics by determining the initial concentration, CMB(0), and the concentration 

after a given time of exposure, CMB(t). It is noted that the concentration of MB exhibits 

negligible degradation in the dark, as demonstrated in Figure 7.1, and no reaction kinetics is 

observed, as evidenced by the reaction constant of the fit being equal to 0. Nevertheless, the 

degradation of irradiated MB follows zero-order kinetics (Eq. 7.1) with a kinetic constant of 

9.20 × 10-4 mg*L-1*min-1. 

 

 
𝐶𝑀𝐵(𝑡)

𝐶𝑀𝐵(0)
 = 1-kt Eq. 7.1. 

 

Where 𝑘 is the zero-order rate constant and t is the time. This phenomenon can be 

understood by considering the fact that the only component in question is the contaminant 

itself, and the degradation rate is independent of the concentration of MB because the 

photon flux limits the reaction rate. The rate of degradation of the contaminant is solely 

dependent upon the rate constant and is independent of the concentration of the 

contaminant. Consequently, the half-life (t1/2), defined as the time required for the 

concentration of MB to decrease to half of its initial value, is expressed for order zero 

reactions as: 

 

 t1/2 = 
1

2𝑘
 Eq. 7.2. 

 

For irradiated MB, with a CMB(t)/CMB(0) of 1, its half-life was determined to be 543 

minutes. 
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Figure 7.2. MB concentration versus time. The graph shows unirradiated MB 

() and irradiated MB (◼). A fit has been performed to obtain the kinetic 

parameters, represented by the dotted lines. Although the relative error in the 

normalised concentration increases at low C(t)/C₀ values, this is a consequence 

of the intrinsic nature of the ratio and the associated propagation of uncertainty, 

and does not reflect a lack of reliability in the experimental trend. 

 

Figure 7.3 illustrates the photodegradation efficiency in terms of variations of the 

concentration measured from UV-Vis. The photodegradation activity is defined: 

 

  (%) = 
𝑐𝑀𝐵(0)−𝑐𝑀𝐵(𝑡)

𝑐𝑀𝐵(0)
 × 100 Eq. 7.3. 

 

As expected, Figure 7.3 illustrates that MB exhibits no degradation in darkness; however, 

it does demonstrate degradation in the presence of light even in the absence of a 

photocatalyst. The linear increase in degradation efficiency with time directly reflects the 

zero-order kinetics previously determined from the concentration data shown in Figure 7.2. 

MB is a photosensitive compound and can undergo photolysis under visible or UV light, 
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especially in the presence of oxygen26,27. The excited singlet or triplet state of MB may react 

with oxygen, forming ROS. These ROS have been implicated in the subsequent degradation 

of MB26,27. 

 

 

Figure 7.3. The degradation efficiency (, %) of MB as a function of light 

exposure time (min) (◼). As a control, the efficiency for an unilluminated sample 

is presented (). 

 

In the following chapters, a study will be conducted on whether the degradation with 

P3HT NPs is more efficient. 
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7.2. Evaluation of the intrinsic photostability of P3HT 

nanoparticles under irradiation 

Following the analysis of MB degradation in the absence of P3HT NPs, it was important 

to assess the intrinsic photostability of the P3HT NPs to ensure that any observed catalytic 

activity is not affected by photodegradation of the polymer NPs. Previous studies have 

suggested that the polymer utilised in photocatalysis may be susceptible to self-

degradation11,12,28, which could impact the rate of pollutant degradation and the number of 

cycles over which the photocatalyst can be employed. In the case of P3HT, degradation may 

be attributable to chain cleavage or oxidation of the polymer. This phenomenon can be 

monitored in the UV-Vis spectrum through two distinct mechanisms: firstly, a decrease in 

the intensity of the bands; secondly, a change in their shape or position. 

Therefore, in this Section, a study of the photostability of P3HT NPs prepared by the 

miniemulsion method and the flash method is presented. To perform this assessment, 1 mL 

of Milli-Q water and 0.1 mL of the P3HT NPs dispersion have been added and irradiated. 

One representative preparation from each method has been selected for analysis: the NPs 

obtained from 168 h aged solutions in the case of flash, and the NPs sonicated in an 

ultrasonic bath in the case of miniemulsion. 

Figure 7.4 (a) and Figure 7.4 (b) shows the UV-Vis spectra for both NPs. It can be 

observed that, even after 240 minutes of irradiation, only a slight decrease in absorbance is 

observed, indicating that MB degradation kinetics can be reliably evaluated over the 

irradiation period, and that multiple degradation cycles could be performed without 

significant catalyst loss. This phenomenon may be attributed to the fact that, in the solid 

state, the effects produced in the P3HT are minimised. 
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Figure 7.4. UV-Vis spectra of: (a) P3HT NPs prepared via flash with solutions 

aged for 168 hours and (b) P3HT NPs prepared via miniemulsion with bath 

sonication at different light exposure times: 0, 30, 60, 90, 120 and 240 minutes 

and (c) The degradation efficiency (, %) of P3HT NPs prepared by flash (►) 

and miniemulsion (★). 

 

The degradation activity of the P3HT NPs is defined as: 

 

  (%) = 
𝐴(0)−𝐴(𝑡)

𝐴(0)
 × 100 Eq. 7.4. 

 

As shown in Figure 7.4 (c), analogous to that used for MB in Figure 7.3, P3HT exhibits 

minimal degradation under both preparation conditions, with efficiencies remaining 

below 11% over the experimental period. This excellent photostability confirms that the 

observed photocatalytic activity originates from MB degradation rather than decomposition 

of the P3HT catalyst. 

 

7.3. Photocatalytic activity of P3HT flash nanoparticles 

prepared from fresh and aged solutions in the degradation of 

methylene blue 

To assess the photocatalytic activity of the different types of flash NPs, those prepared 

with an initial concentration of 3 g/L and a solvent-antisolvent volume ratio, R = 1/6, were 

utilised for analysis. Therefore, the final concentration is 0.5 g/L. For the purpose of this 

study, NPs will be prepared from both fresh solutions and solutions that have been aged for 

168 hours. Photodegradation tests were performed in aqueous MB solutions, as explained in 

detail in Section 2.5. 
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Figure 7.5. MB solution UV-VIS spectra obtained for initial mixture and after 

light exposure for 0, 30, 60, 90, 120 and 240 min in the presence of flash P3HT 

NPs prepared from (a) unaged solutions and (b) 168 h aged solutions. 
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Upon initial observation, a bleaching or loss of blue colouration in the sample is detected. 

Figure 7.5 shows the UV-Vis spectra of MB solutions exposed to lamp light for varying times 

in the presence of P3HT NPs prepared by flash from unaged solutions (Figure 7.5 (a)) and 

for the solution aged for 168 hours (Figure 7.5 (b)). The MB spectrum displays a pronounced 

absorption band at 665 nm (see Section 2.1.2.2), which is utilised to estimate the MB 

concentration of the studied solutions employing the Lambert-Beer Law (Eq. 2.19). In order 

to eliminate the contribution of P3HT absorption, a fit of the measured MB spectra with 

NPs was performed to establish the contribution of each component (see Figure 7.6). 

 

 

Figure 7.6. Fitting (black line) of the UV-Vis spectrum of the MB dispersion 

with P3HT NPs prepared for flash from fresh solutions (), through the UV-

Vis spectra of the MB solution (blue dashed dot lines) and the P3HT NP 

dispersion (green dashed dot lines). 

 

The concentration of MB was then calculated from the contributions that were obtained. 

As demonstrated in Figure 7.5, both experiments exhibited a decrease in absorption, 
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suggesting a reduction in the concentration of MB. This reduction is more pronounced in 

NPs prepared from aged solutions. Moreover, an increase in the time of irradiation is 

accompanied by a shift towards lower wavelengths. To enhance comprehension of the 

impact of NPs on photodegradation, the kinetics of MB disappearance was analysed for the 

three experiments (Figure 7.7), resulting in the determination of both the MB disappearance 

rate constant, k, and its half-life, t1/2. In the preceding section, both parameters were obtained 

for MB degradation in the absence of NPs (k = 9.20 × 10-4 mg*L-1*min-1 and t1/2 = 543 min). 

In the case of degradation with NPs, the reaction order is pseudo-first order (Eq. 7.4) as the 

presence of a catalyst exerts no influence on the disappearance reaction, only on the kinetics, 

and the velocity only depends on the concentration of MB. This is in agreement with results 

from the literature28–32. 

 

 ln (
𝑐𝑀𝐵(0)

𝑐𝑀𝐵(𝑡)
) = kappt Eq. 7.5. 

 

where 𝑘app represents an apparent first-order rate constant. This phenomenon can be 

attributed to the fact that other factors influence the degradation process in addition to those 

that influence MB degradation in the absence of a photocatalyst. When NPs are utilised, the 

light is primarily absorbed by the NPs, which generates excitons that, in turn, form ROS. 

These ROS are responsible for the degradation of pollutants. The half-life is expressed as 

follows: 

 

 t1/2 = 
ln 2

𝑘𝑎𝑝𝑝
 Eq. 7.6. 

 

For P3HT NPs prepared from unaged solution, the rate constant (kapp) is determined to 

be 1.54 × 10-3 min-1, with a half-life (t1/2) of 450 min, thereby reducing the time required to 

degrade half of the contaminant. In the case of aged NPs, kapp = 2.11 × 10-3 min-1 and t1/2 = 

329 min, thereby reducing the time required to degrade half of the contaminant considerably, 

which confirms its greater effectiveness as a photocatalyst. 
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Figure 7.7. Plot showing the natural logarithm of MB concentration versus 

irradiation time. The blue symbols (◼) represent irradiated MB, the green 

symbols () represent irradiated MB with P3HT NPs from unaged solutions, 

and the black symbols (◆) represent irradiated MB with P3HT NPs from 

solutions aged for 168 hours. The dotted lines show the fitted model used to 

obtain the kinetic parameters. In the case of the MB, being a zero-order reaction, 

the natural logarithm of the fit has been represented. 

 

Figure 7.8 shows the degradation efficiency versus exposure time of the MB solution 

without P3HT NPs and the MB solution in the presence of both types of P3HT NPs. The 

efficiency of MB degradation only by light exposure is also compared. 
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Figure 7.8. The degradation efficiency ((%)) is plotted as a function of 

irradiation time in the presence of flash NPs prepared from unaged () and 168-

hour (◆) solutions. For comparison, the degradation of MB by light alone is 

shown (◼). 

 

Figure 7.8 indicates that degradation is observable in all three experiments, with the 

presence of P3HT NPs enhancing this degradation, particularly when the NPs are prepared 

from aged solutions. It is suggested that this result may be attributable to the factors 

discussed in Chapter 3. Specifically, the NP diameter of NPs prepared through aged solutions 

exhibits a slight decrease, reducing the distance that an exciton or electron-hole pair needs 

to reach the surface, with a diffusion of approximately 10-20 nm. Also, Chapter 3 

demonstrated that aging the solutions produces NPs with higher crystallinity, together with 

an increase in the coherence length, larger crystallite sizes and reduced structural defects. It 

has been proposed that these defects function as non-radiative recombination centres for 

excitons33. The results obtained demonstrate an enhancement in the chain ordering, thereby 

facilitating the diffusion of excitons within or between chains within the polymer33. This 

effect reduces the undesirable exciton recombination process, leading to an extended exciton 

lifetime. As a result, there is an increase in the probability of charge separation on the polymer 
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surface, thus enhancing the generation of ROS, which are responsible for the degradation of 

MB. Nevertheless, an elevated proportion of the amorphous state may impede exciton 

diffusion. Additionally, an increase in crystallinity in the NPs has been demonstrated to affect 

their optical properties significantly. For instance, the NPs prepared from the 168-h solution 

demonstrate a higher proportion of J-aggregates, i.e., intrachain coupling that favours charge 

mobility34–38. The enhancement in charge mobility within these J-aggregates facilitates the 

transport of electrons and holes to the active sites on the NP surface. Moreover, the 

heightened crystallinity of aged flash NPs is reflected in a narrower optical band gap (from 

1.95 eV to 1.85 eV), thereby facilitating the transition of photoexcited electrons to the 

conduction band. This, in turn, results in an enhancement of photon absorption efficiency 

under the same light source, leading to the generation of a greater number of electron-hole 

pairs available for photocatalysis39. Taken together, these factors account for the superior 

photocatalytic efficiency observed with aged flash NPs. 

 

7.4. The influence of sonication intensity on the photocatalytic 

efficiency of P3HT nanoparticles prepared by miniemulsion. 

This section presents a study of P3HT NPs with an initial concentration of 3 g/L, 

prepared by miniemulsion using different sonication intensities. As discussed in Chapter 4, 

the application of different sonication intensities allows tuning of the NP characteristics. In 

order to later compare with the results obtained for flash NPs and presented in the previous 

section, the NPs dispersions prepared by miniemulsion were diluted to achieve the same 

theoretical concentration as the samples prepared by flash (0.5 g/L). In the experiments 

presented in this section, non-sonicated NPs, sonicated in an ultrasonic bath, and sonicated 

in a probe with an amplitude of 35% were selected for studying the impact of sonication 

during the NPs preparation on their photocatalytic efficiency. As is the case with the flash 

process, a bleaching of the mixture is observed as the irradiation time progresses. Figure 7.9 

presents the UV-Vis spectra obtained during the photodegradation experiments using the 

three mentioned miniemulsion NPs as photocatalysts, non-sonicated NPs (Figure 7.9 (a)), 

bath-sonicated NPs (Figure 7.9 (b)), and probe-sonicated NPs (Figure 7.9 (c)). In all 

experiments, a clear reduction in the intensity of the spectra is shown as the samples are 

irradiated, with a more pronounced decrease in the bath-sonicated NPs. No significant 
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changes in the shape of the absorption spectra of the dye are observed during the irradiation 

process. 
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Figure 7.9. UV-Vis spectra of MB solutions recorded after 0, 30, 60, 90, 120 and 

240 minutes of light exposure in the presence of P3HT nanoparticles prepared 

by miniemulsion: (a) without sonication, (b) sonicated using an ultrasonic bath 

and (c) sonicated using a probe at 35% amplitude. 

 

As with the case of flash, in order to eliminate the contribution of P3HT absorption, a 

fit of the measured MB spectra with NPs was performed to establish the contribution of 

each component (see Figure 7.10). 

 

 

Figure 7.10. Fitting (black line) of the UV-Vis spectrum of the MB dispersion 

with P3HT NPs prepared via miniemulsion from solutions sonicated in a bath 

(), through the UV-Vis spectra of the MB solution (blue dashed dot lines) and 

the P3HT NP dispersion (pink dashed dot lines). 

 

The Lambert-Beer equation (Eq. 2.19) calculated the MB concentration after eliminating 

the contribution of NPs in the spectra (see Section 2.4.4.1). To determine the kinetics of MB 



Photodegradation of methylene blue mediated by P3HT nanoparticles prepared by flash and 
miniemulsion: A comparative study and analysis of degradation products 

280 

disappearance, the kapp and t1/2 were calculated using Equations 7.5 and 7.6. Figure 7.11 shows 

the fit. Notably, all MB disappearance reactions with NPs follow a pseudo-first-order 

reaction. For all NPs, both the rate constant and the t1/2 indicate enhanced degradation. The 

best values are found for the bath sonicated NPs with kapp = 2.87 × 10-3 min-1 and t1/2 = 241 

min. The probe sonicated NPs also demonstrate degradation characteristics, exhibiting a 

value of kapp = 2.42 × 10-3 min-1 and a t1/2 = 262 minutes. However, the least effective 

degradation is observed in the non-sonicated NPs, with values of kapp = 2.41 × 10-3 min-1 and 

t1/2 = 288 minutes. This finding confirms the influence of the preparation conditions on the 

effectiveness of the photocatalyst. As demonstrated by Hoffmann et al.40 and Kudo et al41, 

the surface properties and the electronic structure of photocatalysts are critical in determining 

the overall efficiency of photocatalytic reactions. 

 

 

Figure 7.11. Plot of the natural logarithm of the MB concentration versus the 

irradiation time. Irradiated MB without NPs (◼) and MB irradiated in the 

presence of P3HT NPs prepared by miniemulsion without sonication (), with 

bath sonication (), and with probe sonication at 35% amplitude () are 

represented. Dotted lines represent the fitted kinetic models used to calculate the 
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reaction parameters. In the case of MB, since it is a zero-order reaction, the 

natural logarithm of the adjustment has been represented. 

 

Figure 7.12 demonstrates the degradation efficiency of the MB versus irradiation time. 

For all the NPs utilised, the degradation is greater than that of the MB irradiated exclusively 

with the lamp. However, it should be noted that the degradation efficiency of the NPs is 

dependent on the specific NPs employed in the process. The most effective NPs are those 

that were sonicated in a bath. This phenomenon can be attributed to a number of factors 

discussed in Chapter 4. The average particle size was found to be smaller than that of non-

sonicated NPs, but similar to that of the probe-sonicated NPs. This enabled the exciton or 

electron-hole pair to reach the surface, limited to 10-20 nm. However, the bath sonicated 

NPs exhibit a reduced presence of aggregates, which is indicative of a higher surface area 

ratio. The aggregation of NPs, as observed in bath-sonicated NPs, is reduced, thus increasing 

the surface-to-volume ratio. This, in turn, results in greater exposure of the active sites and 

facilitates the diffusion of excitons to the surface, where they can effectively generate ROS. 

In addition, the bath sonicated NPs demonstrate higher crystallinity than the other NPs. 

Kudo et al.41 pointed out that structure modification in inorganic photocatalysts significantly 

improves their electronic mobility and exciton formation efficiency. This same effect could 

occur in polymers such as P3HT. In conjugated polymers, a higher degree of crystallinity has 

been shown to favour more ordered chain packing (e.g., enhanced − interactions)42–44. This 

ordering reduces the density of charge traps and facilitates exciton mobility or charge 

transport along and between polymer chains, thereby leading to higher electron-hole pair 

separation efficiency and a reduction in non-radiative recombination, leading to increased 

charge availability for photocatalytic reactions at the surface. It should also be noted that 

probe‐sonicated NPs present SDS crystalline domains within their structure, as revealed by 

XRD (Figure 4.5 (b)), exciton diffusion and thus influence their photocatalytic performance. 
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Figure 7.12. The efficiency of MB degradation ((%)) as a function of irradiation 

time. The plot compares the degradation efficiency of MB with NPs prepared 

using miniemulsion: non-sonicated samples (), bath-sonicated samples in () 

and probe-sonicated samples in (). For reference, the degradation of MB by 

light alone is also included (◼). 

 

7.5. Comparative photocatalytic performance of methylene 

blue: Nanoparticles prepared by flash vs prepared by 

miniemulsion 

Finally, a comprehensive comparative study of photodegradation tests of MB in water 

was conducted using P3HT NPs prepared via flash and miniemulsion methods. These NPs 

exhibit distinct differences in optical absorption and excited-state lifetimes, as described in 

Chapter 5, which exert a direct influence on the rate of formation of ROS and, consequently, 

the overall photocatalytic activity18,23,24,45. 

Figures 7.5 (a) and 7.9 (b) display the UV–Vis spectra of MB solutions exposed to light 

for varying irradiation times in the presence of each type of P3HT NPs. In both cases, the 
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spectra exhibit an intense band at 665 nm, which is indicative of the MB concentration, as 

predicted by the Lambert–Beer equation (Section 2.4.4.1). A gradual decrease in the intensity 

of this peak is observed with increasing irradiation time, being particularly pronounced in the 

case of miniemulsion-prepared NPs. 

The calculated kinetic parameters reinforce these observations. MB photolysis alone 

follows zero-order behaviour, limited by photon flux, whereas both flash and miniemulsion 

NPs mediate degradation via pseudo-first-order kinetics in line with the Langmuir–

Hinshelwood model. Quantitatively, in the absence of a photocatalyst, MB exhibits a k = 

9.20 × 10-4 mg*L-1*min-1 and t1/2 = 543 min. For the flash-prepared P3HT NPs, the pseudo-

first-order rate constant improved to kapp = 2.11 × 10-3 min-1 and t1/2 = 329 minutes. 

Miniemulsion-prepared NPs show an even greater enhancement, with a kapp = 2.87 × 10-3 

min-1 and t1/2 = 241 minutes.  

Figure 7.13 summarises the degradation efficiency as a function of time for both NP 

types. The graph clearly indicates that the addition of P3HT NPs leads to a substantial 

enhancement in the MB degradation rate, with a notably greater effect observed for the 

miniemulsion-prepared NPs. This improved performance can be correlated with higher 

crystallinity and a shorter distance in the − packing direction associated with the presence 

of SDS. The amphiphilic nature of SDS also impacts the NP-water interface, potentially 

facilitating MB degradation through enhanced electron transfer. These features facilitate 

better charge transport and reduced exciton recombination, as previously discussed in 

Chapter 5. Optically, this enhanced order is manifest in more defined absorption bands and 

a smaller band gap for miniemulsion NPs, which promotes efficient electron excitation and 

subsequent exciton formation, leading to increased ROS generation. Furthermore, 

miniemulsion NPs exhibit a greater proportion of J-aggregates, where parallel and offset 

(head-to-tail) transition dipoles allow for enhanced exciton delocalisation and reduced energy 

dispersion47. Complementary fluorescence lifetime studies from Chapter 5 reveal that 

miniemulsion-prepared NPs show minimal fluorescence emission, indicating that absorbed 

photons are not re-emitted but instead drive exciton dissociation into electron-hole pairs or 

efficient charge transfer. This rapid exciton decay is associated with the formation of stable 

charge-separated states, thereby boosting the generation of ROS. In contrast, the greater 

structural disorder in flash-prepared NPs likely hinders efficient charge separation, leading 

to more exciton recombination. According to Hoffmann et al.40, the rapid separation of 
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electron-hole pairs and minimisation of recombination are crucial aspects for an enhanced 

photocatalytic performance. 

 

 

Figure 7.13. The efficiency of MB degradation ((%)) as a function of irradiation 

time. The plot compares the degradation efficiency of MB in the presence of 

P3HT NPs prepared by flash (), and P3HT NPs prepared by miniemulsion 

(). For reference, the degradation of MB by light alone is also shown (◼). 

 

A limited number of photodegradation experiments with P3HT have been documented 

in the extant literature for comparison with these results. For instance, Floresyona et al.47 

achieved a degradation of 15% in 240 minutes using phenol as a contaminant derived from 

P3HT NPs. 
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7.6. Adsorption of methylene blue onto P3HT nanoparticles in 

dark conditions 

To accurately assess the photocatalytic activity of P3HT NPs, it is essential to distinguish 

between true degradation and the adsorption of MB onto the NP surface. Significant 

adsorption processes can lead to a reduction in dye concentration, which may be 

misattributed to photocatalytic degradation. This can compromise the accuracy of 

performance evaluations. Consequently, control experiments were conducted in the absence 

of light to determine the extent of MB adsorption on the surface of both flash-prepared and 

miniemulsion-prepared P3HT NPs, thereby distinguishing it from light-induced degradation 

effects. 

For P3HT NPs prepared by the flash nanoprecipitation method using fresh solutions, 

suspensions were stored in conditions of darkness for two distinct time periods: 135 minutes 

and 360 minutes. The findings indicate that following 135 minutes of adsorption, there is an 

approximate decrease of 10% in MB concentration, while after 360 minutes, there is a slight 

increase of approximately 13%. 

Similarly, experiments with P3HT NPs prepared by miniemulsion (specifically the bath-

sonicated sample) were conducted under identical dark conditions. In this instance, the 

adsorption levels were approximately 9% at 135 minutes, rising to approximately 11% after 

360 minutes. These values closely resemble those obtained for the flash-prepared NPs, 

indicating a comparable adsorption behaviour across preparation methods. 

The adsorption levels observed for both types of P3HT NPs are relatively low and 

exhibit only a minor increase over prolonged periods in the dark. The findings indicate that 

the decrease in MB concentration observed during light-irradiated experiments is 

predominantly attributable to the photocatalytic degradation activity of the P3HT NPs, 

rather than passive adsorption phenomena. 
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7.7. LC-MS characterisation of methylene blue 

photodegradation: Demethylation and mineralisation 

pathways 

To ensure that the action of light and NPs is degrading MB, and that the change in colour 

intensity is not due to only the formation of non-coloured derivatives such as leuco 

methylene blue or oxidised methylene blue48–51, a comprehensive analysis of the degradation 

products generated during the photocatalytic process of the samples used in the experiments 

was performed after 240 minutes of irradiation using liquid chromatography coupled with 

mass spectrometry (LC-MS). LC-MS was selected due to its high sensitivity and selectivity in 

identifying low-concentration degradation by-products that may not absorb in the UV-Vis 

region52. This analysis will facilitate the proposal of possible degradation pathways of the 

contaminant and evaluate the effectiveness of P3HT NPs in the mineralisation of MB, 

providing valuable information for the development of efficient polymeric photocatalysts 

for the remediation of contaminated waters. 

The results obtained are displayed in Figure 7.15 and Table 7.1. The initial MB solution 

shows an intense signal at a time of 12.2 min, which corresponds to an m/z ratio of 284.2. 

This molecular weight is associated with the intact MB molecule. Additionally, two further 

signals emerge at m/z 270.2 and 227.2, associated with azure B and thionin48–51,53, 

respectively. These compounds are derivatives of MB, lacking methyl groups. In the case of 

Azure B, it has one less methyl than MB, and in the case of thionin, it has three fewer methyls. 

When MB is exposed to light for 240 minutes, the signal associated with MB becomes less 

intense, and the signal at m/z 227.2 assigned to thionin increases. This indicates that MB 

loses methyl groups by a demethylation cleavage, as has been previously reported in the 

literature54. The demethylation of MB is an oxidation process commonly attributed to the 

attack of highly reactive •OH radicals that are generated by photocatalysis. These radicals 

attack the methyl groups on the nitrogen atom55, leading to the successive elimination of 

these groups and the formation of less methylated intermediates such as Azure B and thionin, 

before eventual ring cleavage53. 
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Figure 7.15. LC-MS chromatograms of the MB solution, and of MB solutions 

after 240 minutes of light irradiation: MB alone, MB with P3HT NPs prepared 

by flash nanoprecipitation, and MB with P3HT NPs prepared by miniemulsion. 

 

When irradiation occurs in the presence of NPs, the LC-MS spectra reveal that after 240 

minutes, the signal corresponding to MB disappears completely, while the signal 

corresponding to thionin loses intensity, indicating a more efficient and complete 

degradation of MB. Notably, no significant signals corresponding to leuco MB or other 

colourless species reported as products of adsorption or non-degradative oxidation were 

detected, thereby confirming that the decrease in colour intensity is primarily due to the 

effective degradation of MB. 

 

Table 7.1. Summary of the LC-MS analysis of MB and its degradation products. 

The table presents the observed retention times, their corresponding m/z values, 

and their assigned chemical structures for the species identified during the 

degradation process. 

Retention time (min) m/z values Structure 

12.2 284.2 
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MB 

11.8 270.2 
 

Azure B 

1.90 227.2 
 

Thionin 

 

The photocatalytic degradation of MB has been extensively investigated using a variety 

of semiconductor materials32,48,54. Although P3HT has not been as widely studied in this 

context, the general mechanisms reported by other authors can be extended to P3HT. Upon 

absorbing photons with energy exceeding than its bandgap (Eg), P3HT undergoes excitation 

of electrons from the HOMO to the LUMO56,57. This process of charge separation results in 

the formation of excitons, which have the potential to dissociate into free charge carriers at 

defect sites or interfaces56,57. These excitons can travel to the surface of the NP, where 

ionosorption of the adsorbed oxygen by the surface occurs. Photogenerated electrons can 

reduce the molecular oxygen and generate the formation of ROS, specifically the superoxide 

anion radicals (O2•
-)56. Concurrently, the photogenerated holes neutralise the hydroxide (OH-

) ions and oxidise water, thereby producing •OH radicals56. The process of neutralisation of 

these O2•
- radicals is effected by H+ ions, which, after reactions between the products and 

successive reductions, generate further •OH radicals that oxidise the organic reagent. The 

degradation of MB results in the formation of a range of final products, attributable to the 

presence of heteroatoms. Carbon undergoes a process of conversion into gaseous carbon 

dioxide (CO₂) and into inorganic ions, such as nitrate, ammonium and sulphate, 

respectively32,58,59. This process involves the presence of heteroatoms, specifically nitrogen 

and sulphur. Complete degradation of MB into its final products involves the cleavage of the 

molecular framework of the dye. The mechanism that has been proposed is based on the 

degradation products that have been obtained. This mechanism involves the loss of CH3, 

which results in the compounds that have been detected (Azure B and thionin). Subsequent 

to the loss of all CH3, the ring initiates a process of degradation through successive attacks, 

leading to its eventual breakdown. The succession of attacks, predominantly catalysed by the 

persistent action of •OH and O2•
- radicals, results in the cleavage of bonds within the MB 

ring structure and the formation of lower molecular weight compounds. Complete 
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mineralisation of MB under photocatalytic conditions has been confirmed by the detection 

of CO₂, NO3
-, NH4

+and SO4
2- as end products32,58,59. 

Moreover, the pH of the samples was measured both before and after the irradiation 

process, with the aim of determining the effect or the possible appearance of by-products. 

The effect of irradiation is to acidify the sample, which would be in accordance with the 

formation of CO2 and inorganic salts, resulting in the mineralisation of MB and the formation 

of acidic species60,61. The present study has not revealed any evidence to suggest that the 

efficiency of MB degradation may be affected by the pH of the medium. 

 

7.8. Conclusions 

This chapter thoroughly investigates the photocatalytic degradation of MB using P3HT 

NPs prepared via flash and miniemulsion techniques, with a focus on understanding their 

stability, efficiency, and structure–activity relationships under visible light irradiation. The 

results obtained demonstrate that MB is stable in the absence of light but undergoes direct 

photolysis, even without the presence of a catalyst. However, this process is slow and follows 

zero-order kinetics due to its inherent photosensitivity and ROS formation. These results 

highlight the potential for enhancement via photocatalysis. 

P3HT NPs, independently of their preparation method, demonstrate high photostability 

over prolonged irradiation, thereby ensuring their structural integrity and photocatalytic 

activity during degradation experiments. When employed as photocatalysts, P3HT NPs 

significantly enhance MB degradation, shifting the kinetics from zero-order to pseudo-first-

order, and considerably lowering the half-life of the dye. The photocatalytic performance is 

found to be particularly enhanced in NPs derived from aged precursor solutions in the case 

of flash and those subjected to bath sonication in the case of miniemulsion, due to 

improvements in crystallinity, reduced band gap, smaller particle size, and better exciton 

diffusion, all of which contribute to more efficient ROS generation. 

In this study, miniemulsion-prepared NPs were found to demonstrate the highest 

photocatalytic efficiency among the tested systems. This enhanced efficiency is indicative of 

their optimal structural characteristics, including reduced aggregation, smaller particle size, 

enhanced crystallinity, and favourable J-aggregate formation, as corroborated by 
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fluorescence lifetime studies indicating efficient charge separation over radiative 

recombination. 

Finally, LC-MS analysis further confirmed that P3HT NPs mediate a more efficient and 

complete degradation of MB, primarily via demethylation and subsequent ring cleavage, 

leading to mineralisation into CO2 and inorganic ions. This is supported by the observed 

acidification of the medium and the absence of non-coloured intermediates and reversibly 

adsorbed by-products. These findings provide validation of the degradation mechanism 

through •OH and O2•
- radicals, which are generated via P3HT-mediated photocatalysis. 

While these findings unequivocally establish P3HT NPs as promising organic 

photocatalysts for environmental remediation, further optimisation is needed to match or 

exceed efficiencies reported for other catalysts in the literature29,32,54,63–67. Factors such as MB 

concentration and catalyst loading, which influence degradation kinetics, must be carefully 

considered in future studies66. Nevertheless, this work provides a solid foundation for the 

continued development of P3HT-based photocatalytic systems for environmental 

remediation. 
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Conclusions 

This Doctoral Thesis has explored the relationship between preparation parameters, 

nanoscale structure, and resulting functionality in poly(3-hexylthiophene) (P3HT) and 

poly(vinylidene fluoride) (PVDF) nanoparticles (NPs). The work not only explored the 

preparation and structure of these polymeric NPs through different preparation strategies, 

including flash nanoprecipitation, miniemulsion, and dialysis, but also systematically 

investigated how processing parameters affect their morphological, crystalline, and, in the 

case of P3HT, optical properties. This research analysed the correlation between the tailored 

properties and their performance in photocatalytic degradation processes. This advancement 

represents a significant step forward in comprehending the potential of controlled 

nanoconfinement in tailoring material properties for applications in optoelectronics and 

environmental remediation. 

The principal conclusions derived from this research are the following: 

o P3HT NPs prepared by flash nanoprecipitation and miniemulsion methods. 

- Polymer concentration, antisolvent-to-solvent ratio (R), and solution aging were 

found to critically affect particle size, crystallinity, and optical features of P3HT 

NPs prepared by flash nanoprecipitation. These results were obtained with 

Atomic Force Microscopy (AFM), Dynamic Light Scattering (DLS) and X-ray 

diffraction (XRD). Higher polymer concentrations resulted in aggregation, while 

intermediate R values yielded smaller and more crystalline NPs. Notably, aging 

of P3HT solutions promoted the formation of pre-aggregates, resulting in 

improved crystallinity, optimal chain alignment, enhanced chain planarization, 

and a reduced band gap in the formed NPs. 

- Sonication significantly impacted the particle characteristics, such as size or 

aggregation, crystallinity, and optical properties during miniemulsion preparation 

of P3HT NPs. In particular, ultrasonic bath sonication was identified as a critical 

factor in achieving smaller, more uniformly dispersed, and highly crystalline NPs. 

It was demonstrated that bath-sonicated NPs exhibited superior interchain order 

and J-aggregate formation in comparison to probe-sonicated or non-sonicated 

counterparts. Conversely, probe sonication resulted in the production of 

marginally larger NPs, accompanied by a decrease in crystallinity at higher 

amplitudes. 

- A comparison of flash and miniemulsion methods was conducted, which 

revealed key differences in the properties of P3HT NPs. Miniemulsion-derived 
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NPs exhibited more uniform size distributions, higher crystallinity, and enhanced 

chain planarization, as confirmed by AFM, DLS and XRD. This resulted in 

improved exciton dynamics and J-aggregate predominance when compared to 

flash-prepared NPs. Moreover, the analysis of the fluorescence lifetimes indicates 

that the deactivation of the excited state in miniemulsion NPs occurs 

predominantly through exciton transition to lower energy states and 

conformational planarization of the polymer backbone. Concurrently, flash NPs 

exhibited supplementary contributions from the decay of emissive states, 

attributable to exciton recombination. The observed differences are attributed to 

the presence of surfactant in miniemulsion NPs. The structural and optical 

outcomes of this process are dependent on the chosen preparation route and 

have a direct impact on the photocatalytic behaviour of the material. 

o Role of solvent properties in the formation of different crystalline phases in deposits 

and PVDF NPs. 

- The study demonstrated effective control over the electroactive β and γ phases 

in PVDF deposits and NPs by strategically choosing processing solvents. The 

results concluded that solvents with high polarity promoted the electroactive 

phases by favouring trans conformations through strong dipole-dipole 

interactions. In the case of NPs prepared via dialysis or flash methods, particles 

in the nanometric range were observed. However, it was found that only highly 

polar solvents in dialysis enabled significant electroactive phase content. In the 

case of flash preparation, due to the boiling point of the solvents, this trend is 

not so clear.  

Furthermore, solvent mixtures and temperature variations during dialysis 

were investigated, revealing subtle effects on crystallinity and chain organisation. 

This research establishes that polymer dissolution and molecular interactions in 

solution are the determining factors dictating the final phase organisation, even 

in nanoconfined systems. 

o P3HT NPs, prepared by both flash and miniemulsion methods, independent of 

preparation method, proved to be highly photostable, exhibiting effective 

photocatalytic effect for methylene blue (MB) degradation under visible light. 

- NPs derived from aged flash solutions and bath-sonicated miniemulsion samples 

exhibited the highest photocatalytic efficiency. This enhanced performance was 

attributed to a combination of factors, including improved crystallinity, reduced 
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band gap, decreased particle size, and enhanced exciton diffusion. Collectively, 

these factors contributed to more efficient reactive oxygen species (ROS) 

generation.  

- Miniemulsion NPs exhibited the most optimal overall photocatalytic 

performance when compared to the flash-prepared system. The enhanced 

photodegradation efficiency of the miniemulsion NPs could be attributed to their 

higher crystallinity and surfactant-induced planarity. The enhanced crystallinity 

thus facilitates charge transfer, a non-radiative process that competes with 

fluorescence and is associated with the generation of free radicals, which are 

involved in photodegradation. Conversely, the flash-prepared NPs exhibited 

diminished structural organisation, leading to elevated radiative processes and 

diminished photodegradation efficiency. 

- Liquid chromatography coupled with mass spectrometry (LC-MS) analysis 

confirmed a comprehensive degradation mechanism primarily via radical 

(demethylation and ring cleavage), leading to dye mineralisation, supported by 

the generation of •OH and O2•
- radicals. This established a clear structure-activity 

relationship for P3HT NPs, where morphological and crystalline features directly 

impact photocatalytic efficiency, thus validating their promise as organic 

photocatalysts for environmental remediation. 

In summary, this work emphasises the critical importance of solvent processing 

conditions as fundamental tools for optimising the functional performance of polymer NPs. 

The investigation attempts a contribution to the advancement of the understanding of the 

structure-property relationships in polymer NPs, providing novel strategies for the rational 

design and optimisation of polymer NPs in key fields such as sustainable environmental 

remediation technologies. Further research is necessary to continue pursuing the ultimate 

goal, in which this research is framed, towards the development of scalable, sustainable, and 

highly efficient polymer-based photocatalytic systems. 
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