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Abstract 

 

Carbon dots (CDs) are an emerging carbon nanosized species with high 

photoluminescence quantum yields. CDs were accidentally discovered in 2004 

during the isolation and purification of single-walled carbon nanotubes synthesized 

by arc-discharge methods. Since their discovery, various synthesis methods 

employing various precursors have been developed, that fall into two broad classes: 

top-down and bottom-up approaches. Also, CDs based composite materials have 

been studied widely for applications in many fields.  

CDs are typically quasi-spherical nanoparticles with an amorphous to 

nanocrystalline structure, containing sp2/sp3 carbon, oxygen/nitrogen-based 

groups, and superficial chemical groups.   

Carbon dots have attracted a broad interest in several fields due to their unique 

combination of optical properties, exceptional biocompatibility, minimal toxicity, 

great aqueous solubility, cost-effectiveness, simple synthesis, easy 

functionalization. These characteristics have spread their use from bioimaging, 

biosensing, chemical sensing to nanomedicine, antibacterial therapy, and 

optoelectronic devices.  

This thesis work is focused on exploited high-fluorescence CDs as a component of 

a composite material to create multifunctional films. CDs were synthetized by 

ultrasonic-assisted method using Citric Acid (CA) and p-Phenylendiamine (p-DPA) 

as precursors. Different molar ratios of the precursors were used to find the right 

compromise between high photoluminescence and scalability. The film is obtained 

from pre-functionalised CDs, a photopolymerizable resin and a photoinitiator under 

UV light exposure. Both CDs and multifunctional films have been characterised 

with spectroscopic techniques, AFM, TGA, FTIR and swelling test.  

The films obtained could be used either to monitor interfaces for biomedical 

applications or to release active substances/CDs or a combination of the previous 

ones. In each case the main source of information is the variation of 

photoluminescence (PL) intensity throughout the film life cycle. 
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1 Introduction 

1.1 Carbon dots 

CDs are an emerging subclass of carbon nanoparticles. PL stands out as one of the 

most captivating properties of CDs. 

CDs were discovered in 2004 during the isolation and purification of single-walled 

carbon nanotubes synthesised through arc-discharge methods [1]. In 2006, the first 

attempt was made to functionalise CDs[2]. In 2008, another significant 

breakthrough was made with the synthesis of CDs by thermal decomposition of 

organic precursors such as citrate salts [3]. In 2010, the production of highly 

crystalline CDs demonstrated for the first time the PL size dependence in these 

materials [4]. These key developments in the evolution of CDs have been pivotal 

milestones for subsequent research efforts.  

Due to the wide variety of structures and PL mechanisms associated with CDs, CDs 

nomenclature represent a relevant issue. CDs may be referred to also as carbon 

quantum dots, carbon nanodots or carbon nanoparticles. Generally, it is used the 

term CDs to describe all quasi-spherical carbon nanomaterials < 10 nm [5]. 

1.1.1 Classification 
The classification can be based either on the characteristic structural elements or on 

the production methods or on the PL mechanisms. The structure of CDs generally 

consists of a core (layers of graphene), a less crystalline shell and exposed 

functionalities (responsible for interactions) [6] as shown in Figure 1 . 

 According to the chemical structure of core and shell regions, CDs can be classified 

in Graphene Quantum Dots (GQDs), hetero atom-doped Graphene Quantum Dots 

(xGQDs), Carbon Quantum Dots (CQDs), Carbon Nanodots (CNDs), and Carbon 

Polymer Dots (CPDs). It is useful to introduce the carbon nitride quantum dots 

Figure 1 - Core-shell structure of CDs. 
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(CNQDs) which are like GQDs, with nitrogen-doped graphene units instead of 

oxygen-based ones [7].    

The synthetic routes for preparing CDs are principally divided into top–down and 

bottom–up procedures. The top–down approach transforms the massive carbon 

precursors into a mixture of particles comprising CDs. In the bottom–up approach 

small organic molecules are combined to form CDs.  

Considering the main mechanisms of PL, which will be discussed upon in the 

following sections, it is possible to group in categories CDs that exhibit similar 

mechanisms [8]. 

• Quantum Confinement Effects (QCEs), or conjugated π-domains are shared 

by GQDs and CQDs. 
• Surface states is typical of CNDs. 
• Crosslink-Enhanced Emission (CEE) effect is typical of CPDs. 

The PL classification is closely related to structural features and synthesis methods. 

Therefore, the most appropriate approach to the identification of a CD type is to 

perform chemical, structural and PL analysis simultaneously. 

1.1.2 Structure 
The study of the structure of CDs remains a subject of ongoing research, mainly 

due to their complexity and variability resulting from the multitude of precursors 

available for their synthesis. Understanding the structure becomes fundamental, 

particularly for critical applications. For instance, the approval of CDs for 

biomedical applications in humans is highly unlikely without a well-defined 

structure. 

CDs are classified in several structural categories which are strictly correlated with 

the PL features and the synthesis approaches. Figure 2  shows a comprehensive 

classification.  

Figure 2 - Schematic illustration of CDs based on the structure, shape, and PL characteristics. 

(Reproduced with permission, source [11]) 
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The structural interpretation of GQDs in Figure 3 is based on the Lerf-Klinowsky's 

model of graphite oxide [9]. GQDs are generally discoidal particles, made of 

graphene layers with highly oxidized functional groups on the edges. They have an 

average lattice parameter of 0.24 nm [10]. The layers of GQDs can assume various 

shapes, including triangular, rectangular, hexagonal, and dendrimeric, thereby 

influencing the optical properties of the particle [7]. Introduction of heteroatoms to 

GQDs, either during or after synthesis, results in the formation of xGQDs. 

 

Figure 3 - Schematic structure of GQDs. (Reproduced with permission, source [10] ) 

CQNDs present nitrogen atoms into graphene-like layers. As reported in Figure 4 

[10], the core consists of carbon, oxygen, and nitrogen atoms. CQNDs possess 

various surface groups and their structure possess more order than GQDs.  

CQDs are nearly spherical particles with a crystalline structure resulting from the 

arrangement and interaction of graphene planes within the material. Functional 

Figure 4 - Schematic structure of CQNDs. (Reproduced with permission, source [10]) 
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groups are also present on the surface of CQDs [11]. The standard spacing between 

the crystalline planes is approximately 0.34 nm [12].   

CNDs are quasi-spherical particles and possess a non-crystalline carbonized 

structure with surface functional groups [11].  

CPDs are quasi-spherical nanoparticles composed of aggregated polymer chains or 

core-shell structures where the core is carbon-based, while the shell is made up of 

polymer chains [12]. CPDs can be synthesized through monomers condensation or 

bulk material degradation. The former method produces CPDs with more well-

defined structures and properties. Mintz et al. [10] synthesized and characterized 

CPDs derived from citric acid (CA) and 1,2-diaminobenzene (DPA).  The CPDs 

exhibit a unique 3D structure due to the presence of single C-N bond between the 

aromatic units of DPA and the aliphatic units of CA. This allows the polymer chains 

to rotate and pack into this structure. As a result, the CPDs demonstrate superior 

particle stability and lower crystallinity compared to GQDs and CQNDs. Figure 5 

provides an insight into CPDs structural features.  

 

Figure 5 - Schematic structure of PCDs produced using CA and DPA. (Reproduced with permission, source 

[10]) 

CPDs synthesized in this thesis work should be like those obtained by Mintz et al. 

[10], as the same precursors and synthesis method have been used with the 

exception of the argon gas flux during the sonication.  
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1.1.3 Synthesis Methods  

1.1.3.1 Top-down methods 

The first methods used were Top-down. They involve breaking down larger carbon 

structures such as graphite powder, carbon rods, carbon fibres, carbon nanotubes or 

carbon black (Figure 6).  

The carbon materials have a perfect sp2 carbon structure and do not exhibit 

fluorescence due to the absence of a band gap. Therefore, their structure and size 

must be adjusted using top-down approaches [12].  

Arc discharge was the very first method used to produce CDs [1]. This method 

involves the formation of an arc discharge between two graphite electrodes at a 

specific voltage. The high temperature and high pressure around the arc lead to the 

vaporisation of the carbon atoms from the electrodes. The resulting carbon atoms 

then nucleate in the vapour, forming nanoparticles. 

The electrochemical process leads to exfoliation of a carbon anode, resulting in the 

formation of CDs. Oxidation caused by radical species, or the presence of 

electrolytes induces structural defects that embrittle the material. This leads to the 

fracture of the carbon anode. A high redox potential between ±1.5 V and ±3 V is 

essential to oxidise C-C bonds and water molecules and to produce hydroxyl and 

oxygen radicals that contribute to the exfoliation of the anode [13]. 

In chemical oxidation, the C-C bonds of high-carbon materials can be broken by 

using strong oxidants (e.g. sulfuric acid and nitric acid) [14]. 

Hydrothermal/solvothermal methods use a synthesis solution prepared by 

dissolving a carbon-containing material in either water or organic solvents, 

depending on the method used. The resulting solution is then placed in an autoclave, 

which is crucial for maintaining high pressure. The autoclave is heated at high 

temperature to induce the thermochemical degradation and rearrangement of the 

precursors. Varying temperature, solvent and reaction time allows a controlled 

production of CDs.   

The laser ablation method uses a high-energy laser to vaporize carbon atoms from 

carbon-rich material surface. This process results in the nucleation of carbon atoms, 

ultimately leading to the formation of CDs [15]. 

Pyrolysis is a process in which organic material is heated to high temperatures in a 

vacuum or inert atmosphere. The material is progressively heated, degraded and 

carbonised until CDs are obtained [16].  

While these methodologies can generate substantial quantities of CDs, they 

typically involve harsh conditions, such as high applied voltage or the use of 
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chemical oxidants, prolonged synthesis durations, and necessitate post-synthetic 

procedures for fine-tuning the optoelectronic properties. 

 

 
Figure 6 - Schematic representation of CDs synthesis approaches. (Reproduced with permission, source [12]) 

1.1.3.2 Bottom-up methods 

Bottom-up approaches consist of synthetising C-dots starting from molecular 

precursors like organic monomers and/or polymers (Figure 6).  

Bottom-up syntheses are more versatile considering the multitude of molecular 

precursors available, the multiple choices of thermal treatments, the quicker 

reaction times, the more uniform properties in the final material and the 

fluorescence of CDs on a large scale. It is difficult to control these formation 

processes, resulting in CDs with polydispersity. There are many bottom-up 

approaches. 

In Combustion/Thermal method, carbon dots are synthesized through the 

combustion or thermal decomposition of carbon-containing precursors.  

Microwave-assisted synthesis involves the exposure of precursor materials to 

microwave irradiation. The method is known for its quick reaction times.  

Hydrothermal synthesis involves the reaction of carbon-containing precursors in a 

high-pressure, high-temperature aqueous environment. This method often results in 

the formation of carbon dots with well-defined sizes and enhanced properties.  

Electrochemical methods apply an electric potential to induce the formation of 

carbon dots on electrodes or in an electrolyte.  

Self-assembly methods rely on the spontaneous organization of precursor 

molecules into carbon dots without the need for external forces. This method often 

results in well-structured carbon dots with controlled properties.  



Introduction  Carbon dots 

7 
 

Carbonization in a microreactor involves the controlled carbonization of precursor 

materials within a microscale reactor.  

Enhanced Hydrothermal (Microwave-Hydrothermal and Plasma-Hydrothermal) 

methods combine hydrothermal synthesis with additional energy sources like 

microwaves or plasma.  

Ultrasound Assisted synthesis involves the application of high-frequency 

ultrasound waves to promote the formation of carbon dots. The cavitation effect 

induced by ultrasound contributes to the efficient synthesis of carbon dots with 

unique properties. 

1.1.3.3 Surface functionality and passivation 

The size, degree of graphitisation, exposed functional groups, doping and degree of 

carbonisation of CDs can be controlled by selecting appropriate precursors and 

synthesis conditions. Surface modifications, such as the addition of other active 

groups or passivation, can be employed with to enhance CDs fluorescence (Figure 

7). 

 

Figure 7 - Schematic illustration of CDs properties control approaches. (Reproduced with permission, source 

[11]) 
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1.1.4 Properties  

1.1.4.1 Optical absorption  

CDs reveal strong optical absorption in the UV region with a long tail that extends 

into the visible range even to the NIR region. The correlation between the 

absorption spectrum and the electron transition of both the core and functional 

groups of CDs is illustrated in Figure 8 [17].  

Absorbance in the bands below 300 nm is commonly attributed to the π → π * 

transition of the C=C bonds in the core and sp2 networks as in graphene. The peaks 

between 300 and 400 nm are usually assigned to the n → π * transition of the C=O 

or C=N bonds present in the core. 

The absorption bands above 400 nm are caused by the surface state transition. The 

red-shifted UV-vis absorption spectrum from ca. 420 nm to NIR spectral region is 

attributed to the addition of graphitic nitrogen into the carbon sp2 lattice and O-

containing functional group (hydroxyl, carboxyl, and epoxy) on CDs surface. 

The emission peak position is always related to the excitation wavelength, which is 

known as wavelength-dependent behaviour. 

1.1.4.2 Fluorescence 

Tho origins of the luminescent mechanism of CDs are mainly ascribed to: 

1. Quantum confinement/size effect  
2. Conjugated structures  
3. Surface state  
4. Crosslink-enhanced emission (CEE) effect  
5. Self-trapped excitons 
6. Edge defects 
7. Free zigzag sites  

Figure 8 - A schematic illustration of the relationship between the absorption spectrum and electron 

transition of CDs (Reproduced with permission, source [17]). 
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8. Multi-emissive centres  
9. Synthesis parameters  

Quantum confinement is a phenomenon related to the nanometric size of the 

particle, occurring when the Bohr radius of the exciton is bigger than the particle’s 

average size. The increase of core size leads to an increase in the extent of the π-

electron system, which in turn reduces the energy gap between the valence band 

and conduction band. As the CD size decreases, the HOMO-LUMO energy gap 

increases, resulting in the emission of photons in the UV region and an 

improvement in the QY [18]. 

Conjugated structures exhibit a diffuse electron cloud over a significant portion of 

their core due to the π-system of sp2 domains, making them highly susceptible to 

the fluorescence phenomenon. As the extent of the π-electron domain increases, the 

energy gap of π → π* transitions decreases. Surface states also contribute to a small 

energy gap. These observations demonstrate the significant impact of conjugation 

on the fluorescence properties of molecules.  Larger π-domains reduce the HOMO-

LUMO gap and cause a red shift in the fluorescence emission peak. [19] 

Therefore, the red-shifted emission of CDs is derived from the enlarged π -electron 

domain or the increase in size of CDs. 

The surface state involves the degree of surface oxidation, surface functional groups 

and chemical composition. [20] 

Surface oxidation creates defects that lead to various emission sites on the CDs 

surface. The greater the number of surface defects there are, the more excitons (i.e. 

electrons and holes) can be trapped. Consequently, the radiation from the 

recombination of trapped excitons results in red-shifted emission.  

The different CDs emissions (blue, green and red fluorescence) result from the 

radiative recombination of the excited electrons from the n → π * transition of C=O, 

creating numerous new energy levels between n → π * gaps. The band gap 

decreases with increasing surface oxidation on CDs surface, resulting in a 

fluorescence redshift.   

Surface functional groups such as C=O and C=N groups, also known as the 

molecular state, can tune the fluorescence of CDs. The O-related groups (C=O) and 

N-related groups (C=N) can introduce two new energy levels and produce new 

electron transitions. Consequently, the red-shift emission will occur when the 

electrons in C=O or C=N groups related defect states return to the HOMO.  

Self-trapped excitons occur when a photoexcited exciton induces a distortion or 

reorientation in the molecular geometry, binding with the exciton to create a 

polaron. This results in reduced energy and mobility, which in turn reduces the 

relaxation and degradation process. The emission tends to shift to longer 

wavelengths and lower energy over time. [21] 
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Oxygen-related functional groups at the edge of CDs or two overlapped spectral 

bands with intrinsic and extrinsic states cause special edge defects that can tune the 

fluorescence of CDs. The size of the defect increases with the oxygen content on 

the surface, resulting in a more significant red shift of the fluorescence. [22] 

The electronic structure of graphene quantum dots (GQDs) is significantly affected 

by their edge structure. The blue fluorescence of GQDs arises from free zigzag sites 

that have a carbene-like triplet ground state. The blue emission results from the 

decay of activated electrons from the lowest unoccupied molecular orbital (LUMO) 

to the highest occupied molecular orbital (HOMO). [23] 

Cutting graphene sheets along different crystallographic directions produces 

diverse types of edges, including armchair and zigzag edges. The type of edge plays 

a crucial role in determining the electronic, magnetic, and optical properties of the 

GQD. A higher fraction of zigzag edges results in a smaller energy gap than those 

with a predominantly armchair-edge ribbon of similar width. 

The fluorescence of CDs is tuneable and arises from multiple small emissive 

molecules hybridized on the emissive carbon cores. In general, the blue-green 

emission mainly results from the graphitic core, while the long-wavelength 

emission is related to different C=O and C=N surface functional groups existing in 

the molecular residues. Conjugated molecular residues containing N and O act as 

various emission centres. [24] 

The phenomenon of CEE was firstly described by Tao et al. [25]. They compared 

the fluorescence emission of poly(ethylenimine) with CPDs-derived materials 

produced by the degradation and crosslinking of the polymer. An increase in 

fluorescence emission was observed, which was suggested to be due to the 

formation of a rigid structure that prevented the intramolecular rotations and 

vibrations promoting the fluorescence emission. Reduced mobility of the covalent 

bond caused by steric hindrance or supramolecular interactions can decrease the 

nonradiative relaxation and enhance the fluorescence of CPDs. [25] 

The fluorescent intensity of CDs increases with increasing temperature that 

influences the kinetic of the nucleation and growth of CDs and the formation of the 

shell. At higher concentrations of CDs, the interparticle distance decreases leading 

to increased interaction and resulting in the red-shift and decrease in fluorescent 

intensity due to the self-absorption. The surface functional groups of CDs have a 

close relationship with the behaviour of pH through protonation/deprotonation. 

Deprotonation induces electrostatic doping/charging of CDs and shifts the Fermi 

level. [26] 

1.1.4.3 Quenching effect 

CDs have a wide range of applications such as chemical sensing, biosensing and 

drug delivery. In most cases, the detection is based on changes in fluorescence 
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resulting from either quenching or quenching suppression [5] (Figure 9). Quenching 

mechanisms include: 

1. Static quenching  
2. Dynamic quenching 
3. Energy transfer: 

• Förster resonance energy transfer (FRET)  
• Dexter energy transfer (DET)  
• Surface energy transfer (SET)  

4. Photoinduced electron transfer (PET)  
5. Inner filter effect (IFE)  

Static quenching occurs when CDs interact with a quencher to form a non-

fluorescent ground-state complex. [27]  

Dynamic quenching, on the other hand, involves collisions between the quencher 

and CDs resulting in the return of the excited state to the ground state through 

energy transfer or charge transfer mechanisms. [28] 

The term FRET, coined after its discovery by a German scientist in 1948, involves 

the transfer of photonic energy from a first fluorophore (the donor) to a second 

fluorophore (the acceptor), followed by emission from the acceptor. This 

phenomenon occurs at distances less than 10 nm between the CD and the quencher 

molecule. [29] 

DET is based on electron transfer rather than photon transfer and requires a match 

in the redox potentials of the donor and acceptor. [30] 

SET is a recently discovered process, commonly observed with (metal) 

nanoparticles, involving a metallic surface (e.g., on gold NPs) and a molecular 

(organic) dipole. [31] 

PET is a process where an excited electron is transferred from donor to acceptor 

molecules, occurring at distances greater than 10 nm between the CD and the 

quencher molecule. [32] 

IFE occurs when the absorption spectrum of the quencher in the detection system 

overlaps with the excitation or emission spectra of CDs. This mechanism is 

attributed to interactions between surface plasmons and the orbital system of a 

fluorophore. The IFE mechanism of CDs differs from the static and dynamic 

quenching mechanisms of CDs, as it does not require modification of the CDs., IFE 

can also occur between CDs and small metal clusters, although it is more common 

for quantum dots. [33] 
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Figure 9 - Quenching mechanism. (Reproduced with permission, source [5]) 

1.1.4.4 Optical chirality  

Chirality is the geometric property of an object that cannot be overlaid onto its 

mirror image. Chiral CDs (c-CDs) can be produced by utilizing chiral precursors, 

employing a chiral substrate, or modifying the surface of CDs with chiral 

molecules. The properties of c-CDs include circular dichroism and circular 

polarized photoluminescence. The integration of chirality and luminescence in c-

CDs, makes them particularly suitable for sensing applications [34]. Chiral 

enantiomers exhibit optical activity due to the refractive index difference, which 

causes polarized light to propagate at different speeds. 

c-CDs are highly selective towards cancer cells, making them effective drug carriers 

for tumour treatment. They can also be utilised for biosensing due to their ability to 

detect changes in fluorescence emission due to enantioselective interactions with 

analytes [35].  

It is crucial to identify chiral drugs, as typically only one enantiomer is 

pharmacologically effective while the other may be harmful. For instance, 
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Levodopa is the pharmacologically active enantiomer of dopamine used for the 

treatment of Parkinson's disease [36]. 

1.1.4.5 Differences with inorganic quantum dots 

Semiconductor quantum dots (QDs) have been extensively researched in recent 

years due to their tuneable fluorescence properties, which enable their use in 

bioimaging, biosensing, and theragnostic. Nevertheless, the clinical utility of these 

quantum dots has been significantly constrained by their inherent toxicity arising 

from the use of metals in their synthesis [37]. In the quest for viable alternatives, 

CDs have emerged as promising candidates due to their high biocompatibility, 

benign chemical composition, ease of functionalization, excellent physical, 

chemical and photochemical stability, cost-effectiveness, and straightforward 

synthesis still maintaining comparable fluorescence properties. 

CDs and QDs have some differences in terms of fluorescence. Changes in surface 

functional groups have a greater impact on the fluorescence colour of CDs than 

modulating their size. CDs have a broader emission band compared to QDs, 

possibly due to their inhomogeneous chemical structure. 

1.1.5 Biomedical applications 
The CDs have been tested for a wide range of biological applications. 

1. Chemical sensing 
2. Biosensing 
3. Bioimaging 
4. Nanomedicine 

Several intriguing applications of CDs are related to chemical sensing, especially 

in detecting heavy metals. The identification of heavy metals is crucial for 

addressing human health and environmental concerns. The detection of mercury 

ions (Hg2+) in aqueous solutions [38], [39] and biological systems, including cells 

[40], was one of the first applications of CDs in this context. The fluorescence 

quenching mechanism is the primary method used for detecting metal ions. 

CDs find applications in biosensing, particularly as fluorescent labels in 

immunoassays. For example, Posthuma-Trumpie et al. [41] employed carbon 

quantum dots (CQDs) in lateral flow and microarray immunoassays. The analytical 

outcomes demonstrate that CDs present a favourable alternative in terms of cost, 

stability, and sensitivity when compared to gold, coloured latex, silica, quantum 

dots, or up-converting phosphor nanoparticles. 

Bu et al. [42] described an immunosensor designed for the detection of endocrine-

disrupting organic pollutants. The sensor uses the FRET mechanism, where the CD-

antigen system serves as a fluorescence donor. 
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The application of fluorescence quenching has been expanded to the detection of 

nucleic acids [43]. CDs have demonstrated potential as fluorescent probes for the 

identification of small bio-analytes, such as anti-bacterial drugs, dopamine [44], 

and glucose [45]. 

The concentration of H2S in cells is crucial, as it acts as a signalling molecule with 

regulatory roles in oxidative stress and modulation of biochemical pathways. CDs 

are an excellent choice for fluorescent probes in H2S detection [46], due to their 

ability of multi-colour emission. This unique characteristic allows clear 

differentiation from other tracers. Furthermore, the emission wavelength can be 

precisely controlled by manipulating the excitation wavelength. 

As previously discussed, CDs have multiple advantages over semiconductor 

quantum dots that make CDs valid alternatives for bioimaging both in vitro and in 

vivo [47].  

CDs find versatile applications in the field of nanomedicine serving as 

photosensitizers, radiosensitizers, and nano-carriers for drug and gene tracking and 

transportation. Bechet and colleagues [48] have highlighted the exceptional 

photosensitizing properties of CDs, which can accumulate in tumour tissues. When 

exposed to a specific wavelength, CDs induce the generation of oxidative species 

that are detrimental to tumour cells. Furthermore, CDs exhibit remarkable 

radiosensitizing characteristics, as documented by Andrius et al. [49]. Additionally, 

their fluorescence properties make them valuable in drug transport, enabling the 

optimization of drug administration timing and dosage. Upon reaching the target, 

CDs facilitate a controlled release of the drug through various mechanisms 

activated by pH, or photosensitive molecules attached to them [50]. 

1.2 CDs composites materials 

1.2.1 Properties 
A composite material is a substance composed of multiple phases, each possessing 

distinct physicochemical properties that synergistically contribute to the overall 

enhanced performance of the material. This unique combination results in a 

versatile material suitable for diverse applications. Composite materials draw 

inspiration from nature, such as wood and bone, to create materials with unique 

properties and characteristics. Cellulose fibres dispersed in a lignin phase and 

collagen strengthened by mineral apatite are examples of natural structures that can 

be replicated in composite materials. 

Composite materials consist of two main phases: the matrix and the reinforcement. 

The matrix binds and envelops the reinforcement cohesively, forming a continuous 
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phase. The reinforcement, in the form of particles, fibres, or foils, imparts superior 

mechanical properties to the composite. 

CDs are an excellent choice as a nano-inclusion in polymer matrices due to their 

small size and the abundance of functional groups on their surface.  

The presence of the polymer contributes to the stabilization of CDs, which typically 

have elevated surface energy that can lead to undesirable aggregation, 

compromising their optical properties and sensing capabilities. Nanocomposites 

have demonstrated not only enhanced physical-mechanical properties but also 

notable swelling ability and thermal stability. 

1.2.2 Preparation methods 
Figure 10 illustrates the four most commonly used methods in the fabrication of 

composites based on CDs [51].  

The first method involves preparing of CDs and support materials separately, 

followed by their combination. This widely adopted method preserves the stability 

and inherent properties of both CDs and support materials [52]. 

The second method involves the conjugating synthesized CDs during the 

polymerization of the matrix [53].  

The third approach entails adding prepared support materials during the CD 

preparation process, enabling CDs to form directly on the support materials. This 

approach’s success relies on the stability of the support materials or the use of 

moderate CD preparation conditions [54]. 

The fourth approach uses a one-step procedure where both precursors are 

simultaneously introduced [55].  

In this thesis work, the chosen approach is the second one (Figure 10). 
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Figure 10 - CDs composites synthesis approaches (Reproduced with permission, source [51]) 

1.2.3 Thin films 
In the biomedical field, CDs-based films have been extensively explored for various 

applications.  

CDs exhibit significant bactericidal efficacy attributed to mechanisms such as 

electrostatic repulsion, physical penetration, and oxidative stress. Zang et al. [56] 

demonstrated that membranes modified with GOQDs exhibit antibacterial and 

antibiofouling effects against Escherichia coli (E. coli) and Staphylococcus aureus 

(S. aureus). 

Films that incorporate CDs are highly effective in detecting fungal spores in the 

surrounding environment [57]. The fluorescence quenching process upon 

interaction with spores is a reliable detection method. These films are known for 

their stability, exceptional sensitivity, and rapid response times, making them ideal 

sensors for clinical, microbiological, and tissue engineering applications [57]. 

CDs-based films present a promising alternative to commercial enzymatic 

amperometric devices for glucose sensing in the context of biomedical applications. 

Monitoring glucose levels in the human body stands as a crucial indicator of a 

patient's health status, and it requires continuous exploration of sensors that offer 

heightened specificity and user-friendliness. Fluorescence-based systems are 

advantageous due to their high selectivity, minimal invasiveness, and the ability to 

capture biomolecules through mechanisms like FRET or fluorescence quenching. 

CDs serve as excellent fluorophore probes to reflect glucose levels (Figure 11) [58]. 



Introduction  Polymers 

17 
 

 
Figure 11 - Schematic illustration of CDs-based films syntethis for glucose sensing. (Reproduced with 

permission, source [58]) 

1.3 Polymers 

1.3.1 Classification 
Polymers are large molecules composed of small repeating units called monomers. 

As a highly variable and versatile material class, there are different criteria for their 

classification which mainly are: 

1. Mechanism of polymerization  
2. Molecular structure  
3. Origin of the polymer  
4. Thermal properties 
5. Repetitive units 

The classification based on the mechanisms of polymerization establishes two types 

of polymers: addition polymers and condensation polymers. Addition polymers 

(e.g. poly(ethylene), poly(propylene)) are formed by the recurrent addition of 

monomers without the formation of waste products (e.g. poly(ethylene), 

poly(propylene)). Condensation polymers, on the other hand, are produced through 

a process that involves the removal of small molecules, such as water or alcohol, at 

each step of monomer addition.  

The second classification based on the polymer structure leads to categorise the 

polymers as linear, branched, or cross-linked. Linear polymers have a simple, 

unbranched structure, while branched polymers have side chains prolonging from 

the primary chain. Cross-linked polymers form interconnected chains, creating a 

three-dimensional network that imparts enhanced strength and stability. 

The classification based on the origin distinguishes the polymers either natural or 

synthetic or artificial. Natural polymers (e.g. proteins, DNA) derive from biological 
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sources, while synthetic polymers (e.g. PVC, nylon) are man-made. Artificial 

polymers can include both synthetic and natural ones that have been modified to 

enhance their properties or performance.  

The thermal properties enable to distinguish thermoplastic and thermosetting 

polymers. The thermoplastics are non-crosslinked and can be melted and re-shaped 

several times. The thermosetting polymers are highly crosslinked, maintain their 

shape once hardened and undergo degradation if melted again.  

Monomers that are monofunctional, result in a thermoplastic material. The chains 

in this system are linear or poorly branched and interact with each other through 

secondary bonds (hydrogen bonds, Wan Der Waals forces). On the other hand, 

multifunctional systems produce thermosetting polymers. In this case chains are 

linked to each other by chemical bonds, making the material infusible and insoluble. 

This chemical bonding process ensures that the material retains its shape and 

strength even under high temperatures and pressure.  

Considering the repetitive unit, it is possible to differentiate homopolymers which 

are composed of identical repeating monomers, and copolymers which incorporate 

two or more types of monomers in their chains. 

Additional classifications can be based on factors such as the biodegradability in 

vivo, in relation to the homogeneity of the molecular weight, to the stereochemical 

structure or to the molecular weight.  

1.3.2 Polymers for biomedical applications 
Biomedical polymers have been extensively developed for promising applications 

in various biomedical domains. These include smart drug delivery, disease detection 

and diagnosis, biosensing, regenerative medicine, and disease treatment (Figure 12) 

[59]. 

Polymers derived from natural sources like proteins (e.g., silk, collagen, soy, fibrin 

gels), polysaccharides (e.g., chitin/ chitosan, alginate, and hyaluronic acid 

derivatives), and polynucleotides (e.g., DNA and RNA) are predominantly 

biodegradable and interact favourably with the biological environment. However, 

their mechanical properties are often limited, and degradation tends to be 

uncontrolled. In contrast, synthetic polymers (e.g. (PEG), poly(caprolactone) 

(PCL), or poly(lactic-co-glycolic acid) (PLGA)) offer the advantage of 

controllability in terms of composition, structure, mechanical properties, and 

degradation, despite their lack of inherent bioactivity [60]. 

In biomedical applications, polymers are categorized as either biodegradable or 

non-biodegradable. The choice between these categories depends on the specific 

requirements of the application at hand [60]. 
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Non-biodegradable polymers, such as PEG and Ultra High Molecular Weight Poly-

Ethylene (UHMWPE), are commonly used permanent implantable prostheses or as 

substitutes for entire damaged tissues or organs. 

Biodegradable polymers are the preferred choice for temporary biomedical 

applications, such as controlled delivery systems, temporary scaffolds for cell 

culture and tissue regeneration, and absorbable devices for wound closure. Noable 

examples of biodegradable polymers include poly(lactic acid) (PLA), PCL, and 

gelatine methacrylate (gelMA). These polymers degrade, metabolize, and excrete 

from the body after fulfilling their support or delivery function, without causing any 

toxic side effects [60]. 

When selecting polymers for biomedical applications, it is crucial to prioritize 

biocompatibility and biodegradability. Investigating biocompatibility is essential to 

ensure that the device can establish contact with the biological environment without 

causing inflammation, rejection, infection, tissue damage, systemic reactions, or 

compromising its functionality [60]. 

 

Figure 12 - Application of biomedical polymers (Reproduced with permission, source [59]) 

1.3.3 Photopolymerization 
Photopolymerization is an addition polymerization mechanism that uses the energy 

derived from various forms of radiation (UV rays, IR, visible light, γ rays and 

electron beams) to initiate the reaction. Photopolymerization is possible only in 

presence of molecules capable of absorbing radiation and generating reactive 

species that can initiate the polymerization reaction. The reactive species can be 

radicals, cations, or anions [61]. 
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1.3.3.1 Photopolymerization by radical addition 

Figure 13 illustrates the mechanism of photopolymerization by radical addition. A 

radical photopolymerization reaction is usually divided into three phases: initiation, 

propagation, and termination. The first phase is the initiation in which the initiator 

(I) absorbs light (hν) and generates the radical monomers (R·). The radicals react 

with the monomer/pre-polymer (M) to produce the radical polymer (P·). The 

second phase is propagation in which the P· react with other monomers increasing 

the molecular weight of the chains. Termination occurs in the third phase through 

two mechanisms: two polymer chains interact with each other instead of with new 

monomers (P·–P·), or a transfer of hydrogen atoms may occur if a fast-reacting 

radical interacts with a slower-reacting radical, leading to the termination of the 

process [62]. 

 

Figure 13 - Steps of photopolymerization. 

The intensity of the radiation varies along the thickness of the formulation. In fact, 

there is a gradient of intensity which decreases with the increase of the distance 

from the surface. This gradient significantly affects the conversion of reactive 

groups, resulting in non-uniform polymerization throughout the material. 

1.3.3.2 Photoinitiation mechanism 

The absorption spectrum of the photoinitiator must be compatible with the emission 

spectrum of the source of radiation. Typically, UV or visible light is utilized, 

ensuring safety in the presence of biological compounds such as cells [63]. The 

photoinitiator should also possess good solubility and stability, high reactivity, and 

not affect the final properties of the polymerised material [64].  
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Typically, a photoinitiator is an organic molecule. When exposed to light, the 

molecule transits from its ground state to an excited singlet state (S1). The electron 

elevated to the excited state retains its original electronic spin (Figure 15).  

The singlet state transits to a triplet state (T1) through an intersystem conversion, 

involving a reversal of electronic spin. The triplet state then progresses, leading to 

the formation of radicals that initiate polymerization [64] (Figure 15).  

The molecule transits from a triplet state to a radical state through either cleavage 

(Norrish I-type mechanism) or hydrogen extraction (Norrish II-type mechanism) 

[65]. This thesis work employs a Norrish I photoinitiator. Norrish I photoinitiators, 

when excited by light radiation, undergo homolytic cleavage, producing two 

radicals. Hydroxyphenylketones act as Norrish I-type initiators (Figure 14). 

Materials that can be photocured must have active functional groups. Radically 

polymerisable resins are often based on the highly reactive (meth)acrylate 

functionalities (e.g. poly(ethylene glycol)methacrylate). As shown in Figure 16, 

other functionalities can also be used such as polyester, vinyl, vinyl ether, thio-

ene/yne and even cationic based systems [66]. 

Figure 14 - mechanism of radical generation with Norrish type I mechanism of a hydroxyphenylketone. 

Figure 15 - Stages of the evolution of the initiator molecule after the absorption of energy by radiation. 
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Figure 16 – Examples of functionalities. (Reproduced with permission, source [66] )
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2 Aim of the work 

The aim of this thesis work is the preparation and characterization of a composite 

thin film made of PEGMEMA and CDs synthetised from CA and p-DPA.  

The films obtained could be used either to monitor interfaces for biomedical 

applications (Figure 17, 1) or to release active substances/CDs (Figure 17, 2) or a 

combination of the previous ones. In each case the main source of information is 

the variation of photoluminescence (PL) intensity throughout the film life cycle. 

 
Figure 17 - Graphical abstract. 
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3 Materials and methods 

3.1 Materials 

The following reagents were used for the synthesis of CDs: Citric Acid (CA) 

purchased from Nortembio, 1,4-Phenylenediamine (p-DPA) purchased from Fluka, 

Deionized water (DW). 

The following reagents were used for the functionalization of CDs: 2,3-

Epoxypropyl methacrylate (EPM) purchased from Sigma-Aldrich, Petroleum ether 

purchased from Carlo Erba Reagents. 

The following reagents were used for the photopolymerization of CDs-based films: 

2-Hydroxy-2-methylpropiophenone (PhI) purchased from Sigma-Aldrich, 

Poly(ethylene glycol) methyl ether methacrylate (PEGMEMA) purchased from 

Sigma-Aldrich. 

3.2 Methods 

3.2.1 Synthesis of CDs 
Five solutions containing CA and p-DPA in different molar ratios (Table 1) were 

used to prepare CDs (Figure 18, step 1). An analytical balance of Radwag was used 

to weight the reagents. Each solution was sonicated for 1 h at 450 W alternating ON 

(20s) and OFF (10s) phases to avoid excessive heating (Figure 18, step 2). A Vibra 

Cell sonicator purchased from Sonics was used to synthesize the CDs. The purple-

coloured solution resulting from sonication was then purified by dialysis. 
Table 1 – Quantities of materials used for the syntheses for each molar ratio. 

Molar ratio 

CA/p-DPA 
CA (g) p-DPA (g) DW (ml) 

3:1 1.01 0.19 20 

3:2 1.01 0.38 20 

1:1 1.01 0.57 20 

2:3 1.01 0.84 20 

1:3 1.01 1.73 20 
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3.2.2 Purification of CDs 
Purification was performed by placing each solution in a dialysis membrane 

purchased from Real laboratory supplies with cut-off value of 1000 MW (Figure 

18, step 3). The dialysis allows to refine the molecular weight and size distribution 

of the CDs. The membranes were agitated in water for 72 h using a VELP 

Scientifica magnetic multistirrer. The water was changed every 24 h. The content 

of the membrane was collected, and oven dried at 80°C until complete evaporation 

of the water (Figure 18, step 4).  

Figure 18 - Steps of the synthesis of CDs. 

3.2.3 Characterization of CDs 

3.2.3.1 Fluorometer analysis 

Fluorometer analyses were repeated for each CA/p-DPA molar ratio CDs. 

The first analysis conducted was a fluorometer analysis. Characterising CDs from 

a fluorescence point of view is crucial for their applications. For the analysis, a 

solution of CDs in a concentration of 0.1 mg/mL was produced with the help of an 

Elma sonicator bath. Once a solution with well-dispersed CDs was obtained, it was 

poured inside the Hellma quartz cuvette and placed in the PerkinElmer LS-55 

fluorometer.  
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It was decided to excite the sample with 8 wavelengths between 240 nm and 310 

nm in increments of 10 nm. The beam bandwidth was set at 5 nm, while scan speed 

50 nm/s, for higher resolution. 

The data obtained were used to plot graphs of the emission intensity (arb. un.) as a 

function of the wavelength (nm). The data had to be reprocessed to eliminate 

overtones produced by optical interference or background noise which could affect 

the measurement of the fluorescence spectrum. A strong overtone over 500 nm 

affects the observation of the significative emission peaks between 300 and 500 nm 

for all excitation wavelengths. Overtones were eliminated by cutting the signal 

outside the range of interest as shown in (Figure 23).  

3.2.3.2 FT-IR spectroscopy 

FT-IR spectroscopy was repeated for each CA/p-DPA molar ratio CDs. 

Nicolet 5700 Fourier-transform infrared spectrometer from Thermo Fisher 

Scientific was used for FT-IR spectroscopy. The acquisition number chosen for 

spectrum sampling was 64 and the wavelength range selected was 500 cm-1 to 4000 

cm-1.  

Before proceeding to the acquisition of the spectra of the CDs, the spectrum of the 

air in the laboratory was collected as background. Subsequently, the background 

was subtracted from the spectra of the CDs. 

3.2.3.3 AFM analysis  

AFM analyses were conducted only for (3:1) and (2:3) CDs. AFM characterizations 

have been performed in tapping mode with a Bruker Innova® Atomic Force 

Microscope to monitor the dimension of CDs.  Budget Sensors TAP300AL-G 

tapping mode probe with tip apical diameter <10 nm was used. The maps shown in 

the following were acquired using a scan rate of 0.5 Hz in ambient conditions. 

Gwyddion software was employed for image analysis. 

The samples were prepared by solubilising by sonication the CDs in DW with a 

concentration of 0.1 mg/mL. Drops were then taken from each solution and 

deposited on a silicon wafer purchased from Shin Etsu. Two consecutive 

depositions were made in the same spot to increase the concentration of CDs on the 

substrate. For the analysis, it was decided to place the cantilever on the droplet's 

coffee ring to be sure of finding a sufficient concentration of CDs.  

3.2.3.4 Thermogravimetrical analysis TGA 

TGA analyses were performed using a Netzsch TG 209 F3 Tarsus thermo-

microbalance while heating under a nitrogen flow of 40 ml/min from 40 to 800 °C 

at a rate of 20 °C/min. 

3.2.3.5 UV/VIS 

UV-VIS absorbance was measured with a PerkinElmer Lambda 35 UV/VIS 

Spectrometer. The analysis was performed for wavelengths ranging from 300 nm 
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to 750 nm. The mass extinction coefficient 𝜀𝜆 has been calculated through the 

Lambert-Beer law,  

                                                             A =  ε λ l ρ             (Eq. 1) 

where 𝐴 is the absorbance, 𝑙 is the optical path and 𝜌 is the mass concentration. The 

solutions to be analysed have a 1 mg/mL concentration of CDs.  

3.2.4 Carbon dots functionalization  
Functionalisation was conducted only for (2:3) CDs. 

The CDs were functionalised following the protocol of M. J. Cho et al. [43]. The 

aim was to make CDs with exposed acrylic groups which were exploited for the 

subsequent photopolymerization. EPM reacted with the functional groups exposed 

on CDs and created a shell of acrylic groups.  

A sonicated aqueous solution of CDs with a concentration of 5 mg/mL was 

prepared. 5 mL of CDs solution was combined with 0.3 mL of EPM (Figure 19, 

step 1). The resulting solution was kept stirring for 6 h at room temperature on a 

magnetic stirrer (Figure 19, step 2). The solution after 6h assumed a biphasic form 

then a petroleum ether wash was performed using a separatory funnel with a retort 

stand. The phase containing functionalised CDs (F-CDs) was recovered and 

unreacted substances removed (Figure 19, step 3,4). The recovered aqueous 

solution was oven dried (Figure 19, step 5).  

 
Figure 19 - Steps of the functionalization of CDs. 
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3.2.5 Composite preparation 
A stock solution with the polymer and the PhI (2% wt) was prepared (Figure 20, 

step 1). The stock solution was used to prepare 4 solutions with different 

concentrations of F-CDs (Table 2), a solution with (2:3) CDs, a solution with (3:1) 

CDs and the blank (Figure 20, step 2). The solutions containing the CDs were 

sonicated for about 1 h all the resulting solutions were deposited by drop casting on 

glass laboratory slides (Figure 20, step 3), creating a layer about 1 mm thick (0.1 

ml of solution).  

Photopolymerization took place under a fume hood, using a HAMAMATSU Spot 

UV light source (Power 4500 mW/cm2). It was placed one slide at a time in a quartz 

chamber. Nitrogen was run through the chamber to maintain an inert environment 

and prevent oxidation of the sample on the surface (Figure 20, step 4). 
Table 2 - CDs, PhI and Ph-polymer quantities for each sample. 

CDs CDs (%wt) Polymer (%wt) PhI (%wt) 

F-CDs 4.8 93.2 2 

F-CDs 2.9 95.1 2 

F-CDs 1.0 97.0 2 

F-CDs 0.5 97.5 2 

(2:3) CDs 1.9 96.1 2 

Blank 0 98.0 2 
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Figure 20 - Steps of composite film preparation. 

3.2.6 Composite characterization  

3.2.6.1 Fluorometer analysis 

The fluorometric analysis of the films was conducted by placing the slides in the 

fluorometer on the slide holder. It was decided to excite the sample with 8 

wavelengths between 240 nm and 310 nm in increments of 10 nm. The entrance 

and exit slits were set at 5 nm, while scan speed was set at 50 nm/s, for higher 

resolution. 

3.2.6.2 TGA 

TGA analysis of each type of CDs was performed using a Netzsch TG 209 F3 Tarsus 

thermo-microbalance while heating under a nitrogen flow of 40 ml/min from 40 to 

800°C at a rate of 20 °C/min. 

3.2.6.3 Swelling test 

The films chosen for swelling test were the one without CDs, the one with non-

functionalised CDs and the one with F-CDs (4.8%). The films were kept in DW for 

7 days. After 7 days the films were kept for 24 h exposed to the air and then analysed 

by fluorometer to evaluate the CDs release after the swelling of the films. The films 

were weighed before and after swelling. 
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4 Results and discussion 

4.1 Carbon dots 

 

The high-intensity ultrasound produced by the sonicator develops spots at high 

temperature and pressure where aromatic amine heterocyclization takes place. One 

possible reaction is the formation of amide derivatives. The amidation of the 

carboxylic groups of CA with the amine groups of DPA leads to the formation of 

random cross-linked polymeric structures (Figure 21, 1).  

The carboxylic groups of CA provide many unsaturated carbons that favour 

coupling with other molecules via π-bonds. The reaction of the amine groups of 

DPA constitute two structure growth points. The amine groups can react either with 

amine groups of another DPA molecule or with the carboxylic groups of CA to form 

an unsaturated cyclic amine (Figure 21, 2-3), with functionalities such as carboxylic 

groups and PDA residue. 

The hydroxyl groups of CA favour the formation of heterocyclic structures 

containing nitrogen atoms. Heterocyclic structures can react with carboxyl groups 

to form a more complex structure (Figure 21, 4).  

The CDs resulting from this synthesis are cross-linked heterocyclic structures 

containing N atoms. The structures formed are organised in parallel planes with 

external functional groups. 

Figure 21 - Possible mechanisms of reaction of CA and p-DPA. (Reproduced with permission, source [10]) 
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4.2 Characterization of CDs 

4.2.1 Fluorescence Spectroscopy 
The analysis at the fluorometer was the first one conducted and allowed the 

selection of the optimal synthesis molar ratio considering the fluorescence intensity. 

The analyses showed that CDs with a 3:1 AC-DPA molar ratio has a higher 

fluorescence intensity than the others (Figure 23, A-E).  

The emission with a 3:1 AC-DPA is excitation dependent, and the fluorescence 

peaks are centred at 355 nm with an intensity maximum corresponding to excitation 

at 240 nm (Figure 23, A). The synthesis with 3:1 CA-DPA was preliminarily 

selected to be scaled up due to the highest fluorescence intensity. Also, the emission 

for the other molar ratios is excitation dependent (Figure 22).  

3:1 ratio has two excitation-dependent energy bands (Figure 22, A). 3:2 ratio has 

two excitation-dependent energy bands (Figure 22, B). 1:1 CDs has three 

excitation-dependent energy bands (Figure 22, C). 1:3 ratio has two excitation-

dependent energy bands (Figure 22, D). 2:3 ratio has two excitation-dependent 

energy bands (Figure 22, E).  
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Figure 22 - Emission energy peak vs graphs Excitation energy for CDs. 
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Figure 23 - Fluorescence spectra of CDs. 
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At high concentrations of CA, CA decarboxylates to form CO2, while DPA tends to 

polymerise with itself by not finding the free carboxyl groups. A polyaniline with 

AC pendants is obtained.  

Among the molar ratios, the 2:3 AC-DPA allowed the production of more CDs in 

less time. The fluorescence intensity of the 2:3 AC-DPA CDs synthesised from 

larger amounts of precursors was comparable with the one of the initial syntheses.  

Some differences can be seen between the fluorescence spectra of the small batch 

and the big batch of 2:3 CA-DPA CDs. For the initial synthesis, the highest intensity 

emission peak is centred at 386 nm and is due to excitation at 270 nm. For the larger 

batch the highest fluorescence peak is centred at 355 nm and is due to excitation at 

240 nm. With excitation at 240 nm, the emission peak has twice the intensity of the 

other peaks. Furthermore, the emission is still excitation dependent (Figure 23, E-

F). 

Due to high fluorescence intensity and productivity, functionalisation (Figure 24) 

and subsequent analyses were conducted on the 2:3 CA-DPA CDs. 

The fluorescence spectrum of the F-CDs is excitation independent. The intensity 

peaks are 3 times higher than the non-functionalised CDs and centred at 445 nm. 

The distance between the peaks decreases as the excitation frequency increases 

(Figure 25, A). Comparing the normalised fluorescence maxima for non-

functionalised and functionalised CDs shows a redshift of the emission peak (Figure 

25, B) due to the presence of the double bonds on the surface (Figure 24). Also, the 

emission for the F-CDs is excitation dependent (Figure 26). 

 
Figure 25 - Fluorescence spectra. 

Figure 24 - CDs functionalisation. 
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4.2.2 FT-IR Spectroscopy 
Through FT-IR spectroscopy of CDs, it is possible to identify absorption bands 

related to bending and stretching of bonds. It is possible to understand the growth 

mechanisms of CDs and obtain information about the final structure by observing 

the spectra of the precursors. Figure 27 shows the IR spectra of CA, p-DPA, 2:3 

CDs and F-CDs. 

In the CA spectrum there is a peak at 3500 cm-1 due to the hydroxyl groups OH and 

a band between 3000 and 3500 cm-1 due to the hydroxyls of the carboxylic acids 

Figure 27 - FTIR spectra of CA, p-DPA, CDs (2:3) and F-CDs. 

Figure 26 - Emission peak energy vs Excitation energy graphs for F-CDs. 
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COOH or the alcohols COH. The shoulder to the left of the OH peak indicates that 

it is possible to form bonds with both another OH and a COOH. The broad band of 

OH carboxyl groups is the combination of three different peaks due to the three 

carboxyl groups of CA. The heights of the peaks are related to the way the three 

carboxyl groups of the CA molecules interact with each other. The peak between 

2750 and 2950 cm-1 is related to the saturated CH groups (sp3 C). In the region 

between 1680 and 1800 cm-1 there are two intense peaks due to the stretching of 

C=O bond that confirm the presence of carboxylic acid.  

In the spectrum of DPA, there are peaks between 3200 and 3400 cm-1 due to N-H 

bonds. The three peaks from the lowest to the highest energies correspond to 

primary, secondary and tertiary amines. Around 2950 cm-1, there is a peak usually 

found in the aromatic groups due to the unsaturated C-H bond (sp3 C). Compared 

to the saturated C-H peak in the CA spectrum, this peak is higher due to the high 

polarity. At about 1660 cm-1 there is a very intense peak due to the stretching of the 

carbon double-bonded to another carbon (C=C) in an aromatic ring. Between 1490 

and 1540 cm-1 there is the C-N bending signal. This is important because as DPA 

quantity increases, the band grows. The aromatisation band provides information 

on the amount of DPA in the compound. 

Comparing the spectrum of CDs with that of CA, the OH peak at 3500 cm-1 

disappears because CA has reacted with DPA. The peak due to the saturated C-H 

group becomes less intense due to the formation of aromatic structures. The peak 

due to the C=O of the free carboxyl groups disappears because of the reaction with 

the amine groups of DPA. 

Comparing the spectrum of CDs with that of DPA, the peaks related to the N-H 

bond change in intensity due to the reactions between the amine groups of DPA and 

the carboxyl groups of CA that give rise to the amides. Between 1600-1680 cm-1 

there is a peak splitting due to the insertion of atoms in the aromatic structures 

causing a shift in the aromatic ring band towards lower wave numbers. 

Figure 29 shows that varying the CA-DPA molar ratio, the spectra vary. The 

diversity is due to the different structures formed through the amidation reaction of 

the carboxyl groups of CA with the amine groups of DPA and through the 

condensation reactions of CA itself and DPA. The signals related to the aromatic 

part (1600-1680 cm-1 ) increase when there is more DPA in the CDs. The fragments 

that constitute the polymer structure of CDs with more DPA are more similar to the 

starting DPA and less to CA or its derivatives (amides). Sometimes, when there is a 

lot of CA, the latter tends to break down and does not make amides but radical 

reactions that directly connect two DPAs. 
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Figure 29 - Comparison of FTIR spectra of CDs with different molar ratios. 

Figure 28 - Comparison of IR spectra of CDs (2:3 big batch) and F-CDs. 
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F-CDs spectrum (Figure 28) shows some changes caused by the functionalisation. 

The amine band between 3200 and 3400 cm-1 has completely disappeared. In the 

spectrum of EPM there is a peak at 1200 cm-1 due to the epoxide C-O bond. This 

peak has disappeared meaning that the NH2 on the surface of CDs have all reacted 

with the epoxides of the EPM. This last reaction is very fast. The signal of the C=O 

groups and C=C groups that constitutes the EPM are present. At 500 and 1200 nm 

the signal changes due to the EPM are recognized. 

All these observations suggested that the functionalisation was successful. 

4.2.3 TGA 
The TGA graph of non-functionalised CDs (Figure 31) shows four degradation 

phases. Between 120-340 °C there is a weight loss of 6% due to water loss. The 

water loss is recognisable because the weight loss is slow and continuous without 

significant peaks. Between 340-420 °C, there is a weight loss of 23% imputable to 

citric acid-like pieces (Figure 30, red fragments) and the carboxylics which degrade 

first because they are more fragile than the aromatic compounds. Between 420-560 

°C, there is a weight loss of 21%. This degradation phase concerns the not fully 

aromatic parts bound by the more flexible bridges (Figure 30, violet fragments). 

Between 560-800 °C, there is a weight loss of 12.8%. This loss is due to the 

degradation of structures composed of double-bridged aromatic parts, which are 

stiffer than the other aromatic parts (Figure 30, blue fragments). 

 

The TGA graph of functionalised CDs shows five degradation phases (Figure 32). 

Between 40-223 °C there is a 6% weight loss due to water loss. Between 223-280°C 

there is a weight loss of 12% corresponding to the loss of acrylate groups. Between 

280-420°C there is a 65% weight loss related to the more brittle citric acid-like 

fragments. Between 420-440°C there is a 3.5% weight loss inherent to the aromatic 

pieces bound by flexible bridges. Between 440-800°C, there is a 5% weight loss 

due to the breakdown of the stronger aromatic pieces bound by double bridges.  

TGA confirms that functionalisation of CDs has taken place because the same 

degradation steps as for the non-functionalised CDs can be recognised, plus the one 

between 223-280°C relating to the acrylate groups. TGA shows that the structure 

of CDs following functionalisation is less stable.  

Figure 30 -Fragments of CDs. (reproduced with permission, source [10]) 
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Figure 31 - TGA 2:3 CDs. 

 

Figure 32 - TGA F-CDs. 
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4.2.4 AFM  
CDs are the least conductive parts of the sample. In the phase-contrast images CDs 

are the black spots (Figure 33). Analysis of the AFM images showed that the 

functionalised CDs (B) have an average diameter twice as large as the non-

functionalised ones (A) (Table 3).  
Table 3 - Average diameter of the CDs. 

 2:3 CDS F-CDS 3:1 CDS 

Average diameter (nm) 20 42 28 

 

 
Figure 33 - AFM images of 2:3 CDs (A), F-CDs (B), 3:1 CDs (C). Scale of 100 nm.  

For the sample with F-CDs, it was not possible to obtain many measurements. The 

stickiness of the F-CDs causes adhesion to the tip and removal from the substrate. 

Figure 34 shows the size distributions of the CDs. In the plots of the non-

functionalised CDs (Figure 34,A,C) the distribution is unimodal, and the data are 

centred around the mean values given in Table 3. An increase in polydispersity due 

to functionalisation can be seen in Figure 34,B. 

 
Figure 34 - Distributions of the CDs diameters. 

4.2.5 UV-Vis Spectroscopy 
Absorption occurs in the band between 300-380 nm. The signal at 300 nm is related 

to the n-π * transition of the C=O, C=N, N=N. The CDs core absorbs at about 380 

nm. The absorption is mainly due to the DPA rings. By comparing the UV spectra 
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with the fluorescence spectra, CDs absorb and re-emit at the same wavelength. 

Functionalisation affects absorption, as can be seen by comparing plots A and B of 

Figure 35. 

 
Figure 35 - UV-Vis Absorbance spectra. At the wavelength marked with an asterisk (*) the signal is 

interrupted because of the lamp change. 

The mass extinction coefficient 𝜀𝜆 was calculated using the Lambert-Beer law (Eq. 

1) The absorbance 𝐴 was taken as the peak value of the spectrum, the optical path 

𝑙 corresponded to the lateral dimension of the cuvette containing the solution (1 

cm), and the concentration 𝜌 was calculated as the mass of CDs over the solvent 

volume (1 mg/mL). The resulting mass extinction coefficients are given in Table 4.  
Table 4 - Mass extinction coefficients. 

CDs 𝜀𝜆 (cm-1mg-1mL) 

(2:3) CDs 0.36 

F-CDs 0.12 

(3:1) CDs 0.14 
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4.3 Composite characterization 

The acrylic groups were introduced in the CDs for chemical immobilization owing 

to covalent bond formation. The solutions with the F-CDs were irradiated for 15 

min. The blank and the film with the non-functionalised CDs were irradiated for 30 

min to achieve polymerisation. This confirms that both F-CDs and non-

functionalized CDs act as chemical junctions due to the functional groups on their 

surface. However, the film with CDs was more fragile than the film with F-CDs. 

The difference in polymerization time and mechanical properties confirms that F-

CDs are better candidates for film formation. 

The reactive group of PEGMEMA (CH=CH2) can react by opening the double 

bond. PhI, when irradiated, absorbs photons that bring the molecule to an excited 

state. For PhI to decay from the excited state, the molecule must be broken. The 

rupture generates two unpaired radicals that trigger the reaction. A radical can add 

on the double bond of the reactive group of a monomer and generates an unpaired 

electron on the monomer. The generated species is a radical monomer. The unpaired 

electron of the radical monomer is added on the double bond of a second monomer 

generating the polymer. The chain reaction goes on until a termination event occurs. 

Normally, photopolymerization reactions use polyfunctional monomers. When 

polyfunctional monomers react, they form a three-dimensional mesh in which each 

node is a double bond that has reacted chemically with another double bond. In this 

way a thermoset polymer is formed: it has chemical bonds that do not allow fusion. 

If monofunctional monomers are used, the polymerization generates a linear 

chain, therefore a thermoplastic polymer. In a thermoplastic polymer the chains 

tangle physically and not chemically. 

In the case of this thesis work, the reactive groups of PEGMEMA react with each 

other leaving the rest of the chain as a pendant. F-CDs are used as chemical nodes 

of the polymer. The use of non-functional CDs instead of F-CDs is expected to lead 

to the formation of a fragile polymer.   

In a photoinduced process, absorption depends on the depth of penetration of the 

radiation. For the photopolymerization to take place correctly and evenly, a 

thickness limit of the material is established. The limit thickness depends on how 

many absorbent species there are in the material. If only PhI is present as an 

absorbent species, the penetration of the ray is deeper. If there are CDs that can 

either absorb or scatter light, fewer photons pass through the material. There is a 

threshold depth below which there are no longer enough photons to keep the 

polymerization going. The 1 mm thickness chosen has resulted appropriate after 

experimental test.   

In the radical polymerization the oxidation constitutes a problem. The surface layer 

of the material is in contact with the atmosphere oxygen, which interferes with the 

propagation. Therefore, a nitrogen inert atmosphere has been used and no oxidation 

phenomenon has been observed.  
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4.3.1 Fluorescence Spectroscopy 

 

Figure 36 - Fluorescence spectra of the films.  

Figure 36 shows the emissions spectra of the light-cured film. As the concentration 

of the F-CDs incorporated in the film increases, the fluorescence intensity decreases 

(B, C, D, E). The decrease in fluorescence is due to the quenching between the 

polymer's own fluorescence and the fluorescence centres introduced by the F-CDs 



Results and discussion  Composite characterization 

44 
 

covalently bound to the polymer’s chains. CDs dispersed in the unbound polymer 

matrix increase fluorescence emission by acting as additional fluorophores without 

quenching or being quenched by the polymer (F). The polymer molecules when 

directly bound to the CDs transfer charge to the CDs, when unbound there is no 

charge transfer. Several types of quenching mechanisms occur simultaneously. 

4.3.2 TGA  
The TGA graphs of the films were compared with those of CDs alone and the 

polymer alone (blank). Common peaks related to the degradation of CDs are 

identified. The new peaks are related to the bonds formed between CDs and the 

polymer. The TGA graphs of the films were also compared with the blank by which 

the peak of the degradation of the polymer alone is identified. 

The TGA graph of blank film shows one degradation phase (Figure 37). Between 

0-330°C there is a weight loss of 9% corresponding to the water loss. Between 0-

460°C there is a weight loss of 87% corresponding to the degradation of the 

polymer.  

 
Figure 37 - Film blank. 
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The TGA graph of the film with F-CDs (4.8 wt%) shows four degradation phases 

(Figure 38). Between 0-320°C °C there is a weight loss of 13% due to the water 

loss. Between 320-360°C there is a 10% weight loss corresponding to the part of 

the CDs bound to the polymer. Between 360-420°C there is a 71% weight loss 

related to the polymer. Between 420-480°C there is a 5% weight loss related to the 

F-CDs. The F-CDs break down more within the film than alone (3.5%). The 

increment is due to the polymer rupture that creates a radical-rich environment and 

promotes the decomposition of the filler. 

 
Figure 38 - Film 2:3 CDs big batch functionalised. 

The TGA plot of the film with non-functionalised CDs shows two degradation 

phases (Figure 39). Between 0-390°C °C there is a weight loss of 46% related to 

the more brittle fragments similar to CA. CDs degradation occurs in parallel with 

polymer degradation. Between 390-438°C there is a 49% weight loss corresponding 

to the polymer. Between 438-460°C there is a weight loss of 3% corresponding to 

the last CDs remaining in small quantities after complete degradation of the 

polymer. 
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Figure 39 - Film 2:3 CDs big batch. 

4.3.3 Swelling   
A swelling test was used to verify the behaviour of the CDs in an aqueous 

environment and the possible release of CDs during the test.  

The film recovered from water after 7 days lost consistency. The weight of the 

recovered film was not comparable with the initial weight. Hence, the variation of 

weight is not a significant analysis to characterize the films.  

Fluorescence on the other hand, increased in every film type (Figure 40). The 

percentages of variation are shown in Table 5. 

The increase in intensity is attributed to the interposition of water molecules 

between the CDs. By increasing the distance between the CDs, fluorescence 

quenching is reduced. 

The rise in fluorescence intensity also suggests that the CDs are not easily released. 

This occurs not only for the F-CDs but also for the non-functionalized CDs. It 

follows that even the non-functionalized CDs exhibit a strong interaction with the 

polymer due to the functional groups on their surface. 
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Figure 40 - Fluorescence spectra of the films post swelling. 

 
Table 5 - Percentage variation of pre and post swelling fluorescence intensity of the maximum peak 

(excitation at 260 nm). 

Fluorescence intensity 
variation due to swelling  

Film F-CDs (4.8%) 21 % 

Film 2:3 CDs (1.9%) 42 % 

Film blank 36 % 
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Conclusions 

A bottom-up approach has been used for the C-Dots synthesis. The precursors in 

this work are DPA and CA. In the first step DPA and AC are placed in the aqueous 

solution and sonicated promoting in this way the aromatic heterocyclization.  

The purification is performed using a dialysis membrane (1000 g/mol molecular 

mass cutoff). AFM analysis confirmed the nanometric size of the CDs with an 

average size of 20 nm for non-functionalised CDs and an average size of 40 nm 

after the functionalisation with EPM. It can be hypothesized that the CDs are 

composed by sp2 and sp3 hybridized carbon structures and present a random cross-

linked polymer structures which are organized in parallel planes with external 

functional groups. 

Fluorometer was implemented to confirm CDs photoluminescent features. CDs 

with a 3:1 molar ratio (CA/DPA) have the highest fluorescence intensity. However, 

the right compromise between fluorescence intensity and scalability of the reaction 

had to be found. The synthesis with a 2:3 molar ratio has emerged as the most 

feasible to scale up due to high fluorescence intensity and scalability of the 

synthesis. The resulting CDs were functionalised with EPM which enabled to 

expose acrylic groups on CDs surface. Comparing the normalised fluorescence 

maxima for non-functionalised and functionalised CDs showed a redshift of the 

emission peak due to the presence of the double bonds on the surface.  

Comparing the FTIR spectrum of CDs with that of CA, the OH peak and the C=O 

peak of the free carboxyl groups have disappeared due to the reaction of CA with 

DPA. The peak attributed to the saturated C-H group has become less intense due 

to the formation of aromatic structures. Comparing the FTIR spectrum of CDs with 

that of DPA, the peaks related to the N-H bond has changed in intensity due to the 

reactions between the amine groups of DPA and the carboxyl groups of CA. FTIR 

analysis also showed that varying the CA-DPA molar ratio, the signals related to 

the aromatic part increase when there is more DPA in the CDs. The functionalisation 

of CDs has led to an appreciable change in the FTIR spectrum. The amine band has 

disappeared. The presence of the signal of C=O groups and the absence of the 

typical signal of free epoxides has demonstrated that the epoxides of the EPM were 

present and has all reacted with the NH2 on the CDs surface.  

TGA analysis has confirmed that functionalisation of CDs has taken place. The 

graph of non-functionalised CDs showed three main degradation phases. The first 

weight loss corresponds to the more fragile citric acid-like and the carboxylics 

bonds, the second one concerns the not fully aromatic parts bound by the more 
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flexible bridges and the third one is due to the degradation of stiffer structures 

composed of double-bridged aromatic parts. The graph of functionalised CDs 

showed a first degradation phase related to the acrylate groups, and the other three 

are the same degradation phases as for the non-functionalised CDs.  

Also, absorption spectra shows that absorption occurs in the band between 300-

380 nm and is mainly due to the DPA rings. By comparing the UV spectra with 

the fluorescence spectra, CDs absorb and re-emit at the same wavelength.  

After the characterization, CDs were combined with the polymer to obtain thin 

films. Both films with F-CDs immobilised and films with the 2:3 CDs dispersed in 

the polymer were realised. Recovered films lost mechanical properties.  

Fluorescence increased for each type of film in varying percentages. The increase 

in fluorescence even for non-functional CDs indicates that they interact well with 

the polymer thanks to their functional groups on the surface and little is released.  

The fluorometer analysis of the films with F-CDs incorporated showed that 

increasing the concentration of the F-CDs the fluorescence emission decreased. The 

decrease in fluorescence is due to the quenching between the polymer's own 

fluorescence and the fluorescence centres introduced by the F-CDs covalently 

bound to the polymer chains. 2:3 CDs dispersed in the unbound polymer matrix 

increased the fluorescence emission by acting as additional fluorophores without 

quenching or being quenched by the polymer.  

TGA of the film with F-CDs confirmed the interaction between the polymer and the 

F-CDs.  Indeed, degradation was present for both polymer-bound and individual F-

CDs. An increase in degradation of the individual F-CDs was observed due to the 

radical-rich environment created by the rupture of the polymer. 

A comparison of the films with the CDs before and after swelling shows that the 

fluorescence intensity increases. The intensity increase is attributed to the reduction 

of fluorescence quenching due to the interposition of water molecules between the 

CDs. Non-functionalized CDs are poorly released indicating a strong interaction 

with the polymer. It follows that the functionalisation may be avoided for the film 

preparation.  

The study of thin films containing CDs could be extended by optimizing both the 

CDs and polymer matrix.  It would be beneficial to optimize the formulation of the 

photopolymerized material based on its intended use, such as increasing its 

resistance in an aqueous environment for biological applications. This would 

improve control over particle release. CDs optimization can be associated with the 

development of a CDs library through various functionalizations and coupling 

strategies with different fluorophores. By modifying surface chemistry, the 

properties of CDs can be modulated depending on the application. With the prospect 

of using CDs based films in vivo it will be necessary to assess cytocompatibility 

and biocompatibility.  
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