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Abstract 

Over the past few years, significant efforts have been made to replace 

semiconductor quantum dots and rare-earth-based materials currently adopted in 

optoelectronics and photonics with more environmental-friendly and cost-

effective fluorophores. A promising solution is the class of fluorescent carbon-

based nanoparticles known as Carbon Dots (CDs). CDs generally present a high 

quantum yield (QY) in the blue-green wavelength region, which can be 

comparable to their inorganic counterparts, with limitations in the red range that 

can be partially overcome through proper functionalization of the surface or ad-

hoc doping. CDs’ main feature is their almost ubiquitous excitation-dependent 

photoluminescence, the emission properties being of which can be easily modified 

through chemical functionalization and surface passivation. These optical 

properties, along with high chemical inertness, resistance to photobleaching, and 

biocompatibility, make CDs highly desirable for many technological purposes. 

Despite these advantages, CDs present some critical issues to address in order to 

develop CD-based technology. The main challenge is the lack of deep knowledge 

about their structure, which is strongly linked to the origin of their 

photoluminescence. At present, their emission properties are not exclusively 

ascribed to a single mechanism: quantum confinement, due to their hypothesized 

nanosized sp2 carbon core, and molecular states or surface states, due to 

fluorophores formation and surface traps, respectively, are both considered. Also, 

the synergistic interplay between the proposed models further complicates the 

scenario. This thesis work aims to provide a comprehensive experimental 

characterization and computational framework for this new material, with a focus 

on its optical properties and in particular on the role of nitrogen for future 

optoelectronic applications. In Chapter 1, an introduction to CD nanoparticles is 

presented, including an overview of their classifications, optical features and 

associated mechanisms, design strategies, and possible characterizations and 

applications. 



 

The following Chapter 2 introduces the importance of combining 

computational methods with experimental ones, reporting a review of a variety of 

theoretical CD works that employed density functional theory methods for the 

calculation of optical properties in doped and functionalized models. 

Chapter 3, on the other hand, reports our multi-technical investigation of CD-

silica hybrids, emphasizing the role of the matrix in tuning the luminescent 

properties, not only as a tool for increasing the relative contribution of molecular 

N-species during the synthesis, but also as a suitable environment for studying the 

less intense surface-state emissive centers. 

With the aim of targeting the role of nitrogen in CD formation, Chapter 4 

illustrates our detailed analysis of the differences between N-doped CDs and 

pristine ones obtained from citric acid, with a particular focus on the distinct 

nature of the emitting centers under examination. 

Continuing on the same topic, Chapter 5 describes our innovative 

methodology for studying the reaction pathway of the formation of N-doped CDs 

from citric acid and urea, combining optical spectroscopy with nuclear magnetic 

resonance (NMR) techniques to give insight into the different molecular and 

core/surface centers produced.  

Chapter 6 thoroughly discusses the pioneering formation of CDs from 

hydrazine precursors in order to investigate the N–N bond and its related optical 

features. Chapter 7, in turn, gives an overview of our ongoing research on the 

implementation of other nitrogen sources for the production of more efficient 

CDs. 

Finally, Chapter 8 summarizes the main purposes of this thesis and the results 

obtained in the above research works. Each chapter that focuses on experimental 

results is accompanied by a supplementary section in the appendix. 
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Chapter 1 

Introduction 

1.1 Carbon Dots: definition and classification 

Nanomaterials have emerged as an incredible investigation field due to their 

distinctive physical and chemical properties compared to their bulk counterparts, 

such as higher surface area, different thermal and electrical conductivity, and 

excellent mechanical properties, as well as the occurrence of quantum and 

magnetic effects.1–5 All materials with at least one size lower than 100 nm belong 

to this class, and their classification is based on the number of dimensions not 

confined in this nanoscale range.6  

Zero-dimensional nanomaterials have all dimensions limited to this extent, and 

the most common representation of them are nanoparticles. A type of nanoparticle 

that has received considerable attention is semiconductor quantum dots (QDs), 

whose dimensions fall in the 1-10 nm range. In this nanoscale range, the optical 

properties are strongly linked to quantum mechanical phenomena because the 

conduction electrons are trapped in a bowl-like potential with discrete electronic 

states, which makes them an artificial atom structure. Since a photogenerated 

electron-hole pair has an exciton diameter in the same dimension range, tuning the 

size and shape of the QDs influences its absorption and emission features.7,8 

These luminescent properties, combined with enhanced photostability and high 

quantum yield (QY), make QDs a particularly promising material for optical 

applications. However, the tedious and expensive synthetic procedures, along with 

their toxicity to human health and the environment, represent major drawbacks 
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not only in their use for biomedical purposes,9 but also for the growing demand 

for more environmental-friendly and cost-effective fluorophores in 

optoelectronics and photonics. A promising green and low-cost alternative is 

represented by a wide class of fluorescent carbon-based nanoparticles named 

Carbon Dots (CDs).  

CDs were accidentally discovered as a side product during the purification of 

carbon nanotubes by Xu and coworkers in 2004,10 which marked the start of a 

brand-new line of research that provides thousands of papers on the topic each 

year.11 Despite the similar name derived from their semiconductor counterparts, 

CD nanoparticles share only a few features with QDs, such as nanoscale size and 

efficient lighting performance in the visible region. Nevertheless, in most cases, 

nanoparticles belonging to this class have very different structural and optical 

properties. CD is an extensive term used to describe a diverse set of nanoscale 

carbon systems.12 A general classification has been provided to distinguish 

particles according to their inner structure (Figure 1.1.1): 

• Graphene Quantum Dots (GQDs) present the highest ordered structure among 

the CD family. They are constituted of a single or a few graphene layers with 

lateral dimensions not larger than 100 nm. In this anisotropic and layered 

structure, carbon atoms are arranged in rings of six, with each atom covalently 

bonded to three others, resulting in delocalized electrons in the π orbitals. This 

honeycomb crystal lattice of carbon atoms provides sp2 hybridized 

characteristics, which are mainly responsible for their electrical and optical 

properties. In particular, the size and shape of these systems greatly affect the 

size of their band gap and, consequently, their emissive properties.13,14 

• Carbon Nano Dots (CNDs) are defined as small carbon nanoparticles with a 

typical size of less than 10 nm in all three dimensions. Their general 

representation is built on the “core-shell” model: a spherical-like carbon core 

consisting of multiple layers of stacked graphene fragments with varying 

degrees of sp2/sp3 hybridization and a surface rich in functional groups and 

molecular moieties.15 The ratio between the disordered and ordered 

contributions is highly dependent on the synthesis and environmental 

conditions, resulting in surface passivation and elemental doping that 

influence the optical properties.16 When CNDs have a high degree of 

crystallinity, they are sometimes referred to as Carbon Quantum Dots (CQDs). 

• Carbonized Polymer Dots (CPDs) are polymer-based nanoparticles that are 

smaller than 100 nm in all dimensions, arranged as polymeric aggregates or 

cross-linked structures and produced from linear polymers or monomers.12 

Unlike most polymeric structures, CPDs possess a π-electronic system, which 



 3 

 

furnishes a semiconductor-like band gap, leading to efficient absorption and 

emission features that can be tuned by altering the molecular arrangement of 

the polymer.17 According to some authors, CPDs are believed to be produced 

as an intermediate product in CND synthesis, as polymerization and 

graphitization are considered two subsequent processes.18 

Despite the structural differences, all carbon nanosystems share highly 

appealing optical features such as high QY, especially in the blue-green 

wavelength region, and a peculiar excitation-dependent emission that is the 

observed emission is redshifted when the excitation energy decreases. The 

proposed mechanisms for the luminescence differ depending on the type of CD 

under examination. Nevertheless, these emissive properties, combined with low 

toxicity and biocompatibility, high chemical inertness, resistance to 

photobleaching, and water solubility/dispersibility, make CD an incredible 

material suitable for a wide variety of technological applications.19 

 

 
Figure 1.1.1. Three types of fluorescent CDs: graphene quantum dots (GQDs), 

carbon nanodots (CNDs), and carbon polymer dots (CPDs).12 
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1.2 Optical properties and photoluminescence 

mechanisms 

All CD nanoparticles present similar absorption and emission features. In terms 

of optical absorption, CDs generally present two absorption contributions in the 

near and far UV regions, with a tail extending into the visible region. The far UV 

peak is typically ascribed to the π‒π* transition of the π-conjugated electrons in 

the sp2 network due to aromatic C=C bonds, whilst the near UV one is assigned to 

the n‒π* transition caused by heteroatom-containing surface functional groups or 

molecular moieties. The assignment of the tail in the visible region is more 

debated, likely due to lower-energy surface centers related to the functionalization 

of CDs.19,20 Potential modifications in the ratio of these contributions can indicate 

alterations in the composition, arrangement, or hybridization degree.12   

The related photoluminescence (PL) properties are an essential feature for the 

development of new technology based on this material. The CD emission peak is 

typically broad and a large Stokes shift, which can reach up to 100 nm, is often 

recorded. The most efficient emission bands are observed in the blue-green region 

when excited at near-UV and visible wavelengths, with the QY dependent on the 

synthesis conditions.16 Fluorescence is the most commonly observed 

phenomenon, with an average lifetime in the nanosecond range (4-15 nm) that is 

often calculated via non-single exponential PL decays, indicating multiple 

contributions to the overall spectrum and the presence of non-radiating channels.19 

The excitation-dependent behavior is the main distinctive property of CDs, 

even though excitation-wavelength independent emissions have also been 

reported.21,22 The explanation of this phenomenon is challenging and strictly 

related to the nature of the CDs under examination, possibly due to a broad size 

distribution of the dots, different surface emissive traps, or the co-presence of 

various molecular entities. Currently, four main PL mechanisms have been 

proposed (Figure 1.2.1): 

• The Quantum Confinement Effect (QCE) mainly occurs in GQD nanoparticles 

due to their highly ordered structure, resulting in optical features that depend 

on their size and shape, similar to inorganic QDs. When GQDs and mostly 

crystalline CNDs have dimensions smaller than their exciton Bohr radius, 

continuous valence and conduction energy bands turn into discrete electronic 

levels, like in atomic structures. The presence of conjugated π-domains is 

responsible for QCE in CD and is considered the origin of fluorescence from 

carbon-core states.23,24 Indeed, as the size of π-domains increases, the band gap 
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value decreases, resulting in a redshift of the emission peak, which typically 

falls in the UV-visible region.20  

• Surface defect states are the most popular explanation for accounting for the 

emissive properties of various types of CDs with a certain degree of 

disordered structure. The boundary region, composed of the hybridized sp2/sp3 

carbon backbone, functional groups attached to the surface, and dangling 

bonds, is distinct from the core and is responsible for different emission 

centers. The complexity of this boundary region can elucidate the peculiarities 

of CD fluorescence properties. Just like in the semiconductor field, surface 

states can be classified as intrinsic and extrinsic. Intrinsic centers, due to the 

termination of the particle lattice interacting with the environment, can explain 

the presence of emissive traps, while extrinsic ones, representing surface 

lattice defect such as adsorbed or bonded chemical species, can describe the 

excitation-wavelength dependence of the emission.12,16,19,20 

• The molecular state model supports the presence of fluorescent molecules, 

both at the surface and incorporated in the core, as building blocks of the CD 

system. CDs produced using small organic molecules and with low 

carbonization temperatures usually exhibit molecular fluorescence that 

decreases as the temperature increases, as the fluorophore is consumed to form 

the crystalline core. Molecular fluorescence generally shows strong emission 

with a higher QY compared to the QCE and surface states PL, but the latter 

has higher photostability.12,20 This model does not take into account the 

excitation-dependence of CD fluorescence because molecular emission is not 

dependent on the excitation wavelength. A possible justification is the 

presence of a set of different emitting molecules or a collection of polycyclic 

aromatic hydrocarbons (PAH) whose different band gaps can provide different 

excitation/emission centers.19,25 

• Crosslink Enhanced Emission (CEE) was observed in CPD nanoparticles due 

to their unique polymeric structure.18 As the name implies, the crosslinked 

structure leads to an enhancement of the luminescence by affecting it from 

two fronts: immobilization and generation of new energy levels.26 

Immobilization of the polymeric chains reduces the causes of non-radiative 

transitions, such as vibrations and rotations. This confinement has little effect 

on energy levels, leading to an increase in fluorescence without changing the 

emission peak.27 On the other hand, crosslinking impacts energy levels by 

reducing the distance between functional groups, causing the electron clouds 

to overlap and couple, or leading to the formation of chemical bonds. In the 
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first case, through-space interaction splits intrinsic energy levels, and in the 

latter, they generate new ones. 

This overview of the proposed PL mechanisms is useful in understanding the 

strong correlation between optical properties and structure. As the structure of CD 

is very complex, it can be assumed that fluorescence is related to the synergistic 

interplay of the emitting core, surface states, and molecules in different ratios, 

depending on the synthetic procedure. Thus, implementing controlled synthesis is 

essential for obtaining a better comprehension of the CD structure and PL 

mechanism for proposed applications. 

 

Figure 1.2.1. Schematic representation of three of the main PL mechanism in CD. 

The red arrows indicate electronic transitions related to absorption, which can relax non-

radiatively as represented by the black wavy arrows, or radiatively, as shown by the 

colored dashed arrows. Adapted figure from our work.28 

 

1.3 Design of CDs: synthesis, doping, and 

functionalization 

The basic requirement for synthesizing CDs is the use of a compound with a 

carbon skeleton. However, different morphologies are closely linked to various 

synthetic procedures and precursors. Given these premises, two approaches to 

synthesize CDs as a nanomaterial are commonly used: the top-down and bottom-

up methods (Figure 1.3.1). 

• The top-down approach involves the production of CDs through the chemical 

or physical cutting of carbon sources, including both bulk and nanomaterial 

sources such as carbon soot, carbon fiber, graphene, graphitic carbon nitride, 

and fullerenes.11 This methodology was the first to be adopted as it provided 

the very first CDs obtained as residues of single-wall carbon nanotubes 
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produced via the arc-discharge procedure.10 Since then, arc discharge and laser 

ablation have been implemented for the production of high-ordered CDs such 

as GQDs and crystalline CNDs.29–31 However, the use of specific 

instrumentation and the need for post-synthesis treatments to achieve 

competitive QY makes the whole procedure expensive and disadvantageous. 

Oxidative cleavage is a more popular method in this category, involving the 

breaking of carbon bonds using a strong oxidant compound. In the case of 

chemical oxidation, the reaction temperature and oxidant concentration 

determine the shape and size of the CD.32 The electrochemical procedure, 

instead, regulates the nature of CD according to the applied voltage and 

solution pH.33 
• Bottom-up methods generate CDs through a combustion or thermal process of 

small molecules or polymeric precursors, such as citric acid, phloroglucinol, 

phenylenediamine, and various types of biomasses. A general easy and low-

cost synthetic process is provided through direct pyrolysis, microwave-

assisted pyrolysis, and hydrothermal/solvothermal treatment.10,34 These 

thermal treatments may have different target temperatures, working pressures, 

and synthesis times, resulting in carbon structures with a higher degree of 

disorder compared to top-down nanoparticles and are consequently classified 

as CNDs and CPDs. In the bottom-up approach, optical properties are largely 

determined by the dominant presence of surface state and/or fluorescent 

molecules.35 Among the bottom-up approaches, the hydrothermal method 

provides an efficient and scalable route to synthesizing carbon particles under 

milder conditions from organic acids, amines, saccharides, and their 

derivatives.36,37 The proposed mechanism of CD formation in this case is 

related to the polymerization, aromatization, nucleation, and growth of 

precursors in the water medium.37–41 Microwave-assisted and direct pyrolysis 

of small organic precursors are assumed to follow a similar pattern, producing 

molecular fluorophores in the first part of the reaction that act as seeds for CD 

nucleation, resulting in the formation of nanosized graphitic domains.42–44 

Nowadays, bottom-up methods are the most popular, as they combine simple 

thermal treatments with a virtually infinite set of molecular precursors. Pristine 

CDs, whose structure includes only carbon and oxygen atoms, generally emit blue 

fluorescence with low QY. To improve photoluminescent properties, surface 

modification/functionalization and doping are commonly used. In the first case, 

the introduction of functional groups and heteroatoms alters the surface state, 

adding/modifying surface traps and changing the interactions of carbon atoms on 
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the edges with their neighbors. Doping is achieved by incorporating heteroatoms 

into the carbon network. Both phenomena can create/suppress energy levels and 

enhance the QY compared to pristine CDs, effectively tuning the optical 

properties, and contributing to a better understanding of the related PL 

mechanisms. Despite the ubiquitous presence of oxygen, the amount and the type 

of functional group provided during the synthetical treatment highly affect the 

optical performances of the obtained nanoparticles. In particular, oxygen in the 

form of carboxyl, carbonyl, hydroxyl, and epoxy groups not only affect the CD 

optical properties but also the solubility and biocompatibility.45 Nitrogen is 

another commonly studied dopant. The radius of nitrogen atoms is similar to that 

of carbon atoms, allowing them to be easily incorporated into the carbon network 

as graphitic, pyrrolic, and pyridinic nitrogen. The presence of amino and cyano 

groups is also under investigation. These different forms of nitrogen are supposed 

to influence the band gap size of the material in different ways, sometimes 

causing blue or redshift. Other typical dopants are sulfur, boron, and phosphorous, 

along with nitrogen and other elements as co-dopant. Understanding the role of 

these different heteroatoms as dopants and surface groups is challenging from a 

purely experimental approach, due to the highly complex structure of these 

systems. For this reason, more and more research papers are employing a 

combined experimental and computational approach which can help a better 

understanding of these fascinating material properties. In Chapter 2, further 

information about the relationship between doping and functionalization with PL 

properties will be provided from a computational perspective. 

 

Figure 1.3.1. Representation of the possible synthesis methods to prepare GQDs and 

CNDs. Adapted figure from our work.28 
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1.4 Characterization methods and optoelectronic 

applications: the CANDL2 project 

The characterization of CDs involves a multi-technical approach to obtain the 

structural, spectroscopic, dynamic, and functional properties. The most relevant 

techniques include optical and vibrational spectroscopies as well as electron 

microscopy. Firstly, the interpretation of optical absorption and PL results is 

crucial for understanding the characteristics of CDs in the context of all PL 

mechanisms previously discussed (Section 1.2). Other optical spectroscopies 

employed are time-resolved photoluminescence and transient absorption 

spectroscopy. Time-resolved photoluminescence (TR-PL) is an excellent 

technique for identifying any energy and/or charge transfer mechanisms related to 

functional groups and interacting molecules. However, this process becomes 

complicated if the systems under investigation are CDs because of their complex 

nature, in which inner states strongly interact with surface states and show 

emission wavelength-dependent lifetime. Uncovering charge/energy transfer 

through the study of fluorescence decay in such systems would help in 

understanding the quenching process, the origin of the spectral components, and 

the structural relaxation.46 Transient optical absorption spectroscopy (TAS) is 

another powerful tool that allows the recording of absorbance variations as a 

function of wavelength and time. TAS has been used in the CD research field to 

identify surface states and observe the kinetics of radical formation on the 

surface.47–49 The main limitation of these highly sensitive and effective techniques 

is the regulation of excitation power, which can potentially induce photochanges 

in the CD structure due to high-density power light beams.50  

In addition to optical spectroscopy techniques, vibrational spectroscopies are 

effectively used to study the nature of functional groups and bonds in CDs. For 

instance, Fourier transform infrared spectroscopy (FTIR) can be employed to 

investigate the formation of the carbonaceous core, the presence of heteroatoms, 

and the surface functionalities of CDs.51 However, there is a limitation of possible 

overlap of product signals with those of by-products and precursors. Another 

effective vibrational technique is Raman spectroscopy, which is commonly 

employed to study graphitic systems, addressing sp2 and sp3 hybridization, 

number of layers, and eventual defects.52,53 A common challenge in using Raman 

spectroscopy for CD studies is the excitation wavelength in the visible range, 

which induces fluorescence and masks lower Raman signals. A potential solution 

is the use of Surface Enhanced Raman Scattering (SERS) which has higher 
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sensitivity compared to classic Raman and allows for clearer spectra recording. X-

ray photoelectron spectroscopy (XPS) also helps link structural and optical 

properties and provides crucial information on the elemental composition of CDs. 

Finally, microscopy techniques are employed to analyze the size, shape, and 

crystallinity of CDs. Transmission electron microscopy (TEM) is commonly 

utilized to investigate CD morphology, often in conjunction with selected area 

electron diffraction (SAED) or high-resolution TEM (HRTEM). However, similar 

to optical spectroscopy, the probe energy density must be regulated to avoid 

carbonization of the samples, and the poor contrast of carbon-based nanoparticles 

presents a challenge for CD imaging. In addition to these widely used techniques, 

nuclear magnetic resonance (NMR) has been recently employed to gain insight 

into the complex structure of CDs, yielding impressive results in the study of CD 

doping and the discovery of new molecular species produced during synthesis.22,54 

All of these characterization techniques aim to reveal the remarkable 

luminescence and structural properties of CDs, with the goal of developing new 

technologies based on this material that are suitable for various applications such 

as drug delivery,55 sensors,56 detectors,57 photocatalysis,58 biosensing, cell 

labeling, imaging,59 thermoelectrics60 and optoelectronic devices such as LEDs 

and lasers (Figure 1.4.1).61,62 The latter is of particular interest for replacing rare-

earth and semiconductor-based materials currently used in these fields. Indeed, the 

broad emission spectrum of CDs is well-suited for the fabrication of white LEDs, 

which have been viewed as the next-generation lighting devices due to their 

energy-saving, long-lifetime, and compact size features.61 A different challenge 

involves developing CD-based lasers with high brightness and high 

monochromaticity for which only a few studies have shown good results.63 

Several critical issues must be addressed in order to use CDs for these specific 

application fields. Firstly, the strong relationship between structure and 

photoluminescence must be understood in order to tune emissions according to 

the structure. Additionally, since the most efficient performance of CDs is in the 

blue-green range, the QY in the red range must be improved, with the goal of 

achieving an overall QY that is competitive with other fluorescent materials such 

as quantum dots and organic dyes. Finally, the interaction between CDs and a 

solid-state matrix must be understood in order to design CD-based lighting and 

lasing technology.  

These purposes gathered four Italian universities and research centers 

(University of Sassari, University of Cagliari, University of Palermo, Consiglio 

Nazionale delle Ricerche di Bari) that join the “CArbon NanoDots for Light-
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emitting materials and Lasing applications” abbreviated CANDL2, a project 

funded by MIUR within PRIN call.  

Our group at the University of Cagliari is involved in two complementary 

fields. The first involves developing a theoretical study of CDs to predict their 

optical properties and validate experiments, while the second focuses on the full 

characterization of CDs produced through different methods and in different 

matrices. In terms of theoretical modeling, we aim to understand the correlation 

between structure and optical properties, with a specific focus on the role of 

nitrogen doping. In the experimental characterization, our goal is to identify the 

best precursors for synthesis and to gain a deeper understanding of their 

interaction with host matrices. This thesis was developed with the objectives of 

the CANDL2 project in mind and it is hoped that it will contribute to these 

exciting challenges. 

 

 

Figure 1.4.1. Synthetic approaches for the different forms of carbon dots (CND, carbon 

nanodot; GQD, graphene quantum dot; CPD, carbonized polymer dot) and main areas of 

application. Original figure from our work.50
 



12   

 

Chapter 2 

Modeling optical properties of 

doped/functionalized CDs 

Mocci, F.; de Villiers Engelbrecht, L.; Olla, C.; Cappai, A.; Casula, M. F.; 

Melis, C.; Stagi, L.; Laaksonen, A.; Carbonaro, C. M. Carbon Nanodots from an 

In Silico Perspective. Chemical Reviews 2022, 122 (16), 13709–13799. 

https://doi.org/10.1021/acs.chemrev.1c00864. 

 Carbonaro, C.M.; de Villiers Engelbrecht, L.; Olla, C.; Cappai, A.; Casula, 

M. F.; Melis, C.; Stagi, L.; Laaksonen, A.; Mocci, F. Graphene Quantum Dots 

and Carbon Nanodots: modelling of zero-dimensional carbon nanomaterials. 

Chapter of the book “Zero-Dimensional Carbon Nanomaterials”, edited by 

Elsevier (in printing) 

 

2.1 Introduction 

The complexity of CD nature requires the combination of different 

experimental techniques to gain information on both its structure and optical 

properties for use in technological fields. However, as mentioned in Section 1.4, 

experimental methods have some limitations that may hinder a full understanding 

of its luminescent mechanisms. Computational methods are powerful tools in 

revealing these processes, investigating the levels of electrons in atoms, 
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molecules, and nanostructures at different scales through modern molecular 

modeling and providing microscopic information that cannot be obtained through 

experimental techniques or exceeds their capabilities.  

A variety of computational methods, ranging from quantum mechanical (QM) 

to classical molecular mechanics (MM) simulations, have been employed at 

different levels of theory to understand the properties and interactions of CDs with 

other chemical entities. The choice of the computational method depends on 

various parameters such as computational cost, system size, the accuracy of the 

method, and theoretical and computational complexity of the property (Figure 

2.1.1). For instance, classical modeling techniques represent a compromise 

between computational cost and the model size and complexity when simulating 

the interactions of CDs with small organic molecules and large biomolecules, as 

well as with the solvating environment. In contrast, QM methods are widely 

employed for the investigations of optical properties of smaller molecules such as 

pyrene, coronene, perylene, or graphene-like layers due to their generally high 

computational cost.  

To assist both experimental and computational researchers in choosing the 

most appropriate and accurate method for simulating a selected CD system, and to 

help navigate the vast collection of literature on this topic, these two works have 

been undertaken. The aim is to promote the investigation of CDs and to apply 

virtual chemistry to gain further insights necessary for customization of these 

amazing systems for novel applications. This chapter will focus on the modeling 

of optical properties and provide a review of studies on the simulations of doped 

and functionalized CDs. 
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Figure 2.1.1. Examples of computational models of CDs of increasing complexity, 

from single molecule to molecular complex structures, and related experimental features, 

used to create a “road map” to find a compromised solution to perform computational 

studies. Original figure from our work.50 

 

2.2 Computational methods for modeling optical 

properties of CDs: DFT and TD-DFT 

QM studies are particularly relevant for their role in the investigation of the 

origin of CD optical features. The increasing number of works intends to reveal 

the peculiar mechanism of CD excitation-dependent emission, linking it to their 

structural and morphological properties, where both ordered and amorphous 

carbon structures were observed and foreseen to play a role. In those cases where 

the optical properties are the focus of the investigations, it is necessary to model 

the electronic structure and energy levels and how they are affected by the 

environment, and the calculations should be performed using a QM method to 

solve the Schrödinger equation. The choice of a particular QM method, or 

combination of QM methods, depends on many factors: the size of the system to 

be modeled, its degree of conformational freedom, the type of information to be 



 15 

 

obtained, available computational power, the presence of benchmark calculations 

for similar systems, and more.  

Among the quantum mechanical methods applied to the study of the optical 

properties of CDs, Density Functional Theory (DFT) methods are by far the most 

used. Compared to other QM methods, DFT methods have a greater capability of 

coupling reasonable accuracy with relatively low computational cost. DFT 

methods derive from the 1964 Hohenberg and Kohn theorems,64 stating that all 

the ground-state properties of an N-electron system are uniquely determined by 

the total electron density (). In the later Kohn–Sham DFT formulation, the total 

energy of the ground state is expressed as a sum of exact terms, and an important 

(although small) contribution to the energy is given by the exchange-correlation 

(XC) term EXC: 

 

𝐸[𝜌] = 𝑇[𝜌] + 𝐽[𝜌] + 𝑉[𝜌] + 𝐸𝑋𝐶[𝜌] 

 

where T is the non-interacting electron kinetic energy, J is the Coulomb 

energy, and V is the energy due to the external field generated by the nuclei. The 

first three terms can be computed exactly, while the exact EXC functional form is 

not yet known except that for a uniform electron gas, and only approximate forms 

can be used. In the way for approximating the exact XC term, an increasing 

number of functionals, each one with its strength and limitations was 

implemented. 

The simplest approximation of the XC term is the local density 

approximation65  (LDA) where the energy is typically separated into an exchange 

and in a correlation part. While LDA has been widely used for studying bulk 

properties in solid-state physics, it is not appropriate to study surfaces or 

molecules, since it overestimates the bond energies and produces too short bond 

lengths.  

A more sophisticated approximation, making use of both the spin densities and 

their gradients is GGA, generalized gradient approximation, whose parameters are 

obtained either by a fitting to some data sets, as in the B86 approach,66 or derived 

using theoretical conditions, as in the PBE approach.67 A broadly used variant of 

the GGA, largely applied to the study of the structure and properties of CDs, is 

constituted by the hybrid-GGA methods as the popular B3LYP, developed by 

Stephens68 and co-workers. 

The most used functionals in chemistry and material science are those based on 

the B3LYP and PBE functionals,69 respectively. However, there are several 

limitations in using these functionals, such as the reproduction of dispersion 
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forces and the incorrect behavior of the XC functional at long-range, which have a 

relevant impact on the charge-transfer excitation. A promising approach is 

represented by hybrids functionals such as CAM-B3LYP and ωB97XD in which 

the XC functional is divided into short-range and long-range contributions.70,71 

DFT methods provided information about the properties of the ground state but 

to give insight into excited state properties it is necessary to employ time-

dependent methods. Time-dependent DFT (TD-DFT) is an increasingly popular 

method to treat the electronically excited states and study the optical properties of 

a variety of molecular and periodic systems solving numerically the time-

dependent Schrödinger equation. Excitation energies, photoabsorption spectra, 

and frequency-dependent response properties can be calculated by analyzing the 

time response of the systems subject to an external time-dependent potential.69,72 

 As DFT, also TD-DFT is based on the idea of replacing the real interacting 

many-body electronic system with a noninteracting one having the same electron 

density. However, the construction of such a noninteracting system is much more 

complex for TD-DFT, mainly because the time-dependent effective potential at 

any given time depends on the value of the electronic density at all previous 

instances. TD-DFT is based on the theorem of Runge and Gross (RG)73 and a 

time-dependent equivalent to that of Hohenberg–Kohn,64 and for an initial 

electronic wave function ψ0, it can be shown that there is a 1:1 correspondence 

between the time-dependent external potential v(r,t) of a many-body system and 

its time-dependent density ρ(r,t). Therefore, it is possible to write the external 

potential v(r,t) as a functional of the density: 

𝑣(𝐫, 𝑡) = 𝑣[𝜌, 𝜓0](𝐫, 𝑡) 

The RG theorem allows one to substitute the time-dependent many-body wave 

function with the corresponding time-dependent electron density. The main 

applications of TD-DFT are the calculations of excited states energies of isolated 

systems obtained under the assumption of a linear response of the electronic 

density, applying an external time-dependent potential. 

Most investigations concerning the applications of DFT/TD-DFT methods in 

CD studies are focused on the simulation of CD structure and properties using 

small molecular models. Generally, the simulations make use of B3LYP 

functional and are carried out on popular easy-to-use software such as Gaussian. 

The target feature is in general the optical absorption since the computations of 

the emission properties are not always straightforward. Sometimes the density of 

states (DoS) or the vibrational spectra are also calculated. 
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Thus, the combined information from simulation and experiments is 

fundamental to reaching a better understanding of the CD properties, in particular 

when the topic is the doping/functionalization phenomenon. 

 

2.3 Theoretical studies on doped and functionalized 

CDs 

Given the great variety of CDs, it is difficult to choose the appropriate model 

for virtually mimicking their structure. Undoped CDs, whose chemical 

composition consists only of carbon and hydrogen (to passivate the surface), are 

usually employed as reference systems to rationalize the properties of more 

heterogeneous structures. These references can be ordered such as extended single 

or multiple layers of PAH or disordered as amorphous carbon structures. 

It was proved that in most of these cases, the quantum conjugation effect plays 

a key role by inducing a redshift of the optical features as the extension of the sp2 

graphene domain increases.23,74 Nevertheless, when considering the geometry of 

more disordered structures, an important role is played by the effects induced by 

changes in planarity, by the presence of stress, and by the changes in topology or 

the sp2/sp3 ratio.74–78 All these studies address core and edge effects but also 

molecular and surface states need to be investigated in detail. The molecular 

model that considers molecules such as CZA, HPPT, and IPCA as possible PL 

centers of several bottom-up produced CDs, proves to be effective in reproducing 

both their absorption and emission properties.22,54,79 But the location at the surface 

of the nanoparticle or within the inner structure has to be taken into account. 

Indeed, phenomena like aggregations are considered to affect the optical features 

and are recognized as possible sources of the excitation-dependent emission 

typically recorded.43,44 

However, the most analyzed among the possible PL mechanisms is the surface 

state. The inclusion of different elements in CDs structure localized either in the 

core (dopants) and/or in the surface/edges (functional groups) highly influences 

the optical properties of these nanosized systems. The knowledge of how 

heteroatom positions affect optoelectronic activity would allow the design of a 

nanostructured material with band-gap size tailored to the specific application 

field. Thus, computational studies aim to overcome some limits of experimental 

techniques and give complementary information on the fundamental mechanisms 

responsible for this tailoring. An increasing number of studies were published on 
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this topic, combining experimental results with simulations, or performing pure 

theoretical calculations. In this section, literature on both GQD and CND models 

was included as both these systems were usually downsized to single or double 

graphene-like layers for model purposes. Commonly studied heteroatoms are 

oxygen, nitrogen, sulfur, and boron. Besides its presence in most non-doped CDs 

produced by bottom-up synthesis routes, oxygen can be counted among the 

heteroatoms in the form of carboxyl, carbonyl, hydroxyl, and epoxy groups. The 

synthetic route influences the type and amount of these groups on carbon structure 

from which not only emission properties but also solubility and biocompatibility 

depend on. On the other hand, nitrogen is well-known for affecting PL properties 

increasing the QY. Many works investigating GQD and CND properties focus on 

N-doping, trying to clarify the function of the incorporation of this element in the 

carbon network as graphitic, pyrrolic, and pyridinic nitrogen. Other dopants such 

as sulfur, boron, and phosphorous were also considered, including the possible co-

doping with nitrogen and other elements.  

The effect on optical absorption of oxygenated groups has been discussed in 

different papers.  

 

 Figure 2.3.1. Computed effect on the absorption spectrum of different 

doping/functionalization of CNDs. CND is represented as a layer of graphene with 

doping heteroatoms or functional groups at the edge or within the carbon network. 

Original figure from our work.50 
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As reported in Figure 2.3.1, C=O-containing groups contribute to the shift of 

the absorption spectrum to longer wavelengths. Li et al.’s work,78 exploited DFT 

and many-particle perturbation theories to understand the contribution to 

electronic and optical properties of GQDs from frontier orbital hybridization and 

charge transfer. The investigation shows that these two mechanisms can act both 

in collaboration or in opposition and the best choice for tuning these properties is 

the functionalization of GQDs with C=O functional groups that lead to small 

charge transfer and large hybridization. Supporting this point of view, Liu and co-

workers80 carried out a combined experimental and computational study on the 

variation of spectroscopic features due to the coupling of surface oxygenated 

groups and π-electron systems which produces opposite shifts of the experimental 

emission peaks. Indeed, as it was claimed by theoretical simulations the 

absorption peak was strongly blueshifted decreasing C=O content but this shift is 

effectively reduced increasing the C-C content and consequently, extending the 

delocalization of the π-electron system. Another paper supporting this thesis is the 

one of Ambrusi et al.81 who focused on the interaction between CNDs, modeled 

as a few fused benzene rings, and silver nanoparticles. They performed a TD-DFT 

calculation showing that functionalizing models with -COOH and -OH brought a 

redshift of the optical absorption. Also, Zhao and coworkers82 considered the 

contribution of COOH and OH groups on both absorption and PL spectra studying 

large PAH models of GQDs with different sizes and shapes. It was verified the 

redshift effect from COOH groups that increases with the number of groups and 

the same effect with OH, particularly when all the edge sites are substituted. 

The presence of epoxy groups in the CND structure, instead, induces a 

blueshift. Sudolská et al.45 performed a detailed TD-DFT investigation focusing 

on the role of oxygenated groups, stacking, and solvent interactions in the UV-Vis 

absorption spectrum using as models single and multilayer coronene and pyrene. 

This study underlines that the presence of epoxy groups on the surface of the 

model yields a large blueshift of the highest occupied molecular orbital-lowest 

unoccupied molecular orbital (HOMO-LUMO) peak. The same thesis is 

supported by Strauss and co-workers75 modeling CNDs as functionalized 

graphene with different dimensions and number of layers. DFT and semi-

empirical methods were employed to understand how structural characteristics 

influence optical properties. It was found that epoxidation along with the 

alteration of the sp2 network causes a blueshift while hydroxylation is responsible 

for the redshift of both absorption and emission spectra. 

For what concerns the effect of nitrogen on absorption features, in the work of 

Choi et al.83 GQDs were modeled as circum-2-coronene, and it was demonstrated 
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that the increasing functionalization with electron-withdrawing groups such as -

NO2 and -CN provokes a redshift of the absorption spectrum.  

Another important parameter that causes redshift with respect to the undoped 

model is the presence of graphitic nitrogen. Sarkar and co-workers84 support this 

hypothesis by modeling CNDs as pyrene- and coronene-based structures and 

performed a TD-DFT study simulating HOMO and LUMO electronic levels and 

their electronic distribution from which they derived the absorption features. In 

this work also pyridinic, pyrrolic, and amino groups were analyzed finding no 

significant effect on optical properties except for a small blueshift due to pyridinic 

nitrogen. On the contrary, the already mentioned work of Strauss et al.75 reports a 

high blueshift due to pyridinic nitrogen. Holá et al.,85 instead, contribute to the 

explanation of the role of graphitic nitrogen via TD-DFT calculations. Indeed, 

graphitic nitrogen is supposed to reduce the HOMO-LUMO gap due to the excess 

of electrons injected in the unoccupied π* orbitals of a conjugated system 

originating the redshift of the optical properties. 

Amino group influence on optical absorption was studied by Jin and co-

workers.86 They merged experimental and computational results showing that the 

band gap reduces as the number of amino groups increases. The DFT simulations 

were performed modeling amino functionalized GQDs as 13-ring clusters with -

NH2 at the edges. Also, the work of Wang et al.87 focused on the role of NH2 

functionalization finding the same redshift of absorption properties along with a 

large modification of the structure. Finally, Kundelev’s work88 reports that in 

addition to absorption redshift, amino groups do not affect the oscillator strength 

of the first radiative transition and consequently do not suppress the QY.  

Absorption properties can be tailored also by S-doping and other chemical 

elements. Xu et al.89 demonstrated that the presence of S, N, and S-N dangling 

bonds can be regarded as the origin of levels within the gap that favor charge 

transfer and charge recombination at the surface causing the redshift of the optical 

properties. Also, Feng et al.90 work analyzes the doping of GQD by means of 

nitrogen and sulfur, adding to this investigation the possible contribution of boron 

and phosphorous using the TD-DFT method. Inner and edge doping were both 

considered for the calculation of absorption spectra. S and P in the inner positions 

lead to a clear redshift whilst just a slight blueshift is recorded with the presence 

of N and B. The opposite behavior was reported for edge doping being S and P 

responsible for the blueshift and N and B for the redshift. Finally, Jana and co-

workers91 aimed attention at the role of boron performing DFT and TD-DFT 

calculation on a functionalized PAH model with substitutional boron atoms or 

boron oxide molecules assessing that boron concentration shifts the absorption to 
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a longer wavelength range. The effect of heteroatoms on optical absorption 

properties is summed up in Figure 2.3.1. 

The effect of doping and functional groups on emission properties has also 

been studied in many recent papers (Figure 2.3.2). The role of epoxy groups on 

the blueshift of the emission was confirmed by the already cited Strauss et al.75. 

The opposite outcome appears adding carboxyl groups to the model as illustrated 

by the already mentioned Li et al.’s78 and Zhao et al.’s82 works but also by Holà et 

al.92 in which TD-DFT was performed on functionalized PAH models showing 

that a redshift of the emission maxima values are linked to the presence of 

carboxyl groups which move the charge towards the edges of the structure leading 

to a higher contribution in the optical properties.  

Regarding N-doping, another paper by Sudolská and Otyepka93 presents a TD-

DFT series of calculations combined with Boltzmann averaging to study 

absorption and emission of CND models containing pyridinic, pyrrolic or amine 

nitrogen at the edge of pyrene models. It was observed that increasing the amount 

of nitrogen brought a larger redshift in amino models and a blueshift with 

pyridinic and pyrrolic functionalized models. The blueshift of the emission from 

pyridinic nitrogen was verified also by the previously cited Strauss et al.75 who 

further reports that even epoxy groups cause a blueshift. Wang87 and Kundelev88 

confirm the redshift caused by amino groups whilst Sarkar84 and Holà85 report the 

same effect from graphitic nitrogen. Feng90 indeed assesses the role of different 

heteroatoms in the core as redshift origins whilst Chen and co-workers94 in 

particular focused on the differences between the effect of ether groups in the core 

or in the edge displaying that only edge-oxidized models show an evident Stokes 

shift to longer wavelength.  

To sum up, theoretical papers about the effect on the optical properties of CDs 

by heteroatom doping or functionalization by specific chemical groups were 

reported. The redshift of the HOMO-LUMO gap was ascribed to graphitic N84,85 

and edge amino groups.86–88,93 On the contrary, pyridinic and pyrrolic N induce a 

blueshift of the absorption properties.75,84,93 Regarding oxygen-related doping, 

carbonyl78,80–82 and hydroxyl75,81,82 groups are associated with a redshift while the 

epoxy group is reported to cause a blueshift.45,75 Considering the influence of 

functionalization of the emission, it was found that the passivation with COOH 

groups78,92 as well as doping with boron90,91 or phosphor and sulfur90 is strictly 

related to a redshift in emission. In the case of nitrogen, instead, a critical role is 

played by the exact position of the atom inside the system. While a clear redshift 

is reported when NH2
87,88,93 and OH75,82 groups are added to the system, evidence 

of a blueshift is presented in the case of pyridinic or pyrrolic nitrogen.75,93 
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Figure 2.3.2. Computed effect on the emission spectrum of different 

doping/functionalization of CNDs. CND is represented as a layer of graphene with 

doping heteroatoms or functional groups at the edge or within the carbon network. 

Original figure from our work.50 

 

2.4 Conclusions 

The understanding of CD properties requires a comprehensive analysis 

performed at the levels of electrons, atoms, molecules, and nanostructures using 

modern computational modeling, which can be tightly correlated with 

experiments. Simulations can play a significant role in revealing the main features 

and properties of CDs, such as the aggregation of nanoparticles to tune optical 

properties or energy/charge transfer processes and non-radiative relaxation 

mechanisms. However, a clear and straightforward classification of CDs based on 

their core composition and structure is not yet available, which would serve as a 

framework for modeling investigations. At the same time, in silico studies can 

help to unravel the structural pathway during a specific synthesis and further 

define the boundaries of each category in the classification. It is important to note 

that more realistic CD models are needed, as current limitations in computing 
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power often lead to models for GQDs being adapted to other classes of CDs, 

ignoring the importance of the variable sp2/sp3 ratio for electronic properties. 

 When it comes to the photoluminescence mechanism, multireference 

calculations have been proposed to produce a benchmark for high computing cost 

systems, although a consistent and reliable method for calculating fluorescence 

spectra of large and complex systems like CDs has yet to be implemented. 

Therefore, a combination of computational and experimental methodologies is 

highly desirable, as it would allow for the explanation of PL mechanisms, surface 

functionalization, the interaction between the core and surface, and quantum 

confinement effects related to π-domains, all while exploring possible 

multipurpose applications. 
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3.1 Introduction 

The large panorama of possible emitting centers in CDs pinpoints the need to 

determine the connection between their structure and emission mechanism, also in 

view of proper exploitation of the resulting properties for the desired 

application.95,96 To achieve this goal, a larger control on the obtained synthesis 

products, in terms of structure, composition, and morphology, possibly through a 

fast, easy, and green synthesis procedure, is required. Bottom-up routes represent 

an efficient method to obtain CDs in a cheaper way on large scale but make it 

difficult to achieve homogenous samples in size and distribution, thus requiring 

complex purification procedures. A valid approach consists in the production of 

CDs directly in porous solid-state matrices using them as nanoreactors to obtain 

size-selected nanoparticles.97,98 Host matrices such as polymers,99–102 

zeolites,103,104 MOFs,105 silica gel,106–109 and different mesoporous materials110–112 

provide multipotential support for the production of hybrid fluorescent materials 

for several purposes including room temperature phosphorescence and delayed 

fluorescence applications.113–115 

Recently, we studied similar hybrid systems obtained by imbibition of 

mesoporous silica matrices with citrate-based CDs and focused on the optical 

emission change due to the interaction with the matrix.116,117 The use of 

mesoporous silica as a suitable solid-state matrix for CDs is motivated, among 

others, by its well-known chemical inertness and high specific surface.118,119 In 

this work, we investigate the properties of CDs synthesized within solid-state 

matrices of commercially available mesoporous silica employing a solvent-free 

synthesis in an open-air oven and comparing the photophysical properties of 

solid-state hybrids with those of reference CDs prepared without silica matrices 

and dispersed in water (CD-R). Using as precursors citric acid (CA) and urea, we 

synthesized CDs directly inside two types of mesoporous silica with different 

morphologies and pore sizes (commercial MCM-48, with 3 nm pore diameter, and 

SBA-15, with 8 nm pore diameter, S3, and S8 respectively in the following). The 

aim is to investigate a solvent-free solid-state synthesis,120 exploiting silica 

matrices as nanoreactors to produce homogeneous CDs, avoiding complicated 

separation and purification procedures. Optical and structural properties of solid-

state hybrids (S-CD) were measured and compared to the ones of CD-R by means 

of a multi-technique approach, encompassing irradiation-driven photophysics 

experiments and quantum chemistry simulations to verify which could be the 

possible emitting centers in the blue and green region and why the green ones are 

promoted when CDs are synthesized within silica matrix. Finally, we verified that 
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those optical properties tuned by the synthesis within mesoporous silica were also 

preserved once the CDs (CD-E) were extracted from the host matrices. 

Supplementary information is available in Appendix A. 

3.2 Materials and Methods 

3.2.1 Synthesis and Treatments 

Reference nitrogen-doped CDs (CD-R) were synthesized via simple thermal 

decomposition of precursors in air and represent our reference sample. A 1:1 mol 

mixture of citric acid (1 g) and urea (0.285 g), all purchased from Sigma Aldrich, 

were dissolved in 10 mL of distilled water, and stirred in an ultrasonic bath for 15 

minutes. Afterward, 2 mL of solution was transferred, put in a drying oven at 80 

°C until the complete evaporation of water (in this sense the synthesis is defined 

as solvent-free), and heated in an open vessel at 180 °C for 3 hours. The upward 

ramp was set to 10 °C/min starting from room temperature (RT) and, at the end of 

the cycle, the sample was slowly cooled down since it reached RT again. Finally, 

we dissolved the produced powder in 40 mL of water and separated larger 

aggregates utilizing a centrifuge (30 min at 6000 rpm).  

The synthesis of CDs directly in a matrix of mesoporous silica spheres (S-CD) 

was performed by drop casting the same aqueous solution of citric acid and urea 

upon mesoporous silica powders (MCM-48 and SBA-15, Sigma Aldrich) with 

different pore sizes (3 nm and 8 nm in diameter, as declared by the producer). 

Impregnated powders were left in a drying oven at 80 °C for about 45 minutes, 

allowing water to slowly evaporate (again solvent-free synthesis, water was 

exploited as a vector to introduce the precursors within the silica matrices), and 

finally put in the oven at 180 °C for 3 h, as previously described. After cooling 

down the hybrid samples, S3-CD and S8-CD were ready for measurements.  

We also prepared silica samples soaked with the pre-formed reference CDs 

dispersed in water (I-CD) to compare the irradiation effects on different hybrid 

samples. Soaking was obtained by drop-casting 1 mL of CD water dispersion on 7 

mg of bare silica powders.  

To extract the CDs synthesized in silica matrices we performed a series of 

washing treatments in water, filtering the washed powders (filter pore size 0.22 

m) and collecting the water solution with the extracted CDs (CD-E, CD-3 and 

CD-8 as referred to the silica matrix exploited in the synthesis). 
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3.2.2 Measurements and Calculations 

Structural, textural, and morphological characterization 

Transmission electron microscopy (TEM) images were acquired with a Jeol 

JEM 1400 Plus microscope. Once dispersed in a tiny amount of n-octane the 

samples were dropcasted on a holey carbon-coated copper grid and let evaporate 

at RT.  

Infrared spectra were collected by using a Bruker Vertex 70 spectrometer in the 

range 4000–400 cm−1 with a resolution of 4 cm−1 and 256 scans, using KBr 

pellets. Spectra were acquired in absorbance mode to measure the attenuated total 

reflection (ATR) of powders and dispersed samples. 

XPS analysis was performed with a Theta Probe ARXPS spectrometer 

(Thermo Fischer Scientific) using the AlKα source at 70 W. The analyzer was 

operated in the fixed analyzer transmission mode. Three points with a spot size of 

300 µm were analyzed on each sample. The residual pressure in the UHV 

chamber was always lower than 5×10−7 Pa. The binding energy scale was 

calibrated using the standard procedure. Sample charging was compensated by 

referring all binding energies to the C1s signal at 285 eV. More details on 

experimental setup and data processing are provided by Fermo et al.121 

N2 physisorption experiments at 77 K were performed using a Sorptomatic 

1990 System (Fisons Instrument). Prior to measurements, the samples were 

outgassed at room temperature for 24 hours. 

Steady-state and Time-resolved optical spectroscopy 

UV-Vis-NIR absorbance and reflectance spectra were collected by an Agilent 

Cary 5000 spectrophotometer with a spectral bandwidth of 2 nm in the 200-800 

nm range. All the liquid samples were diluted with distilled water and put in 

quartz cuvettes with a 1 cm path length. Baseline corrections were performed on 

all spectra.  

Three-dimensional fluorescence maps were performed using a 

spectrofluorometer Horiba Jobin Yvon Fluoromax-3 with a 450 W xenon lamp as 

the excitation source. The maps were collected with an excitation range of 300-

600 nm and an emission range of 300-600 nm with a 2 nm spectral resolution for 

excitation and emission.  

QY measurements for hybrid solid samples were carried out by comparing the 

light emitted by the samples to a reference dye excited at 350 nm, as described in 

ref  117,122, according to the following expression: 
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𝑄𝑌 =  𝑄𝑌𝑅

𝐼 𝑂𝐷𝑅𝑛2

 𝐼𝑅𝑂𝐷𝑛𝑅
2  

 

where the subscript R refers to the reference (C120), I is the PL intensity of the 

sample, OD indicates the optical density evaluated at the excitation wavelength, 

and n refers to the refractive index of the relative solvent. 

 In the case of samples dispersed in water, QY measurements were performed 

by means of an integrating sphere paired with a Jasco FP-8550 spectrofluorometer 

at 350 and 440 nm excitation wavelengths. 

As for time-resolved photoluminescence (TR-PL), the measurements were 

performed by exciting the samples with 200 fs long pulses delivered by an optical 

parametric amplifier (Light Conversion TOPAS-C) pumped by a regenerative 

Ti:Sapphire amplifier (Coherent Libra-HE). The repetition frequency was 1 kHz, 

and the PL signal was recovered by a streak camera (Hamamatsu C10910) 

equipped with a grating spectrometer (Princeton Instruments Acton SpectraPro 

SP-2300). All the TR-PL measurements were gathered by exciting the samples in 

the front-face mode to avoid the inner filter effect. In the case of CDs dispersed in 

water the solutions were placed in quartz cuvettes with a 1 cm path length. Solid 

hybrids were placed between transparent glass slides. Proper optical filters were 

applied when needed.  

DFT and TD-DFT calculations 

Quantum-chemistry calculations were performed using the Gaussian 16 suite 

of programs.123 To model the silica matrix, we considered a cluster of 14 silicon 

atoms previously reported.124,125 H or OH atoms terminated the dangling bonds of 

the surface Si atoms in the clusters. As for the representative emitting centers in 

CDs we considered different possible models: two selected molecules, the keto 

tautomer of CZA and HPPT molecules, which, from preliminary calculations, 

were more stable in water solution than the imine tautomer;43,126 the OH and 

COOH functional groups at the edge of a pyrene structure (an archetypal PAH 

system to mimic carbon network of CDs127) and, finally, the presence of graphitic 

N within the same reference pyrene structure. 

We performed a geometry optimization down to the self-consistent field (SCF) 

energy of each model system by means of DFT calculations carried out at the 

B3LYP/6-311++G(d,p) theory level.128,129 Vibrational analysis on each optimized 

structure was performed to verify the absence of imaginary frequencies (the 

structures correspond to true local minima). 



 29 

 

No solvent effect was accounted for since no water is supposed to be present 

within the silica mesoporous matrix after CD synthesis. However, to consider the 

possibility of some residual OH group at the silica surface some calculations were 

carried out by substituting the terminal H atoms of the silica cluster with 1 to 4 

OH groups on the selected interaction sites with model structures. We also tested 

the system with full OH coverage. 

To evaluate the silica-CD interaction we performed rigid scan calculations to 

probe the potential energy surface (PES) along a specific interaction coordinate 

and selected a few possible trajectories and interaction sites. Both the silica cluster 

model and the CD models were kept at frozen optimized positions during the scan 

(rigid scan procedure) to reduce the freedom degrees of the system. Once a 

minimum of energy in the PES was individuated, we performed TD-

DFT/B3LYP/6-31G(d) and 6-311++G(d,p) calculations of that structure to 

calculate UV-VIS optical absorption. We also let the system relax from the fixed 

position minimum and re-calculated the UV-VIS features in the relaxed geometry 

at the same theory level. 

3.3 Results and Discussion 

3.3.1 Optical and structural characterization 

The absorption spectrum (Figure 3.3.1a) of the reference CD dispersed in 

water (CD-R) and synthesized through the solvent-free approach here proposed 

reproduces the typical bands reported for citric-acid derived CDs, with a distinct 

contribution peaked at about 345 nm usually ascribed to n‒* transitions and a far 

UV band related to ‒* ones. Besides, a shoulder around 375 nm and a broad 

band at about 440 nm are also detected. When CD synthesis is performed within 

mesoporous silica and the solid-state samples are analyzed (S-CD), the relative 

contribution of the broad absorption band above 375 nm is largely increased 

compared to the main one at 350 nm recorded in CD-R dispersed in water. The 

gathered spectra suggest that the small shoulders peaked at about 375 and 440 nm 

observed in CDs in water keep their peak position and are largely increased in the 

hybrid samples. In addition, the S8-CD hybrid 350 nm absorption band is still 

resolved and larger than the broad shoulder in the blue range, whilst S3-CD near-

UV band is not distinct anymore, its relative content being even lower than the 

blue one. These findings indicate that we should expect in hybrid samples an 

increase in the contribution of the emitting centers related to the absorption in the 

375-450 nm range, in good agreement with our previous results.117 
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Figure 3.3.1. (a) Absorbance spectrum of CD-R and S-CD hybrids, (b) comparison 

of TR-PL spectra excited at 350 nm with an excitation power of 2.5 μW, (c) and the 

relative decay time plots in the 100 ns range. The decay time was recorded on the overall 

emission spectrum.  

Comparing the emission features of hybrid samples to the ones of CD-R at 350 

nm excitation wavelength and low laser power (2.5 μW), we indeed confirm a 

larger relative contribution of the green emission band (Figure 3.3.1b), paired 

with an overall reduced lifetime because of the interaction with the silica matrix 

and possible aggregation phenomena within the porous host (Figure 3.3.1c). The 

detailed analysis of time-resolved PL spectra (Figure S.3.1 and Table S.3.1) 

clearly shows that, by means of deconvolution with two Gaussian bands (the fit is 

carried out in the energy space), a 10% larger contribution of the green band is 

gathered in the S8-CD hybrid as compared to the S3-CD one. The decay times 

display a non-single exponential profile due to a fast contribution shorter than 1 ns 

and a second decay in the 2-3 ns range for the S3-CD and S8-CD samples, with a 

further longer contribution due to the emission of the silica matrix matrix130,131 

(Table S.3.2, the other details are related to photo-physics experiments described 

in the next section). The plotted decay times refer to the whole emission recorded 

upon 350 nm excitation, since no significant differences within the experimental 

uncertainty (vide infra) were recorded by selecting specific emission ranges 

corresponding to the blue and green contributions. The overall faster decay time 

in hybrid samples as compared to CD-R dispersed in water causes a lower 

efficiency of the former (QY of about 1%), also due to the large scattering of the 

excitation by the hybrid powders, being the QY of CD-R of about 5%. 
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Figure 3.3.2. Excitation and Emission Maps (EEMs) of CD-R (a), S3-CD (b), and 

S8-CD (c). 

The excitation-emission maps (EEMs) of CD-R dispersed in water and the two 

S-CD hybrids (Figure 3.3.2) confirm the scenario reported. Indeed, all the 

samples present two contributions, as expected from absorption measurements, 

but while in CDs in water those contributions are well separated and could be 

assigned to molecular-related centers,22 the emission in the hybrid samples is less 

defined. A close inspection of the maps reveals that the common blue emission at 

430 nm is mainly excited at 350 nm in water whereas in hybrids the excitation 

peak is shifted to 375 nm. Besides, the green emission is mainly excited at 430 nm 

and centered at 525 in water whilst it is excited at 400 nm and peaked at 510 nm 

in hybrids, particularly in the S8-CD sample which shows a larger contribution in 

this region. It is worth noting that the hybrid green band can be also excited in the 

near UV region, in opposition to CD-R dispersed in water, whose main green 

emission is excitable only above 410 nm. These findings suggest that the blue and 

green emitting centers observed in hybrids samples could be different from the 

ones displayed in CD-R dispersed in water. These differences can be related to the 

synthesis conditions (outside and inside silica), the different surrounding 

environments (water or silica), and the possible concentration effects realized in 

the hybrid samples. According to the literature,50,132 the observed emission 

features could be related to intrinsic transitions, usually related to the carbogenic 

core, or extrinsic transitions due to the presence of dopants, surface centers, or 

molecular species, the latter being the most efficient ones.101 The concentration 

effect is expected to be mainly relevant for the molecular emission centers, whilst 

less relevant for the core centers and the surface ones. Indeed, no emission could 

be collected from pure CD-R powders, supporting the hypothesis that 

concentration phenomena could be responsible for the emission quenching in 

silica, the interaction with the matrix allowing to observe, on the other hand, the 

less efficient emission transitions.  
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In the attempt to associate these optical differences with structural and 

morphological ones between our CD reference and the hybrid samples, we 

performed XPS and ATR measurements on CD-R and S-CD powders, along with 

TEM images of the samples. Once re-scaled for the contribution of silica, XPS 

measurements report a larger oxygen atomic content in the S3-CD hybrid (38%) 

at the expense of C and N content (52 and 10%, respectively), whilst the 

composition of the S8-CD hybrid is much alike the one of the CD reference 

sample (22, 64 and 14% for O, C and N respectively) with an increase of both 

absolute and relative to C concentration of N in the latter hybrid (Table S.3.3). 

Whilst the O1s spectrum of both hybrids is due to the large contribution of silica 

(Figure S.3.2, Table S.3.4), C1s and N1s spectra allow discussing more in detail 

the composition in the two sets of samples (Figure 3.3.3). 

 
Figure 3.3.3. (top) C1s and (down) N1s XPS spectra. On the left of the CD reference 

sample, in the center of S3-CD, and on the right of S8-CD hybrid samples. 

The relative content of organic carbon versus graphitic one is largely affected 

by the synthesis in the host matrix, being the percentage of graphitic one almost 

double in S3-CD than in the S8-CD hybrid, also higher than in the reference 

(Table S.3.5). These results support the idea that even matrix morphology plays 

an important role in the structuring of CD nanoparticles. Moreover, in contrast to 

the reference, silica hybrids have a larger contribution related to the presence of 

the carboxylic group (about 8 times) and an increase of the signal related to C-

O/C-N bonds (about 1.5-2.0 times). The analysis of the N1s spectrum (Table 

S.3.6) clarifies the N contribution, showing a very small content of 

pyridinic/aminic species in both hybrids as compared to the CD sample (1.8-1.9% 
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against 18.4%) and a larger content of graphitic N (14.4% and 10.8% in S3-CD 

and S8-CD versus 2% in CD). This is an indication that from one side no residues 

from urea pyrolysis are retrieved in the hybrids, from the other side those systems 

have a larger content of graphitic N and O-related species that calls for different 

CD structures compared to CD-R, where the contribution of N pyridinic 

molecules like CZA can be deduced. In addition, the larger content of imidic N 

gathered in S3-CD (44.4%) and S8-CD hybrid (16.6%) as compared to the 

reference, and the lower content of pyrrolic N in S3-CD than in S8-CD (39.5 and 

70.7% respectively) calls for the presence of imidic HTTP-like centers and could 

indicate that a complete reaction toward the formation of nitrogen-incorporating 

emitting centers is not achieved in the former whilst is almost completed in the 

latter.  

The effect of the nanometric size of the porous host exploited as a nano-reactor 

is also displayed by ATR measurements in the 1900-1500 cm-1 range, where the 

peak of C=O and C=N vibrations are recorded (Figure S.3.3a), whilst, excluding 

this range, the signal of silica matrices hid the expected contribution of other 

vibrations. The reported spectra display that the relative content of the broad band 

of the C=C bond in the reference sample (below 1600 cm-1) is largely decreased in 

the hybrids, where two main contributions are detected at 1650 and 1725 cm-1. 

The narrow 1725 cm-1 band calls for the presence of C=O stretching in aldehydes 

or esters, with no contribution from ketones or acids, as observed in the reference 

sample (the broad band with a peak at 1700 cm-1). The large band at 1650 cm-1 is 

ascribed to C=N vibrations, whose relative contribution is larger in S3 hybrids 

than in S8 ones. These findings agree with the XPS data in suggesting that the 

silica nanoreactors modify the relative composition and bonding of the 

synthesized CDs. For the sake of completeness, Figure S.3.3b reports the ATR 

spectrum of CDs dispersed in water showing the fingerprints of the typically 

observed vibrations (OH, CH, CO, CN, and NH).116 

As expected from the features of the commercial plain silica samples, TEM 

images (see Figure S.3.4) show the occurrence of mesoporous silicas with 

monodisperse pore size, with smaller pore size in the S3 sample as compared to 

the S8 sample. From TEM images of the hybrid samples (S3-CD and S8-CD, 

Figure S.3.4) it is not possible to distinctly assess the location of CDs due to the 

poor contrast ratio. In an attempt to image the CDs and further confirm their 

presence within silica matrices, we performed a washing procedure of the hybrid 

samples with water and collected the extracted nanoparticles. The TEM images of 

these CDs (CD-3 and CD-8) were compared to one of the reference CDs (that is 

the one synthesized without silica). As reported in Figure 3.3.4 rounded CDs 
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were always observed with a size distribution affected by the interaction with the 

host matrix. Indeed, whilst reference CDs have a large distribution peaked at 

about 4.0 nm (SD = 1.1 nm), CD-3 and CD-8 samples have narrower distributions 

with mean diameters of 3.2 and 4.4 nm and SD = 0.7 and 0.6 nm respectively. 

These data confirm that the CD size distribution is affected by the features of the 

silica support.  

 
Figure 3.3.4. (left) TEM images of CD-R (a), CD-3 (b), and CD-8 (c) with their 

relative size distribution (right). 

A textural investigation was also performed by N2 physisorption measurements 

at 77 K, and the obtained isotherms for the S-CD samples (S3-CD and S8-CD) 

and the corresponding pure SiO2 (S3, S8) are reported in Figure S.3.5 and 

confirm the occurrence of mesoporous silicas with smaller pores in the S3-based 

samples as compared to S8-based samples. A significant decrease in surface area 

and pore volume is observed in the hybrid materials as compared to the plain 

silicas (see Table S.3.7). These findings could be due to the occurrence of CDs 

within the pores of the silica support.133  

Finally, we also carried out the EEM measurements of the extracted CDs 

dispersed in water (Figure 3.3.5). The blue and the green emission centers are 

observed in both samples, with a larger contribution of the green emission with 

respect to the blue one, as compared to the reference CD samples (Figure 3.3.2a). 
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The green contribution is even larger in the CD-3 sample than in CD-8 one. The 

blue emission is peaked at about 450 nm with the main excitation at 365 nm in 

CD-3, and at 430 nm with excitation at 355 nm in CD-8. As for the green 

emission, it appears at 525 nm with the main excitation peak at 440 nm in both 

samples. Interestingly, the QY of these samples is comparable to the ones of the 

reference CDs, as reported in Table S.3.8. These data clearly show that, even 

though the hybrid samples have lower efficiency than the reference CD-R samples 

dispersed in water, the CD-E synthesized in silica display good emission 

properties once extracted from the host matrices, even restoring their emission 

efficiency when dispersed in water. Indeed, TR-PL measurements performed by 

exciting at 350 nm and 450 nm allow selecting a larger relative contribution of the 

blue and green bands, respectively, showing average lifetime comparable to the 

ones of the reference sample within the experimental uncertainty (see Table S.3.9 

and Figure S.3.6). Moreover, the estimated time constants suggest that the green 

emission is slightly faster than the blue one (4.9–5.6 ns vs 5.8–7.3 ns). As a 

further comparison, we also measured the decay time of the green emission of the 

hybrid samples by exciting at 410 nm, the estimated value being largely 

determined by the interaction with the silica matrix (Figure S.3.7 and Table 

S.3.10). Two main considerations can be finally deduced from the above analysis: 

i) in the hybrid samples the decays excited at both 350 and 410 nm are always 

faster than the decays of the reference sample in water; ii) once the CDs are 

extracted from the silica matrix the estimated average lifetime is comparable to 

the one recorded for CD-R. Thus, the synthesis in silica allows tuning the size and 

the optical properties of the prepared CDs. 

 

 
 

Figure 3.3.5. EEM plots of CD-3 (a) and CD-8 (b). 
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3.3.2 Photo-physics of CD-silica hybrids 

To further discuss the emission features of CD hybrids, we carried out a series 

of photo-physics experiments by irradiating the samples with femtosecond pulsed 

and continuous wave (CW) laser light, changing both the excitation power and the 

irradiation time, and selecting the impinging light within the UV and blue 

absorption bands of the samples (at 350 nm in the pulsed case, at 405 nm for the 

CW one). The normalized PL spectra recorded at low and high excitation power 

(2.5 and 55 W respectively, Figure 3.3.6) display that the relative contribution 

of the green band as compared to the blue one is larger for both the excitation 

power in S8-CD hybrids than in S3-CD hybrids. 

 

Figure 3.3.6. Normalized PL spectra of hybrid samples under 350 nm irradiation at 

2.5 µW (a) and 55 µW excitation power (b). 

As already anticipated, the fit of the spectra by two Gaussian bands (reported in 

Figure S.3.1) confirms the larger relative content of the green band (74% versus 

64% at 2.5 W and 66% versus 46% W at 55 W in S8-CD and S3-CD hybrids 

respectively, see Table S.3.1). Those relative contents can be compared to the 

ones in the CD sample dispersed in water, where they are inverted (73% and 27% 

for the blue and green emission bands respectively, Figure S.3.8). Besides, as 

already noted before, the spectral features of the two bands excited at 350 nm are 

also quite different: the blue band is peaked at about 420 and 456 nm in the S-CD 

hybrids whilst at 440 nm in the CD-R in water, and the green band is centered in 

the 530-550 nm for the hybrids and at about 510 nm in the reference. The decay 

time plots (Figures S.3.1 and S.3.8) confirm the interaction of CD with the silica 

matrix, with a net decrease of the lifetime at both low and high excitation power 
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as compared to CD-R dispersed in water (Table S.3.2). The average decay time 

(see Appendix A for details) was estimated through a non-single exponential 

decay fit, assuming three decays, with an experimental time resolution of about 

0.8 ns over the investigated 100 ns time windows (evaluated using the signal 

10%-90% rise time). The decrease in the average decay time from 7 ns to 2-3 ns 

in hybrid samples is due to the larger relative contribution of the fastest two 

decays.  

The analysis of the spectrum as a function of the excitation power (Figure 

3.3.7) indicates that the relative content of the blue band decreases as the 

excitation power increases suggesting some photo-activated process involving the 

blue and green emitting centers. 

 
Figure 3.3.7. Effect of increasing excitation power on the PL spectra of S3-CD (a) 

and S8-CD (b) hybrids that underlines the reaching of the same spectral features under 

high power for S3-CD and low power for S8-CD. 

It is interesting to note that the spectral variation is completed in the S8-CD 

hybrid when the irradiation power achieves 60 W, whilst it keeps going on in the 

S3-CD sample up to about 200 W. At the end of the process both the samples 

display an emission band peaked at about 520 nm with a reduced relative 

contribution in the blue range. To clarify the photo-activated process, we 

performed a photo-kinetic study of the hybrid samples. Indeed, the spectra in 

Figure 3.3.7 were collected by shining the samples for the time required to 

achieve a good signal-to-noise ratio, thus representing a sort of averaged effect of 

excitation power and irradiation time. To follow the variation induced by the 

irradiation time at a fixed excitation power (2.5, 5, and 55 W) we performed a 

series of acquisitions of 5 s over the irradiation time range of 500 s for the lower 

powers and 0.5 s over 50 s for the highest one. The spectra at the beginning of the 
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experiment and at the end of it are compared in Figure 3.3.8, showing the same 

trend reported as a function of the excitation power. 

 

Figure 3.3.8. PL spectra of S3-CD and S8-CD hybrids obtained under varying 

excitation power levels (2.5, 5, and 55 μW). The spectra were collected at different time 

intervals, with the black spectrum obtained after 5 s at lower power values and 0.5 s at 

higher power, and the colored spectra recorded after 500 s or 50 s respectively (round 

focused spot laser was about 200 μm in diameter). 

We see that the observed variation is mainly related to the increase of the green 

band in S3-CD hybrids whilst in the S8-CD samples the main process is the 

decrease of the blue band and a slight increase of the green one at the highest 

excitation power. The full sequence of the kinetics at 5 W for the two hybrid 

samples is reported in Figure 3.3.9. 
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Figure 3.3.9. S3 (a) and S8 (c) CD kinetics recorded under 350 nm irradiation at 5 

W. The trend of the PL intensity VS time at selected emission wavelength for S3 (b) and 

S8 (d) CD samples. 

The color maps display that in both cases the overall effect is a greener 

emission after the whole irradiation sequence coupled with an increase of the blue 

band in the case of the S3-CD hybrid and a decrease of the same emission in the 

S8-CD one. The trends are also highlighted by the plot of the PL intensity at 430 

and 510 nm in both samples as a function of irradiation time. It is worth noting 

that all these trends are linear and in the latter case the two trends have equal but 

opposite slopes. We also observe that the increase rate of the green band in the 

case of the S3-CD hybrid is five times larger than in the case of the S8-CD one. 

These findings suggest that in the case of the S3-CD hybrid the irradiation 

promotes a larger increase of the emitting centers as compared to S8-CD samples, 

which could be related to the larger content of reaction intermediates observed in 

the former, as reported by XPS measurements. The effects of CW laser irradiation 

at 405 nm are also similar, as reported in Figure S.3.9, leading to a fast saturation 

effect on the S8-CD hybrids and a linear increase of the green band in S3-CD 
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samples. To address the origin of the photo-activated process we performed the 

photo-physics analysis also on the soaked samples (I-CDs). Indeed, as previously 

discussed, the CDs synthesized within the silica nanoreactors (S-CDs) have a 

different composition than the reference CDs (CD-R) synthesized without silica, 

and different main emitting centers were hypothesized in the two cases, calling for 

most molecular emitters in the latter and surface centers in the former. Thus, in 

the case of I-CD samples, we expect that the UV irradiation should affect the 

emitting molecular centers leading to photobleaching of the samples, as reported 

in the literature.134 

 

Figure 3.3.10. Comparison of PL spectra of reference CD-R dispersed in water, the 

S-CD hybrids, and the soaked I-CD samples in S3 (MCM-48) (a) and S8 (SBA-15) (b). 

Decay time plot of the samples excited at 350 nm with 2.5 μW excitation power (c). The 

decay time was recorded on the overall emission spectrum. 

As reported in Figure 3.3.10, the spectral features of the emission in I3-CD 

and I8-CD hybrids excited at 350 nm are in between the ones of the S-CDs and 

the CD-R dispersed in water, showing a blue band at about 440 nm and an 

intermediate relative content of the green band peaked at about 510 nm. The 

decay time profiles are similar to the ones of S-CD hybrids, calling for the 

interaction with the porous matrix and concentration-related effects. The recorded 

kinetic map of I3-CD (Figure 3.3.11) displayed a large decrease in both the blue 

and green emissions during the first hundred seconds followed by an increase in 

the green emission and a constant blue contribution. In the case of I8-CD, we 

observed only the decrease of the two emission bands with no further 

modifications. Moreover, the irradiation with CW blue laser of impregnated 

samples causes the increase of the green band in I3-CD samples and almost no 

effects on the I8-CD ones (Figure S.3.9). The differences recorded in the two 

silica matrices for both the S-CD and I-CD hybrids could be related to the 

different content of OH groups in the two matrices, as discussed in the following 

Section (vide infra). 
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Figure 3.3.11. I3 (a) and I8 (c) CD kinetics recorded under 350 nm irradiation at 5 

W. The trend of the PL intensity vs time at selected emission wavelength for I3 (b) and 

I8 (d) CD samples. 

To rationalize the data, we pinpoint that no variations were observed in the 

case of CD-R dispersed in water under different excitations powers of UV 

irradiation with the same experimental conditions applied for the hybrids (laser 

beam focused on the front face of the sample, cuvette of 1 cm for the dispersed 

samples). Indeed, UV photobleaching of CDs dispersed in water was reported 

when the whole sample was homogenously irradiated.134 In the present case, the 

irradiated volume was very small, and the CDs dispersed in water could freely 

move around the whole cell, thus reducing the probability of being photobleached 

or modified by UV irradiation. The reported photo-physics effects are peculiar to 

the hybrid systems and the interaction of CDs with the silica host matrix. Indeed, 

not only did we observe a starting emission with a larger contribution in the green 

range as compared to the CDs in water in both the matrices, but also a larger 

surface photo-reactivity that further promoted the formation of green-emitting 

centers, eventually to the expense of the blue ones. The photo-activated process is 

mediated by the presence of the silica matrix, thus ascribing the recorded emission 
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features to surface centers interacting with the surrounding environment. The 

results gathered with impregnated hybrid samples further support this hypothesis, 

showing first a decrease in the molecular emission features and then an increase in 

the contribution of surface states, in agreement with previous results on CDs 

dispersed in water.135 A few conclusions can be drawn from the overall reported 

experimental data, further considered to guide the computational work: the 

interaction of silica host with CDs produces a broader emission spectrum than for 

CDs dispersed in water, with a larger relative contribution of the green emission 

as compared to the blue one. The interaction with the matrix is demonstrated by 

the decrease of the average decay time of the emission because of non-radiative 

transitions mediated by the host also decreasing the overall emission efficiency. 

Aggregation phenomena of CDs within the silica may also decrease the global 

QY, in particular with reference to the molecular states. The emitting centers have 

different spectral features for hybrids and dispersed CDs, calling mostly for 

surface emitting centers in the first case and molecular centers in the second one. 

The structural analysis confirms this hypothesis since CDs in hybrid systems have 

a larger relative content of O and N as compared to CD sample in water. The 

larger content of O produces an increase in the OH and COOH groups, whilst the 

N relative increase is mainly related to a larger content of graphitic N. The 

comparison of the kinetics recorded under prolonged laser irradiation of S-CD and 

I-CD hybrids further confirms the proposed interpretation, showing that the 

photo-activated interaction with the silica matrix modifies the relative content of 

emitting surface centers in S-CD hybrids, leading to the increase of the emission 

in the green spectral range. In I-CD hybrids we mainly observe the 

photobleaching of the emitting molecular species, and eventually the increase of 

the surface ones.  

3.3.3 DFT and TD-DFT calculations 

To understand the interactions of CDs embedded in the hybrid systems, 

selected models of carbon dots within the silica host pores were studied by DFT 

and TD-DFT calculations. We considered a 14 Si atoms model of silica, already 

reported for simulating defects in silica,116,124 and a set of possible CD-related 

systems, including OH and COOH edge functional groups on a pyrene model 

structure (PYR-OH, PYR-COOH, and PYR respectively), a graphitic N inside the 

pyrene model structure (PYR-NGRAPH) and two selected molecules, CZA and 

the HPPT, which could be formed during the citric acid synthesis and represent 

the prototype of pyridinic and imidic molecular centers (Figure 3.3.12). It is 
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known, indeed, that OH and COOH functional groups allow redshifting of the 

optical properties of CDs,50,136 thus potentially contributing to the emission in the 

blue-green spectral range. In addition, the insertion of N in the PAH network in 

the form of graphitic N produces a large redshift of the pristine PAH model,85,137 

giving rise to emission in the green spectral range. For these reasons, and 

accounting for the experimental findings, we considered the pyrene structure as a 

reference PAH model and modified the system by adding an OH or COOH 

functional group on the edge of the pristine pyrene structure. Similarly, we 

inserted a graphitic N in the structure to test the formation of CDs with larger 

content of N within the C network. Besides, as discussed in the introduction, we 

considered CZA and HPPT molecules whose formation could be expected in the 

present synthesis, as suggested by the recorded absorption and emission features 

(Figure 3.3.1 and Figure 3.3.2). Concerning the silica models here considered, 

with full H, full OH, and partial OH (1 and 4 OH) termination, the four models 

produced similar UV optical absorption peaked around 170 nm (Figure S.3.10). It 

is worth underlining that we do not consider any solvent effect in the reported 

calculations, since the synthesis was performed under solvent-free conditions. 

 

Figure 3.3.12. Calculated optical absorption features of isolated emitting center 

models (simplified stick representation: white stick = H atom, dark grey stick = C atom, 

red stick = O atom, and blue stick = N atom). 

As reported in Figure 3.3.12, the presence of OH and COOH functional groups 

at the edge of our pyrene reference model produces a redshift of the HOMO-

LUMO (HL) gap, from 339 nm to 347 and 370 nm for the OH and COOH group 
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respectively, also largely reducing the oscillator strength of the transition in both 

cases. These findings are in good agreement with previous results and suggest that 

these surface emitting centers could be responsible for a blue emission (OH) and a 

cyan emission (COOH) respectively, whilst the carbogenic core could be 

responsible for near UV-blue contributions.117,132 The model with graphitic N 

shows a larger redshift of the HL gap, moving the transition up to 426 nm, thus 

fully supporting the possible attribution of the green emission to the presence of 

graphitic N.50 However, the oscillator strength is reduced also in this case by 

about one order of magnitude as compared to the pristine undoped model. 

Concerning the two molecules, the results on CZA agree with previously reported 

ones,43,126 calling for the assignment of the blue emission to this molecule when a 

blue molecular center is observed. Surprisingly, the results on HPPT do show an 

absorption transition at 330 nm, quite far away from the expected absorption at 

about 400 nm experimentally reported22 and recently calculated but to a lower 

theory level (B3LYP and 6-31G(d,p) basis set138) for the anionic form of HPPT. A 

theoretical in-depth analysis of these results is beyond the scope of the present 

research and will be discussed in further work. Interestingly, both molecular 

species, CZA and HPPT, have larger oscillator strength than the other models here 

considered, thus providing more efficient emissions in the blue (CZA) and the 

green (HPPT) spectral range. 

To mimic the interaction with the silica surface, we hypothesized a simplified 

model where the emitting centers are placed at the surface of the CD, either that 

they were molecules, like CZA and HPPT, or surface functional groups, like OH 

and COOH, or graphitic N within pyrene structures. The model centers can face 

the silica surface in a parallel or orthogonal way, assuming the centers are 

positioned at the CD surface as orthogonal spikes or as surface planar structures, 

as previously proposed.74,139 This is clearly a simplified scheme since all the 

possible interaction angles between the silica surface and the centers should be 

considered. In addition, there are also many possible sites at the silica surface 

where our models can express their interaction with the matrix, thus making the 

configurational space of the interacting systems very large. Besides, we are not 

considering, as stated before, any possible homo or hetero aggregation between 

emitting species, which could be even favored by the CD-supporting 

surface.116,118,140 Starting from the simplified assumptions made, Potential Energy 

Surfaces (PESs) were calculated to explore the interaction between CDs and silica 

along selected trajectories to specific interaction silica sites and performing rigid 

scan calculations, not allowing the silica network nor the emitting species to 

modify their structure during the scan. Finally, no PES were calculated for the 
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pyrene system, since the carbogenic core is expected to be not affected by the 

interaction with the surrounding media. As illustrated in Figure 3.3.13 for the 

representative case of CZA, an energy minimum was obtained for the whole set of 

selected trajectories for the orthogonal relative position of the considered emitting 

center model with respect to the silica surface. In the case of CZA and HPPT also 

parallel orientation gave a minimum in the computed PES. We also calculated the 

relaxed geometries starting from the minima of the rigid scan PES calculations 

and letting the full system relax. The whole set of model systems did relax in a 

normal or slightly oblique position with respect to the silica surface, also the CZA 

and HPPT molecules when starting from the parallel one. Thus, for the 

configurations in the total energy minima of fixed and relaxed geometries, we 

calculated the absorption spectrum of the system, and the oscillator strength of the 

HL gap and compared the data to the results for the isolated model structures. The 

optical features recorded for the fixed and relaxed configurations were very 

similar for both the HL gap position and its oscillator strength. 

 

 

Figure 3.3.13. Schematic representation of CZA-silica relative position and PES 

trajectory for the parallel (a) and orthogonal (b) case. The calculated PES for the 

orthogonal case is reported in (c). Simplified stick representation: white stick = H atom, 

dark grey stick = C atom, light grey stick = Si atom, red stick = O atom, and blue stick = 

N atom. 

The comparison of the HL gap of isolated and interacting with silica model 

structures, considering both fully H and OH terminated silica, shows interesting 

results (Figure 3.3.14): in general, the gap position is slightly affected by the 

interaction with the silica matrix but for the HPPT case, where a large redshift up 

to about 400 nm is recorded. Besides redshifting, the oscillator strength of HPPT 

interacting with silica (fully H terminated model) is slightly increased (+1.4%), 

like the one of graphitic N system (+1.4%). The COOH model also experiences an 

increase in the transition efficiency, of about +8.4%, whilst the OH model system 
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and CZA undergo a decrease in their oscillator strength (-25.3% and -4.5% 

respectively). Thus, the overall effect is an increase in the efficiency of the cyan 

and green emitting centers as compared to the blue ones, for both surface state and 

molecular state models, in very good agreement with the experimental findings. 

Similar results also hold for the fully OH terminated silica but for a large increase 

of the oscillator strength of the OH model system (+59.9%) and a decrease of the 

COOH system one (-8.9%) suggesting that the presence of water at the silica 

surface would blueshift the overall emission of CDs, as for the CDs dispersed in 

water. 

Finally, we considered the possible presence of a few OH groups at the silica 

surface (1 and 4) and calculated the optical features of the system when the 

molecules interact with the silica surface in the nearby hydroxyl groups. The HL 

gap did not change so much for the OH, COOH, and graphitic N model systems, 

whilst a larger blueshift as compared to the full H or OH silica coverage was 

recorded for the CZA and HPPT molecules (Figure S.3.11). Besides, the 

oscillator strength changed a lot, in particular for the PYR-OH model system, 

suggesting that the interaction largely depends on the selected sites and on the 

eventual presence of OH groups which could promote, once again, the blue 

emission. 

 

Figure 3.3.14. HL gap (left) and oscillator strength (right) for the different model 

structures without silica, or in presence of fully H-terminated or fully OH-terminated 

silica models. 

To sum up all the simulations, the formation of graphitic N systems or HPPT 

molecules (here considered as a prototype of imidic molecular centers) can 

explain the observed green emission for the silica-CD hybrids, the interaction with 

the silica surface promoting the redshift of the HPPT HL gap, and the increase of 

the oscillator strength of both models. The other models here considered, OH and 
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COOH pyrene structures and CZA molecule, have optical features that could 

explain the observed blue emission (OH system and CZA) or cyan emission 

(COOH system) contributing to the overall emission spectrum of the hybrid 

systems with lower efficiency than in outside silica CDs. Despite the necessary 

simplifications in the studied models compared to the experimental samples, the 

reported computational results do explain the experimental data of CD samples in 

silica, where the interaction with the host matrix promotes the emission in the 

green range with respect to the blue one, in particular for the S8 silica. However, 

the presence of OH groups on the silica surface can largely affect the relative 

content of blue and green emissions, as gathered from the simulated interactions 

with silica fully or partially covered with OH groups. Indeed, the models 

associated with the blue emission displayed, on average, larger oscillator strength 

when OH groups are at the silica surface, also depending on the selected 

interaction site. The larger values of oscillator strength calculated for those model 

systems can explain the differences recorded between the two hybrid structures 

since a larger content of OH groups could be expected in the mesoporous matrix 

with lower pore volume (0.5 cm3/g and 1.0 cm3/g in S3 and S8 respectively) and 

larger specific surface area (1500 m2/g and 500 m2/g for S3 and S8 

respectively).141 These differences could explain from one side the different 

atomic content and chemical bonding observed in the two hybrids, on the other 

side could be also relevant for the photo-induced effects observed in the photo-

physic experiments. Indeed, the hybrid samples were prepared with a solvent-free 

synthesis, and we should expect that no water could remain within the pores. 

However, some OH groups could cover the inner surface of the pores (with a 

larger concentration in smaller pore matrices, as explained above), thus 

influencing the interaction of CDs with the silica surface. According to the results 

of the simulations, on average, the presence of OH groups on the silica surface 

favors the blue-emitting model systems. Upon laser irradiation those OH groups 

on the silica surface could be removed, thus reducing the blue emission 

contributions, and promoting the luminescence of the green emitting model 

systems, the effect being more important in the silica matrices with larger content 

of OH groups at the surface.  

A final comment regards the contribution of molecular and surface centers. The 

molecular contribution is largely quenched in silica hybrids because of 

aggregation phenomena. Indeed, once the CDs are extracted from the host 

matrices (CD-E) and dispersed in water their QY is restored, and a large green 

emission probably due to some imidic molecular center is observed. However, we 

have shown that the computed interaction with the silica matrix promotes the 
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green emitting centers when the content of hydroxyl groups on the silica surface is 

reduced and the blue emitting ones when the latter is increased. This observation 

holds for both the molecular and surface-emitting centers suggesting that if one 

could reduce the aggregation phenomena within the porous host, also the 

molecular centers could provide their contribution to the overall emission.142 As a 

consequence, an increase in the QY of the hybrid systems could be expected 

because of their larger oscillator strength as compared to the surface centers. This 

indication agrees with the results reported to mitigate the concentration 

phenomena for dyes in solid-state applications143 prompting the research on solid 

CDs towards an efficient mechanism of nanoparticle separation able to preserve 

the beneficial interaction with the supporting media. 

 

3.4 Conclusions 

The production of CDs-silica hybrids in silica matrices with different pore 

sizes and textures allowed discussing the formation of blue and green emitting 

CDs, by means of a multi-technique approach combined with quantum chemistry 

computations. We first assessed the possibility of producing the nanoparticles 

with a solvent-free synthesis, with spectral features in agreement with the ones of 

other solvent-mediated methods. As compared to nanoparticles dispersed in water, 

the hybrids show a larger relative content of the green emission which undergoes 

an increase under UV or blue irradiation, in particular for the matrix with smaller 

pores and larger interconnection. Higher content of graphitic N, O-related species, 

and imidic groups and a lower content of pyridinic one was measured in both 

hybrids as compared to reference CDs, suggesting that the nano-reactors favor the 

inclusion of N atoms within the C network of the nanoparticles and change the 

relative content of molecular centers. The reported analysis calls for a different 

distribution of emitting states in the hybrid samples as compared to the CDs 

dispersed in water, also related to the environment surrounding the nanoparticles: 

in the first ones we mostly observe the emission from surface centers, and in the 

second ones mostly from molecular centers. Indeed, the concentration effect of 

nanoparticles within the host matrix further reduces the contribution from 

molecular centers in the hybrid samples. This hypothesis is confirmed by the 

investigation of the hybrids prepared by imbibition of reference CDs into the 

silica matrices, the photo-physics experiments displaying a large decrease of the 

overall molecular emission followed by the increase of the surface center 

contribution. The larger efficiency of the green emitting centers in silica as 
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compared to the blue emitting ones was explained by performing quantum 

chemistry calculations on the interaction between silica surface and possible 

models of fluorescent centers, like OH and COOH surface groups, graphitic N, 

and citric acid-based prototype molecules, namely CZA and HPPT. The analysis 

of the computed optical features of the interacting systems confirmed that the 

host-guest interaction can affect both the spectral features and the efficiency of 

their transition. Indeed, the HL gap of HPPT is redshifted because of the 

interaction with the silica surface, and the oscillator strength of the cyan (COOH) 

and green emitting centers (graphitic N and HPPT) is increased, whilst the 

efficiency of the transitions of the blue emitting centers (OH and CZA) is 

decreased. Thus, the overall effect is promoting green emission, as experimentally 

observed. Computational results also indicate that the presence of OH groups on 

the silica surface can modify this overall effect, boosting the efficiency of blue 

emitting centers and further confirming the active role of the silica surface in 

tuning the optical properties of embedded CDs. Finally, the CD extracted from the 

silica matrices and dispersed in water restored their quantum yield and displayed a 

larger molecular-like green contribution. The simulations also indicate that if 

proper strategies to overcome aggregation phenomena are applied, the interaction 

with the silica matrix would be advantageous also for the more efficient molecular 

centers. Despite the low efficiency of the synthesized hybrid systems, mainly due 

to aggregation phenomena, we have shown that the mesoporous silicas are useful 

as nanoreactors and active support to host CD nanoparticles, exploitable as a lever 

for tuning the size and optical properties of CDs for both in solution and solid-

state applications.  
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Chapter 4 

Insights into Bare and N-doped 

Carbon Dots from citric acid 

Olla, C.; Ricci, P.C.; Chiriu, D.; Fantauzzi, M.; Casula, M. F.; Mocci, F.: 

Cappai, A.; Porcu, S.; Stagi, L.; Carbonaro, C.M Exploring the impact of 

nitrogen doping on the optical properties of Carbon Dots synthesized via 

citric acid pyrolysis (submitted to Nanomaterials) 

 

 

4.1 Introduction 

Nowadays, a common methodology for the production of CDs involves the 

thermal degradation of citric acid and nitrogen sources. The reconstruction of the 

reaction involving only citric acid is challenging as it was demonstrated to form 

few fluorescent intermediates by itself which can be responsible for the 

luminescence properties of citrate-based CDs.51 Highly efficient blue-emitting 

CDs can be obtained from the synthetic route of citric acid and different nitrogen 

sources such as ethylenediamine (EDA) and urea, whose reactions are assessed to 

produce fluorescent 5-Oxo-1,2,3,5-tetrahydroimidazo-[1,2-α]-pyridine-7-

carboxylic acid (IPCA) and citrazinic acid (CZA, 2,6-dihydroxyisonicotinic acid), 
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respectively.54,144 The reaction of a mixture of citric acid and urea could be 

considered even more complicated as it is known for producing according to their 

molar ratio not only CZA but also green emitting 4-hydroxy-1H-pyrrolo[3,4-

c]pyridine-1,3,6(2H,5H)-trione (HPPT).22 However, nitrogen can enter in CD 

structure in different ways. Indeed, N-doped CDs can contain embedded moieties, 

surface functional groups (amines and amides), and heteroaromatic rings 

(pyridinic, pyrrolic, and graphitic nitrogen) deeply changing the original citrate-

based structure. 

In this work, we will provide a detailed study of the similarities and differences 

recorded between CDB (bare CDs) obtained from the use of only citric acid and 

CDN (N-doped CDs) synthesized from a 1:1 molar ratio mixture of citric acid and 

urea. The employment of different techniques, from structural to spectroscopic 

ones, accompanied by simulations based on the experimental results, can help to 

understand the deep structural differences and the consequent different PL 

mechanisms that are involved in those cases. Supplementary information is 

available in Appendix B. 

 

4.2 Materials and Methods 

4.2.1 Synthesis and Treatments 

Bare CDs (CDB) and nitrogen-doped CDs (CDN) were synthesized via thermal 

decomposition of precursors in the air. Only citric acid (1.000 g) for CDB and a 

1:1 molar ratio of citric acid and urea (0.285 g) for CDN, all purchased from 

Sigma Aldrich, were dissolved in 10 mL of distilled water and stirred in an 

ultrasonic bath for 15 minutes. Subsequently, 2 mL of each solution was 

transferred and put in a drying oven at 80 °C until the complete evaporation of 

water. Each sample was heated in an open vessel at 180 °C at different times (1, 2, 

3, 5, and 10 hours) to study the ideal time range for this synthesis temperature. 

The upward ramp was set to 10 °C/min starting from room temperature (RT) and, 

at the end of the cycle, the samples were slowly cooled down since they reached 

RT again. Finally, we dissolved each sample in 40 mL of water and separated 

larger aggregates using a centrifuge (30 min at 6000 rpm). 
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4.2.2 Structural and morphological characterization 

The morphostructural features were assessed by X-ray diffraction (XRD) 

measurements by means of a Panalytical Empyrean diffractometer equipped with 

an X’Celerator linear detector. The scans were collected within the range of 7−40° 

(2θ) using Cu Kα radiation. 

Surface Enhanced Raman Spectroscopy (SERS) measurements were performed 

in backscattering geometry with a confocal micro-Raman system (SOL Confotec 

MR750) equipped with a Nikon Eclipse Ni microscope. Samples were excited 

with a 532 nm laser diode (IO Match-Box series) and the spectral resolution was 

0.6 cm–1. SERS supports were ITO glasses coated with silver nanoparticles (S-

Silver SERS substrates, Sersitive, Warsaw Poland). 

Transmission electron microscopy (TEM) in both conventional and high-

resolution mode was performed on a Jeol JEM 1400 Plus and Jeol JEM 2010 

microscope, respectively. Once dispersed in a tiny amount of n-octane the 

samples were drop casted on a holey carbon-coated copper grid and let evaporate 

at RT.  

XPS analysis was performed using a Theta Probe ARXPS spectrometer 

(Thermo Fischer Scientific) with the AlKα source at 70 W. The analyzer was 

operated in the fixed analyzer transmission mode. Three points with a spot size of 

300 µm were analyzed on each sample and the residual pressure in the UHV 

chamber was always lower than 5×10−7 Pa. The binding energy scale was 

calibrated using the standard procedure. Sample charging was compensated by 

referring all binding energies to the C1s signal at 285 eV. More details on 

experimental setup and data processing are provided in Fermo et al.121 

Infrared spectra were collected by using a Bruker Vertex 70 spectrometer in the 

range 4000–400 cm−1 with a resolution of 4 cm−1 and 256 scans, using KBr 

pellets. Spectra were acquired in absorbance mode to measure the attenuated total 

reflection (ATR) of dispersed samples. 

4.2.3 Optical characterization 

UV-Vis-NIR absorbance and transmittance spectra were collected by an 

Agilent Cary 5000 spectrophotometer with a spectral bandwidth of 2 nm in the 

200-800 nm range. All the liquid samples were diluted with distilled water and put 

in quartz cuvettes with a 1 cm path length. Baseline corrections were performed 

on all spectra.  
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QY measurements were performed by means of an integrating sphere paired 

with a Jasco FP-8550 spectrofluorometer at 350 nm excitation wavelength. 

Three-dimensional fluorescence maps of CDs dispersed in water were 

performed using a spectrofluorometer Horiba Jobin Yvon Fluoromax-3 with a 450 

W xenon lamp as the excitation source. The maps were collected with an 

excitation range of 225-600 nm and an emission range of 225-600 nm with a 2 nm 

spectral bandwidth for excitation and emission.  

As for time-resolved photoluminescence (TR-PL), the measurements were 

performed by exciting the samples with 200 fs long pulses delivered by an optical 

parametric amplifier (Light Conversion TOPAS-C) pumped by a regenerative 

Ti:Sapphire amplifier (Coherent Libra-HE). The repetition frequency was 1 kHz, 

and the PL signal was recovered by a streak camera (Hamamatsu C10910) 

equipped with a grating spectrometer (Princeton Instruments Acton SpectraPro 

SP-2300). The solutions were placed in quartz cuvettes with a 1 cm path length. 

Proper optical filters were applied when needed.  

A pump and probe system (Ultrafast Systems HELIOS-80000-UV-VIS-NIR 

coupled with a CCD camera) was exploited for transient absorption 

measurements. A train of laser pulses obtained by a regenerative Ti:Sapphire 

amplifier Coherent Libra-F-1K-HE-230 to produce 200 fs pulses at 800 nm with a 

kHz-repetition rate. From the train of laser pulses, the pump and probe beams 

were generated, the former in the 300-800 nm range by means of an optical 

parametric amplifier (TOPAS-800-fs-UV-1), the latter as a white super-

continuum pulse by means of a sapphire plate. The two pulses, properly delayed 

in time, were focused on a 1 mm quartz cuvette containing a dispersion of CDs 

with OD <0.5. All measurements were carried out at room temperature and no 

pump-intensity-dependent dynamics were observed at the selected excitation 

wavelength (in the 0.1-0.6 mJ/cm2 range). 

4.2.4 DFT and TD-DFT calculations 

Quantum-chemistry calculations were performed using the Gaussian 16 suite of 

programs.123 We performed a geometry optimization down to the self-consistent 

field (SCF) energy of each model system by means of DFT calculations carried 

out at the B3LYP/6-311++G(d,p) theory level.128,129 Vibrational analysis on each 

optimized structure was performed to verify the absence of imaginary frequencies 

(the structures correspond to true local minima). To account for the interaction of 

simulated structures with water, the self-consistent reaction field model was 

considered to include the solvation effects. The dielectric solvent was simulated 
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through the polarizable continuum model calculation within the integral equation 

formalism (IEFPCM).145 No imaginary frequencies were calculated for all the 

optimized ground state structures in the vibrational spectra, thus assuring that the 

simulated structures were real energy minima. TD-DFT calculations at the same 

level of theory (B3LYP/6-311++G(d,p)) were carried out on the optimized groud-

state structures to evaluate the UV-Vis optical absorption. 

4.3 Results and Discussion 

The absorption spectra and the integrated emission intensity at two different 

excitation wavelengths were considered to assess the most luminescent materials 

among a set of bare carbon dots (CDB) and N-doped ones (CDN) obtained by 

changing the synthesis time (Figure 4.3.1). The typical absorption pattern of citric 

acid-based carbon dots is displayed for all samples, with the π‒π* transition band 

at about 235 nm and the n‒π* one at about 350 nm. Besides these contributions, a 

further shoulder is recorded in the 400-500 nm range in CDN samples which is 

not clearly observed in the CDB ones. Exciting the samples in the main absorption 

regions (350 nm and 410 nm), PL spectra were recorded for all samples (details in 

the following paragraphs). The inset shows that the maximum of the integrated 

emission is recorded for both sets after 2-3 hours of pyrolysis. This is in good 

agreement with the previous results of Ehrat et al.146 so that, in the following, we 

consider only the samples prepared with 2 or 3 hours of thermal treatment, for the 

CDB and CDN samples respectively. 

 

Figure 4.3.1. Optical absorption spectra of CDB and CDN samples obtained at 

different synthesis times. Inset: normalized integrated photoluminescence of CDB and 

CDN samples excited at 350 and 410 nm. 
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Structural analysis of the samples was performed by employing a multi-

technique approach. The XRD patterns of bare and N-doped CDs are reported in 

Figure 4.3.2. The two broad 2θ peaks at about 17° and 26°, corresponding to 5.5 

and 3.5 Å, indicate the highly disordered structure of the samples, with spacing 

similar to the ones of graphite with stacking faults (turbostratic carbons).147,148 It is 

noted that the contribution at about 26° can be separated only in the CDN 

samples, suggesting an even larger disorder possibly induced by the presence of 

N. This is also confirmed by Raman spectra in the 1000-2000 cm-1 region. The 

spectra were collected by the SERS technique, allowing the detection of the 

vibrations up above the fluorescence signal. The two main bands for both CDB 

and CDN are the well-known D and G bands peaked at about 1350 and 1600 cm-1 

and are generally ascribed to sp3 and sp2 hybridized C-structures.149,150 The D 

band is associated with disordered graphite or glassy carbon whilst the G band 

corresponds to the E2g mode of graphite, thus being associated with crystalline 

structures. The ratio between the intensities of the two bands is exploited to 

evaluate the disorder/crystalline ratio in the samples (ID/IG). The reported data 

indicate a larger degree of disorder in N-doped CDs (ID/IG≈1 in CDN and 0.6 in 

CDB), confirming the XRD results. We point out that the reported ratio in the 

case of CDN is in good agreement with previous results on microwave 

synthesized samples,117 confirming that the applied solvent-free synthesis can 

produce nanoparticles with structural features similar to the ones in the literature. 

Besides the two D and G main bands, the spectra present several narrow peaks, 

mostly displayed in the CDB pattern. Comparing the spectra with the Raman of 

CA in an aqueous solution,151 no fingerprints of pure CA have been identified 

pointing out the complete transformation of the precursor in some other molecular 

species. One of these expected species is CZA whose formation during the 

synthesis of CDN is suggested by vibrational modes at 934 and in the 1700-1750 

cm-1 region.43,126,137 Indeed, the large sensitivity of the SERS technique evidences 

a rich structured molecular-like spectrum over imposed upon the D and G bands 

in both CDB and CDN related to the presence of possible molecular fluorophores 

in the structure of both samples. 
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Figure 4.3.2. XRD patterns (a) and SERS spectra (b) of CDB and CDN samples. 

TEM images (Figure S.4.1) report rounded nanoparticles for both samples 

with a mean diameter of 4.5 nm (SD = 1.4 nm) for CDB and 3.6 nm (SD = 0.9 

nm) for CDN. No clear crystalline planes were detected by HRTEM (not 

reported), even in the CDB samples that, according to Raman indications, should 

have a larger content of sp2 C atoms. 

As suggested by XRD and Raman results, a rich gallery of atomic species and 

structures is expected, as typically reported in bottom-up prepared CD systems.152 

XPS allowed for estimating the relative content of C, O, and N atomic and 

assessing their binding features. The elemental composition of our samples is 

mostly constituted by C atoms (74% for CDB and 67% for CDN) whilst the 

remaining is completely oxygen in CDB (26%) and mostly oxygen (21%) and 

partly nitrogen (12%) in CDN (Table S.4.1). The original atomic ratio of these 

elements in the reagents was calculated to be 0.8 for C/O and 3.4 for C/N but the 

higher experimental values in all cases suggest that part of the oxygen and 

nitrogen had been released during the pyrolysis. The analysis of C1s signals 

(Figure 4.3.3a-b, Table S.4.2) provides a detailed overview of the carbon species 

displaying a relatively similar content of aromatic (31.2 and 27.4%, for CDB and 

CDN, respectively) and aliphatic carbon (30.6% for CDB and 28.2% for CDN) 

for the two samples but a much higher content of graphitic (7.5% against 2.8%) 

and COOH (15.2% against 2.8%) species in CDB. Indeed, the deconvolution of 

the spectra shows a generally higher amount of organic C species compared to 

graphitic one, with a Corg/Cgraph ratio of 12.4 and 35.4 in CDB and CDN 

respectively, confirming the XRD and Raman structural indications that pointing 

at a larger disordered contribution for the latter sample. Distinguishing between 

C-bonds with O or N in CDN samples by accounting for only the C1s signal is 

quite challenging since C-O binding energy falls in the same region as C-N and 



 57 

 

the same happens for COO- and O=C-N. The investigation on the N1s spectrum 

helps us clarify this point (Figure 4.3.3c, Table S.4.3). In fact, different kinds of 

N-bonding were retrieved at the peak at about 400 eV of N1s, including pyrrolic 

(74%), pyridinic/aminic (18.4%), graphitic, and imidic (2.0% and 5.7% 

respectively). Concerning O1s spectra at about 532 eV (Figure 4.3.3d-e, Table 

S.4.4), besides a detected 10% due to the presence of water, a similar contribution 

for C=O/O-C=O (46.2%) and C-O-H/C-O-C (43.7%) bands were observed in 

CDB. The same contributions in CDN are generally decreased (37.8% for 

C=O/O-C=O and 20.3% for C-O-H/C-O-C) in favor of amidic and imidic oxygen 

species (41.8%). 

 
Figure 4.3.3. (top) C1s and (down) N1s and O1s XPS spectra of CDB and CDN 

samples. 

To get some additional hints on the functional groups, Fourier-Transform 

Infrared measurements in the attenuated total reflection (ATR) mode were carried 

out, and the expected -OH, C=O, C-N, -NH, and -CH groups were identified 

(Figure 4.3.4). We can observe that both the samples present a structured and 

broad absorption band in the 2000-3500 cm-1, due to OH and NH stretching 

vibrations, at 3400 and 3200 cm-1 in CDNs, and to CH ones at 2935 and 2655 cm-

1 in CDBs, also coupled with the sp3 and sp2 bending at 1413 and 918 cm-1 

respectively. The fingerprinting region is in the 1800-900 cm-1 range and displays 

different relative contributions of the identified groups in the two samples. It 

should be noted that all the gathered peaks are in general quite broad, probably 

due to significant H-bonding between functional groups or molecules.38 In 

particular, in the 1800-1700 cm-1 range, where C=O vibrations are identified, three 
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peaks at about 1760, 1725 and 1700 cm-1 can be ascribed to C=O stretching in 

ketones (1760 cm-1), aldehydes, and esters (1725 cm-1) or acids (1700 cm-1), the 

relative contribution of the former two being larger in CDB samples. On the other 

hand, the presence of N-related vibrations, C=N and C-N in aromatic amine, at 

1650 cm-1 and in the 1450-1350 cm-1 range, is observed only in the CDNs. 

Interestingly, the relative content of the C=C stretching mode, referred to as the 

1700 cm-1 vibration, is larger in CDN than in CDB samples, confirming the XPS 

results on the C organic versus C graphitic ratio. Finally, the peaks in the 1300-

1100 cm-1 are assigned to C-O alkoxy or phenyl vibrations. 

 

Figure 4.3.4. ATR spectra (transmittance mode) of CDB and CDN samples. 

Both XPS and FTIR measurements point to a large decrease in C=O 

contributions in N-doped CDs as compared to bare ones. The O1s spectra show the 

expected contribution of the N-related groups in CDNs (amidic and imidic), and 

the vibrational spectra display a large decrease in the relative content of aldehydes 

and esters. Thus, the introduction of N allows the reduction of O-containing 

functional groups at the surface of CDs and the formation of pyrrolic and 

pyridinic species, besides graphitic N in the carbon network.146,153  
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Figure 4.3.5. Excitation emission map of CDB (a) and CDN samples (b). 

The excitation/emission maps (EEM) of CDB and CDN samples are reported 

in Figure 4.3.5, along with their QY values which result to be 1.1% and 4.7% for 

CDB and CDN, respectively. The maps show in both cases the presence of two 

emitting centers, one in the blue and the other in the green spectral range. In CDB, 

the blue contribution peaked at 445 nm can be excited both in the far (245 nm) 

and in the near (345 nm) UV region whilst under blue excitation wavelength (440 

nm) a green luminescence (520 nm) is observed. Similar findings are reported for 

the CDN sample where the blue band peaked at about 430 nm is mainly excited 

by UV excitation at 350 nm with an excitation shoulder at 250 nm. The green 

band is centered at about 520 nm and is mainly excited at 430 nm, with another 

smaller excitation band in the same UV range as the blue one. Due to the 

combined spectroscopic features of these centers, both samples are characterized 

by the typical excitation-dependent emission with the PL peak redshifting as the 

excitation wavelength increases.  

To delve into the nature of these centers, synchronous fluorescence (SF) 

spectra were extracted from EEM maps. This method is used for the identification 

of multiple emitting centers in the sample as it shrinks the bands by keeping a 

constant difference (Δλ) between the excitation and the emission wavelength. An 

example of the peculiar PL spectra obtained with this procedure is shown in 

Figure 4.3.6a for CDB (inset) and CDN where each point represents the emission 

(λem) intensity obtained by exciting the sample at an excitation wavelength equal 

to λem–Δλ. Several spectra were collected by changing Δλ and from each of them, 

we recorded the positions of the main peaks and plotted them as a function of the 

relative offset as reported in Figure 4.3.6b-f. 



60   

 

 

Figure 4.3.6. (a) SF emission plots at different offsets for CDB (inset) and CDN. (b-

f) Emission wavelength of the peak as a function of the offset. 

In CDN (Figure 4.3.6a) are always present two main large synchronous PL 

bands in the blue and green ranges, whose peak emission wavelength can be 

plotted as a function of the synchronous offset (Figure 4.3.6b-c). A third peak 

was also observed but it disappears for Δλ > 30 nm (see data represented by blue 

points) and was not considered in the following analysis. The plateaux in the 

above plots indicate the position and width of the excitation channels of specific 

emission peaks in a defined wavelength range (the blue and green ones). The 

trend of these graphs clearly suggests that for particular emission wavelengths the 

position of the peak is constant, targeting a fixed emission center for that specific 

excitation range. In CDN the peak position of the first band, the one at higher 

energy, identifies three violet/blue centers located at 400, 440, and 480 nm with 

excitation channels at 360-380 nm for the 400 nm peak, 340-350 nm for both the 

440 and 480 nm. The second synchronous peak at lower energy identifies two 

cyan/green centers at 500 and 545 nm, with excitation channels at 440-460 nm 

and 405-430 nm respectively. The same analysis performed on CDB data 

furnishes more complex results. By tracking the position of the first SF peak it 

was possible to detect only one excitation plateau, corresponding to the emission 

at 400 nm with an excitation channel at 280-290 nm. The second plot identifies 

five narrow emissions at 410, 425, 435, 450, and 460 nm, with blueshifting 

excitation channels from 370-380 nm to 320-330 nm as the emission peak 

redshifts.  The third SF band shows two emission peaks at 495-500 and 525-530 

nm, with large excitation channels at 430-465 and 400-430 nm respectively. Once 
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obtained these particular emission values we extracted the PLE plots from the 

EEM maps as reported in Figure 4.3.7a-6d. PLE plots for both CDB and CDN 

samples are characterized by the same two main large excitation bands at about 

350 nm and 440 nm. A third excitation region at higher excitation wavelengths 

was also recorded. The PLE plot allows for confirming and interpreting the data 

extracted from the SF analysis. For the CDB sample, a continuum of emission 

contributions excited in the near UV was detected, along with two emission bands 

at lower energy (500 and 530 nm) that can be excited both in the near UV and at 

440 nm. In the CDN sample, the same excitation bands are observed with the 

difference that for lower energetic emissions the intensity of the 440 nm excitation 

channel is increased compared to the 350 nm one. Considering these two main 

excitation channels, PL spectra for both samples were extracted and deconvolute 

with gaussian bands without constraints except for the ground value. The best 

deconvolution fit of the emission spectrum of CDB excited at 350 nm (Figure 

4.3.7b) results in two main bands, one in the blue region at about 450 nm and the 

other in the green one at almost 535 nm. The analysis from one side confirms the 

presence of a green-emitting center that can be excited in the near UV, from the 

other is not able to distinguish among the multiple narrow blue-emitting centers 

separated by the SF investigation and returns an overall large blue band. CDB PL 

spectrum excited at 440 nm (Figure 4.3.7c) allows a better identification of the 

green band showing one contribution peaked at about 505 nm and the other one at 

about 535 nm, in very good agreement with the SF results.  

 

Figure 4.3.7. (top) PLE (a) and PL spectra at 350 (b) and 440 nm (c) of CDB 

sample. (down) PLE (d) and PL spectra at 350 (e) and 440 nm (f) of the CDN sample. 
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The same procedure was followed in the analysis of the PL spectra of CDN. 

The emission spectrum excited at 350 nm (Figure 4.3.7e) was fitted with three 

gaussian bands peaked at 405, 440, and 485 nm whilst the spectrum excited at 440 

nm (Figure 4.3.7f) with two bands at around 500 and 545 nm, in agreement to the 

SF results. The above analysis suggests a different nature of the extracted emitting 

centers: whereas in CDB the blue emission can be constituted by a continuum of 

different luminescent contributions peaked in the same region, in CDN it is 

possible to distinguish three principal channels whose overlap represents the main 

input to emission pattern excited at 350 nm. Even the green emission cannot be an 

expression of the same phenomenon as suggested by PLE spectra. Indeed, despite 

the similarity of the peak positions of the green bands, in CDB the main excitation 

channel of these emissions is always centered at 350 nm with the 440 nm 

excitation as a minor shoulder. In CDN, instead, the increase in the intensity of 

the less energetic excitation channel (at 440 nm) is followed by a decrease in the 

higher one (at 350 nm). This observation leads us to hypothesize that in this case, 

the two excitation channels refer to two different emitting centers.  

The presence of multiple emitting centers was furtherly confirmed by the decay 

times recorded upon excitation at 350, 410, and 450 nm (vide infra) which are 

non-single exponential decays, with a mean lifetime of about 4 and 7 ns at 

350/410 nm and 3 and 5 at 450 nm for CDB and CDN, respectively (Table S.4.5). 

Thus, the different peak positions of the emissions, the width of the bands, and the 

non-single exponential trend of the decay time plots suggest the presence of more 

than a single emitting center for both the blue and green emissions. Two different 

fluorophores were already reported to have emissions at 450 nm, depending on 

the synthesis of the CDs, and identified as PAHs or fluorescent molecules.146 

Indeed, if the emission features in CDN samples are related to the presence of N, 

which could allow the formation of molecular species, like CZA, citrazinic amide, 

or HPPT, and their aggregates,22,54,79,154 in the CDB ones the recorded optical 

properties should be related to emitting centers without N, eventually like PAHs, 

graphitic core regions or surface centers. In that sense, the emission properties of 

CDBs can be regarded as the intrinsic features whilst the ones of CDNs as the 

extrinsic ones due to the presence of N doping.117 
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Figure 4.3.8. Time-wavelength TA plot of CDB (top) and CDN (bottom) samples in 

water solution in the ns range (a,d), TA signals at selected delay times (b,e), spectrally 

integrated TA signal decays in the ns and ps time range (c,f). 

To understand the higher quantum-yield typically observed in N-doped CDs, 

we analyzed the transient absorption (TA) signals of CDN samples as compared 

to CDB ones in the ps to ns time regime, pumping the samples with a 360 nm 

excitation and probing them with a supercontinuum white light in the 400-800 nm 

range. We recorded a large and composite excited state absorption (ESA) feature 

showing both a short and a long decay (Figure 4.3.8). No ground state bleaching 

(GSA) or stimulated emission (SE) signals were recorded, whilst an expected 

intense spontaneous emission was recorded in the blue range. The ESA spectrum 

is due to the superimposition of 2 or 3 large Gaussian bands peaked at about 680, 

580, and 520 nm whose spectral characteristics were gathered by analyzing the 

spectra in the energy space (Figure S.4.2). These transitions are ascribed to 

electronic transfer to edge functional groups or trapping levels, affecting the 

quantum efficiency of the emission.49,155,156 Interestingly, the TA spectrum of 

CDN in the ns time scale displays only 2 Gaussian bands, 680 and 580 nm, whilst 

the third one at 520 nm is still recorded only in the ps spectrum. On the contrary, 

in the CDB samples, the relative contribution of the 520 nm ESA signal is twice 

the one in CDNs in the ps time scale and is still present in the ns regime. We 

assign the lower efficiency of CDB samples to the presence of this further excited 

absorption state up to the ns time scale. Indeed, whilst in CDN samples the 

integrated ESA signal decays as a single exponential of about 2.5 ns, in CDB ones 

we have two exponential decay times of 125 ps and 1.8 ns (Figure 4.3.8c and 
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Figure S.4.2c). These findings correlate well with the XPS and FTIR data 

reporting a lower content of C=O-related edge functional groups in CDNs because 

of the formation of N-related species. The TR-PL measurements confirmed the 

presence of de-activation channels of the blue and green bands in both samples, 

since the non-single exponential decays show a very fast contribution, typically 

below 1 ns and within the resolution of the experiment, affecting the whole 

spectrum. Concerning the decay times, the average decay time was estimated 

through a non-single exponential decay fit (Figure 4.3.9), assuming three decays 

(two exponential fit was considered only for CDN excited at 450 nm), with a time 

resolution of about 0.8 ns over the investigated 100 ns time windows (evaluated 

through the signal 10%-90% rise time). As also evidenced by the reported plots, 

the CDB samples are characterized by a faster average decay time due to the 

larger relative contribution of the sub-nanosecond fast decay as compared to the 

CDN samples. When the excitation is set at 350 nm the average decay time of 

CDB and CDN samples were 4.1 and 7.3 ns respectively (Table S.4.5). By 

increasing the excitation wavelength, the average decay time decreases, showing 

that the emission at larger wavelengths is characterized by faster decay, as already 

reported.79,117 

 

Figure 4.3.9. TR-PL spectra (inset) and decays of CDB (top) and CDN (bottom) 

excited at 350 nm, 410 nm, and 450 nm. 

Finally, in order to give more insight into the formation of CDB and CDN 

systems, computational calculations were performed. To mimic the formation of 
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different emitting sites within the carbogenic core and/or at the surface of the 

synthesized CDs we considered two raw basic models, namely Pyrene (4 benzenic 

rings) and Perylene (5 benzenic rings), and some possible functionalization atom 

(pyridinic N), groups (COOH, CONH2, and NH2) or compounds (pyrrole and 

imide) according to XPS insights.  

 

Table 4.3.1. Computational results relative to Pyrene and Perylene models with 

different doping/functional groups: HOMO-LUMO gap, the oscillator strength, and the 

differences between these calculated for the raw model and the other models. 

 PYRENE PERYLENE 

Model 

H-L 

gap 

(nm) 

f 
Δλ 

(nm) 
fRAW/f 

H-L 

gap 

(nm) 

f 
Δλ 

(nm) 
fRAW/f 

RAW 344.55 0.3838 0 1 457.05 0.4354 0 1 

COOH 376.88 0.0389 32.33 0.10 473.03 0.3658 15.98 0.84 

CONH2 356.51 0.0291 11.96 0.08 460.69 0.3939 3,64 0.91 

NH2 373.56 0.0459 29.01 0.12 470.58 0.3704 13.53 0.85 

PYRIDINIC N 342.67 0.3753 -1.88 0.98 452.99 0.4388 -4.06 1.01 

PYRROLIC RING 362.89 0.0334 18.34 0.09 466.90 0.4321 9.85 0.99 

IMIDIC RING 498.42 0.0950 153.87 0.25 559.56 0.3038 102.51 0.70 

 

Table 4.3.1 reports the calculated HOMO-LUMO gap (H-L gap) and the 

oscillator strength (f) for all the systems. To enlighten the effect of the 

functionalization both the produced wavelength shift and the relative change of 

the H-L transition were calculated. We can see that the functionalization produces 

comparable effects on both the raw structures. Except for pyridinic N, which 

causes a very small blueshift and no variation on the oscillator strength, all the 

other systems here considered move the H-L transition to larger wavelengths, thus 

producing a general redshift in the optical features of the simulated CDs. As for 

the oscillator strengths, larger reductions are in general estimated for the pyrene 

model (of about 1 order of magnitude for pyridinic N and imidic ring) as 

compared to the perylene one, where the efficiency is just slightly decreased. 

Among the groups and compounds, the imidic ring causes, in both pyrene and 

perylene cases, a very large redshift, of about 150 and 100 nm respectively, 

pushing the absorption and, consequently, emission properties of the starting raw 

models into the green-red region of the visible range. Thus, whilst the other 

functionalizations can be responsible for the optical properties of centers in the 
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blue or cyan range, green or even red features could be ascribed to imide 

compounds in CDs doped with N atoms, in very good agreement with the 

experimental XPS and PL results. Finally, it is interesting to note that even the 

two raw models can contribute to explaining the reported tuning of the optical 

properties in CDs, since the computed H-L gap shifts from the near UV to the 

blue range from pyrene to perylene systems, thus supporting the idea that even a 

proper combination of polyaromatic hydrocarbons (PAHs) can be involved in the 

observed optical features of CDs.25 

 

4.4 Conclusions 

In conclusion, the structural analysis highlighted the fundamentally different 

nature of CDs obtained by citric acid only and the ones produced by adding urea 

for N-doping purposes. It was underlined the higher degree of order in the CDB 

structure compared to the CDN one as well as the co-presence in both of a carbon-

core system and molecular features. These nanoparticles with diameter in the 3-5 

nm range showed indeed a higher presence of graphitic C and COOH functional 

groups in CDB whilst in CDN the presence of N-species mostly in pyrrolic and 

pyridinic form enhanced the disorder of the structure. Optical measurements 

displayed that both samples have emitting centers in the blue and green range, 

apparently sharing quite similar spectroscopic features. However, a deeper 

analysis demonstrated that a continuum of blue luminescent contributions could 

be identified in CDB whilst CDN fluorescence in the same region revealed three 

main channels at 400, 440, and 480 nm. The same study performed on the green 

bands unveiled two main bands, one at 500 nm for both samples and a band 

peaked at 535 nm and 545 nm for CDB and CDN, respectively. Whilst the cyan 

band at 500 nm band could be related to the same emitting centers in both samples 

because of the similar excitation pattern, the 535 and 545 nm emissions show 

different excitation spectra, thus calling for different emitting centers. These data 

suggest that the presence of N atoms modifies the intrinsic centers produced in the 

bare CDB samples leading to O- or N-related extrinsic centers. In addition, the 

configuration of excited state levels is modified reducing the de-activation 

channels and increasing the emission efficiency. For these reasons, although one 

should expect the presence of both intrinsic and extrinsic centers in the CDN 

samples, the lower quantum yield of intrinsic centers as compared to extrinsic 

ones and the close spectroscopic similarities makes it hard to isolate intrinsic from 

extrinsic contributions. Computational findings suggest that many intrinsic centers 
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can be responsible for the blue emission in CDB, since even the raw model plays 

a key role in the gap position, thus assessing it to a combination of PAHs forming 

the core state. The green emission at 535 nm could be instead due to the COOH 

functional groups present in large sp2 carbon regions constituting CD surface. For 

what concerns CDN, simulations highlighted the great reduction in the HOMO-

LUMO bandgap due to imidic species suggesting their attribution as green-

emitting centers. Cyan broad emission could be related to extrinsic O/N-related 

functional groups whilst the violet one is possibly linked to core-state emission. 

The blue band at 440 nm is instead ascribed with enough certainty to CZA 

molecules, whose presence in this synthetic reaction has already been assessed. 
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Chapter 5 

Systematic NMR/Optical 

analysis of Carbon Dots from 

Citric Acid and Urea 

Olla, C.; Fusaro, L.; Porcu, S.; Ricci, P.C.; Carbonaro, C.M. Exploring the 

complex structure and luminescent properties of N-doped Carbon Dots via 

Optical and Nuclear Magnetic Resonance spectroscopies (work in preparation) 
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M.; Carbonaro, C. M. Formation of citrazinic acid ions and their contribution 

to optical and magnetic features of carbon nanodots: A combined 

experimental and computational approach. Materials (2021), 14(4), 1–16. 
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5.1 Introduction 

The identification of emitting centers in CDs requires the study of the complex 

chemical reactions involved. A possible strategy is to compare the properties of 

CDs to those of the precursors and target molecules. 

This procedure is based on the CD molecular state model, which has been 

largely confirmed in previous works through both experimental and 

computational approaches.22,157–159 

In particular, recent studies on highly efficient blue-emitting CDs obtained 

from the thermal decomposition of citric acid and nitrogen sources have claimed 

the presence of fluorescent citrazinic acid (CZA) and its derivatives as green 

emitting HPPT.54,146,152,159,160 

CZA is an organic fluorophore that consists of a 2,6-dihydroxypyridine ring 

with a carboxylic group in position 4. Its applications range from producing 

photosensitizers to synthesizing new microporous materials.161–163 Its optical 

characteristics depend on both the aggregation states and chemical environment. 

CZA has the tendency to form dimers at high concentrations and tautomeric forms 

based on the solution pH.164,165 Despite its potential role in CD emission 

properties, only a few research groups have investigated its physico-chemical 

features in detail. In one of our works,126 we performed a systematic 

computational study of all the CZA tautomeric forms present in aqueous 

solutions, calculated their formation energy and compared the simulated 

vibrational and magnetic features of the formed species to the experimental 

Raman and NMR spectra of CZA, confirming that the CZA molecule can 

participate in the optical and magnetic properties of citric acid-related CDs 

synthesized at low temperatures and with short reaction time. 

NMR is a powerful tool for identifying the chemical surroundings of selected 

atoms and tracing the molecular structure, including chemical bonding 

characteristics, in both organic and inorganic compounds. This spectroscopic 

technique investigates the atomic nuclei and their surroundings by exploiting the 

physical phenomenon in which nuclei in a strong constant magnetic field can be 

perturbed by a radio frequency pulse, responding with an electromagnetic signal 

with a frequency characteristic of the magnetic field at the nuclei. Recently, the 

application of NMR to investigating CDs has increased for detecting target 

molecules166 as well as discovering new molecular fluorophores related to CD 

bottom-up synthesis, such as IPCA and HPPT.22,54  

In this work, optical spectroscopy was combined with liquid and solid-state 

NMR for a detailed investigation of the reaction forming CDs from citric acid and 
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urea. NMR measurements were performed as part of a 6-month traineeship period 

at the University of Namur (Namur, Belgium) under the supervision of Dr. Luca 

Fusaro. Supplementary information is available in Appendix C. 

5.2 Materials and Methods 

5.2.1 Synthesis and Treatments 

Nitrogen-doped CDs were synthesized via thermal decomposition of precursors 

in air. Citric acid (CA, 0.200 g) was combined with urea in a 1:1 molar ratio 

(0.077 g) for CD 1:1 and in a 1:10 molar ratio (0.774 g) for CD 1:10. Each sample 

was obtained starting from the same quantity in weight of reagents in an open 

vessel thermal reaction at 180 °C at different reaction time ranging from 30 s to 3 

h.  

5.2.2 Experimental characterization 

UV-Vis absorbance spectra were collected (applying baseline corrections) by 

Jasco V-750 spectrophotometer with a spectral bandwidth of 0.2 nm in the 200-

800 nm range. 

As for time-resolved photoluminescence (TR-PL), the measurements were 

performed by exciting the samples with 200 fs long pulses delivered by an optical 

parametric amplifier (Light Conversion TOPAS-C) pumped by a regenerative 

Ti:Sapphire amplifier (Coherent Libra-HE). The repetition frequency was 1 kHz, 

and the PL signal was recovered by a streak camera (Hamamatsu C10910) 

equipped with a grating spectrometer (Princeton Instruments Acton SpectraPro 

SP-2300). The solutions were placed in quartz cuvettes with a 1 cm path length. 

Proper optical filters were applied when needed. 

Solid state Magic Angle Spinning (MAS) Nuclear Magnetic Resonance (NMR) 

measurements of 13C were recorded on a Jeol spectrometer operating at 14.1 T 

(600 MHz for 1H). The samples were packed in 3.2 mm zirconia rotors and spun 

at 10000 Hz. The 13C NMR spectra of CD 1:1 sequence, were recorded on a 

Varian spectrometer operating at 9.4 T, using 4 mm rotors and spinning at 8000 

Hz. Liquid-state NMR measurements of samples dissolved in D2O solutions were 

collected with the same Varian spectrometer, using a 5 mm broadband probe and 

temperature regulation.  
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5.3 Results and Discussion 

The evolution of the synthesis of carbon dots from citric acid and urea in molar 

ratios of 1:1 (CD 1:1) and 1:10 (CD 1:10) pyrolyzed at 180 °C in an open vessel 

was investigated in a time ranging from 30 seconds to 3 hours. The obtained 

powder samples as well as their dispersion in water were analyzed with different 

spectroscopic techniques (see Figure S.5.1 and S.5.2).   

 
Figure 5.3.1. Absorption spectra of (a) CD 1:1 and (b) CD 1:10 series in solution. In 

the insets are reported the early stages of the reaction (30 s to 3 min) with a concentration 

in weight four times higher than the other samples. 

UV-Vis absorption measurements of the CD 1:1 sequence in water underline a 

linear correlation trend between synthesis time and the increase of the overall 

absorption signal (Figure 5.3.1a). Since the very early stages of the thermal 

treatment, a high absorption contribution was recorded in the UV region at 225-

275 nm due to the aromatic carbons provided by the precursors with their related 

electronic π‒π* transition that can be considered the carbon core absorption 

centers. After a few minutes, a distinct and quite symmetrical band peaked at 335 

nm arose and slightly redshifted to 345 nm over time. This band perfectly matches 

with citrazinic acid (CZA) optical absorption in water as reported in many 

experimental and computational works.43,126,164,165 At longer times, few shoulders 

appeared at about 380, 440, and 540 nm, enlightening the growth of multiple 

absorbing species possibly related to the formation of surface/molecular states as 

the reaction carries on. A different pathway can be retrieved in CD 1:10 samples. 

Up to 10 minutes, along with the far UV absorption region and the same peak at 

335 nm as in the other set of samples, the occurrence of two shoulders at 370 and 

420 nm was observed. At increasing times, besides the far UV contribution that 
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became more definite with the appearance of two peaks at 250 and 270 nm, the 

band at 335 nm kept its position while the shoulders are replaced by a broad 

contribution peaked at 410 nm. As in CD 1:1, the UV absorption could be 

considered related to the carbon core centers and the 335 nm peak to CZA. The 

peak at 410 nm was recently assigned to the imide form of CZA named HPPT. It 

is very interesting to note that in a period ranging from 10 to 20 minutes the main 

contribution to absorption given by CZA seems to be overcome by the HPPT one, 

being this molecule formed at the expense of the other one as proposed in the 

literature.22  

 

Figure 5.3.2. Normalized PL spectra of (a-c) CD 1:1 and (b-d) CD 1:10 series in 

solution excited at 350 nm (a-b) and 410 nm (c-d). 

TR-PL measurements at two different excitation wavelengths were carried out 

to study the two main absorption contributions (Figure 5.3.2). All PL spectra of 

CD 1:1 sequence excited at 350 nm show a blue broad band peaked at about 440 

nm with a little peak in the near UV region visible only in the 1-minute reaction 

sample. (Figure 5.3.2a). Since part of these sets of measurements were performed 
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with the same experimental conditions, it was possible to take into account the 

intensity of the spectra that in this case display a decreasing trend as the reaction 

takes place (Figure S.5.3a). A completely different pathway is followed by CD 

1:10 series at the same excitation wavelength. The initial blue emission peaked at 

about 440 nm is gradually redshifted to the green region as the synthetic treatment 

proceeds, stabilizing from one hour at 540 nm (Figure 5.3.2b). However, the 

intensity of the samples from 5 minutes onward is not significantly affected by 

this redshift phenomenon (Figure S.5.3b). The measurements performed at 410 

nm excitation wavelength were used to investigate the secondary absorption 

shoulders in CD 1:1 and the main band in CD 1:10 that overcome the one at 350 

nm. In both sequences, the emission of the 1-minute samples was too low to be 

recorded, as the centers absorbing at 410 nm had not been produced yet. CD 1:1 

sequence showed the same spectral shape at every step of the reaction with just a 

small decrease of the luminescence whose emission peak was recorded at 495 nm. 

(Figure 5.3.2c, Figure S.5.3c) In opposition, CD 1:10 increased the luminescent 

contribution peaked at 525 nm as the time ran along with a gradual decrease of the 

shoulder in the blue region (Figure 5.3.2d, Figure S.5.3d). Decay time plots 

recorded in all the emissive region (Figure 5.3.3) reported a single exponential 

decay for what concern the first stages of CD 1:1 at 350 nm (9.2 ns from 3 to 20 

minutes, the 1-minute sample is multi-exponential with time values of 1 and 8.5 

ns) and multi-exponential pattern as the reaction carries on (1.4 and 9.5 ns). This 

was quite interesting because single exponential decays are typical of molecular 

systems which seem to be the principal emitting centers in the first 20 minutes of 

reaction whilst after this time other emitting centers in the same region with 

shorter decay times are produced. When the same samples were excited at 410 nm 

multiple contributions were displayed with the overall time decay that slightly 

shortened as a function of time (1.5 and 8.0 ns at 3 m, 1.1 and 7.0 ns at 3 h), 

indicating a small variation in the relative contribution of the same emissive 

centers that does not change the spectral shape. Different conclusions can be 

drawn considering the multiple exponential decays in CD 1:10 at 350 nm where 

the emissive redshift over the reaction is accompanied by a change in the decay 

time (1.3 and 9 ns at 3 m, 3.8 and 9.5 ns at 3 h) possibly highlighting the different 

products obtained as the reaction keep going (Figure 5.3.2b). Under 410 nm 

excitation, the decay pattern changes from 10 minutes onward (3.2 and 6.7 ns, 

before 1.5 and 6.6 at 1 m and 2.7 and 6.8 ns at 3 m) showing the coexistence of 

two distinct emitting channels. 
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Figure 5.3.3. Decay time plots of (a-c) CD 1:1 and (b-d) CD 1:10 series in solution 

excited at 350 nm (a-b) and 410 nm (c-d). 

To sum up, optical spectroscopy measurements helped to show the presence of 

multiple emitting centers in both the reactions studied. For what concern CD 1:1, 

UV-Vis measurements highlighted the formation of the main peak at about 340 

nm that can be ascribed to CZA with various secondary absorption shoulders in 

the lower energy regions. When the samples are excited in their main absorbing 

peak at 350 nm the spectral shape is the same over time with just a small redshift 

of the peak that reflects the absorption findings. Nevertheless, the overall 

luminescence gradually decreased, and the decay time plots underlined some 

differences possibly linked to the initial formation of CZA followed by the 

formation of other emitting centers in the same region over 20 minutes. The same 

samples excited at 410 nm in a secondary absorption region showed a broad band 

peaked at 500 nm whose intensity is not substantially affected by the reaction 

time. The broadness of the band and the multi-exponential decay plots 

conceivably indicate the presence of multiple emitting centers whose relative 

contribution slightly changes over time. Finally, the CD 1:10 series showed a 

clear absorption/emission trend as a function of the synthesis time. The first 

absorbing species formed is the one peaked at 335 nm which is still attributed to 

the CZA molecule. However, a contribution at longer wavelengths surpassed the 

near-UV one in the 10–20-minute range. This band peaked at 410 nm was 
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recently ascribed to the HPPT molecule which is the imidic form of CZA from 

which is supposed to be derived. Indeed, emission results excited at 350 nm 

displayed the presence of many centers as evidenced by the multiple exponential 

decay times and by the overall luminescence gradually redshifted from 440 to 540 

nm peak. The same measurements performed excited at 410 nm show the highest 

intensity reached in a time ranging from half to one hour with a spectral shape that 

is constant over time after 10 minutes, as a blue shoulder gradually disappeared 

before that time.  

The above analysis clearly shows the optical properties of highly complex 

systems whose emission properties depend on reaction-time and excitation 

wavelength (see Figure S.5.4). These properties were measured in an aqueous 

solution as CDs are usually studied in this environment for their well-known 

solubility/dispersibility properties in it. Nevertheless, the obtained sequences of 

samples were highly interesting in their solid-state form (see Figure S.5.5). 

Indeed, in the initial step of the reaction the obtained products of both series are 

highly luminescent under UV-light changing from blue to green over a few 

minutes and their luminescence is resisting to photobleaching even after months. 

The issue that we are experiencing for further optical characterization concern the 

post-synthesis environmental conditions. These samples were synthesized in a dry 

and cold environment which kept them in a powdered phase that seems to be 

difficult to preserve under normal conditions. One of the future aims of the study 

is the measurements of these products' optical properties that could be very 

important for the development of solid-state luminescent devices and to 

investigate the non-molecular contribution to luminescence. Indeed, in our 

previous work described in Chapter 3, we assessed that in water the molecular 

contribution is predominant compared to the core/surface state one. If the 

luminescence of these samples is not photobleached by the solid-state phase, it 

could be due either to a molecular emission whose emission is preserved by the 

carbogenic network or to other surface emitting centers to be determined. For this 

reason, we applied, for the first time, liquid and solid-state NMR technique that 

can help us understand the differences between the two molecular and the 

surface/core state centers.  

Solid-state NMR (ssNMR) provides broader signals compared to solution-state 

ones but can give remarkable information about the structure, the conformation, 

and the dynamics of solid-state materials. Nowadays, this technique is often 

combined with magic angle spinning (MAS) to reduce anisotropic interactions 

such as chemical shielding and dipolar coupling, enhancing the resolution and 

sensitivity. MAS spectra are obtained by rotating the samples at the magic angle 
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(54.74°) to the direction of the magnetic field. If the sample is not rotated at a rate 

higher than the largest component of the chemical shift anisotropy, the interaction 

with the magnetic field generates a set of sidebands centered at the isotropic 

chemical shift and separated from this frequency by a multiple of the spinning 

rate. If the nucleus under examination has a low gyromagnetic ratio (e.g., 13C), 

which is directly proportional to the strength of the interaction with the external 

magnetic field and consequently on the intensity of the signal, cross-polarization 

(CP) allows the transfer of nuclear magnetization from abundant nuclei with a 

high gyromagnetic ratio such as 1H, extremely improving the sensitivity of the 

measurement. In this methodology framework, further modifications of the radio 

frequency pulses allow the suppression of the sidebands (TOSS, Total 

Suppression of Spinning Sidebands) or the non-quaternary signals (NQS, Non-

Quaternary Suppression). 

In Figure 5.3.4, four different 13C ssNMR spectra of CD 1:1 and CD 1:10 after 

3 hours of thermal treatment are reported.  

 

 
Figure 5.3.4. 13C ssNMR spectra of (a) CD 1:1 and (b) CD 1:10 after 3 hours. 

CD 1:1 after 3 hours presented many broad contributions with a very reduced 

presence of sidebands as evidenced by the TOSS spectrum. The first contribution 

in the 20-60 ppm chemical shift region was ascribed to C-C bonds in the form of 
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primary, secondary, tertiary, and quaternary carbons (aliphatic compounds). 

Indeed, this region was highly enhanced by CP measurements since the proximity 

with bonded hydrogen atoms helps the efficient transfer of their magnetization to 

the carbon atoms. Moreover, the NQS spectrum displayed a reduced but not 

totally suppressed contribution in this region, evidencing the presence of 

quaternary atoms that can be related to the small graphitic region in this type of 

CD. It must be taken into account also the presence of the superimposed 40-80 

ppm shoulder related to C-O and C-N bonds which are usually recorded on CDs. 

At 80-120 ppm the signal of C=C in aromatic and heteroaromatics rings was 

displayed. In the same region, alkene signals could be found but the NQS pulse 

sequence would have suppressed them, thus ascribing the main contribution to 

aromatic structures. The presence of this signal is highly significant for the 

assessment of the formation of the carbon core in CDs. Finally, among 140-200 

ppm the heteroatom region can be observed. In particular, the 140-160 ppm is 

related to the C=N bond and amide species whilst the 160-200 region is ascribed 

to C=O species like carboxylic acid. The overall set of measurements indicates the 

formation of a complex structure with a similar quantitative contribution of 

aliphatic, aromatic, and heteroatom carbon bonds as highlighted by the pure MAS 

measurement. A very different pattern was recorded for CD 1:10 sample at the 

same reaction time. Indeed, CP-MAS spectra evidenced a very low presence of 

aliphatic carbons compared to the dominant contribution in the heteroatom region 

with four distinct peaks related to carbon covalently bonded with oxygen and 

nitrogen atoms. Nevertheless, the MAS spectrum which is not influenced by the 

presence of hydrogen atoms underlined a similar contribution from carbon in 

aromatic or heteroaromatic rings, confirming once again the presence of sp2 

structures typical of CDs. Making a comparison among the obtained CDs, the 

precursors, and our CZA reference it is possible to understand the origin of our 

product peak positions (Figure 5.3.5). For instance, the C-C carbon region was 

clearly originated by CA that turned out in a vast family of C-C species in CD 1:1 

while the contribution is almost negligible in CD 1:10 where the highest 

contribution is given by urea-derived composites. CZA signals lie in the same 

region of heteroatoms and aromatic regions, but it was not possible to assess its 

presence from these measurements. Indeed, the use of ssNMR allows the 

investigation of the whole sample which means in CD case the analysis of the 

carbon-core and surface state, being the possible aggregated molecules hidden by 

these dominant contributions. 
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Figure 5.3.5. (a) From top to bottom TOSS CP-MAS 13C ssNMR spectra of CD 1:10 

3 h, CD 1:1 3h, commercial CZA, commercial urea, and commercial CA. (b) Simulation 

of NMR spectra of CZA, urea, and CA. 

To give insight into these kinds of reactions, we focused on the CD 1:1 

sequence performing a series of CP-MAS measurements following the structural 

changes as a function of the synthesis time (Figure 5.3.6). These results show that 

the reaction since the very first minutes modified the chemical structure 

increasing the family of aliphatic and heteroatom carbons. Even an aromatic 

network is formed but it is better observed in MAS measurements than CP-MAS 

ones as explained above. There are also two evident trends, the decrease as a 

function of the reaction time of the signal related to the carbons at the center of 

the CA structure being a proof of the process of aromatization of the system, and 

the increase of the C-N structures related to the incorporation of nitrogen from 

urea in the system. 
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Figure 5.3.6. 13C ssNMR spectra CD 1:1 as a function of time compared to their 

precursors. 

Along with ssNMR measurements, liquid-state NMR spectra were collected in 

order to understand the molecular state of the obtained samples. Indeed, liquid-

state NMR is a powerful technique for the identification of small molecular 

systems and the study of the effect of the surrounding environment. Our systems 

are too extensive and complex for being analyzed in solution and collect 

information about the overall nanoparticle, but since they do show molecular 

features, these can be investigated through it. In Figure 5.3.7 the liquid-state 

NMR 1H, 13C, and 14N spectra of different sets of CD 1:1 samples are reported. 1H 

spectra show numerous signals derived from CA since the very early stages of the 

reaction indicating the presence of many molecular/surface species. The last 

spectrum was recorded using a large number of transients to increase the signal-

to-noise ratio of the observed signals. After a very long experimental time (24 h) 

several sharp peaks and also intense broad bands were observed, highlighting the 

presence of big molecules and/or aggregates. It is worth noting the presence of 

peaks at 6 ppm in the aromatic region that further assess the formation of sp2 

structures. The same information is collected through 13C spectra at a few 
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minutes’ reaction with the increase of the number of signals as a function of time, 

in particular the ones related to C=O/C=N bonds. 

 

 
Figure 5.3.7. Liquid 1H (a) 13C (b) and 14N (c) NMR spectra of CD 1:1 as a function 

of reaction time compared to their precursors. 

More considerations can be done by analyzing the 14N spectra. 14N is a 

quadrupolar nucleus whose signals broaden with the increasing size of molecules 

or asymmetric environment. At first, the only recorded signal is trivially the one 

from urea at about 75 ppm but after just 3 minutes four more contributions arose. 

Two of them are narrow signals at 20 ppm and 311 ppm. The first one is ascribed 

to aliphatic amines and in particular, it can be ammonia or its ion, due to the 

reaction of dehydration of urea for the formation of CZA as reported in the 

literature.22 The second narrow peak is linked to the formation of pyridinic 

structures which means that N is increasingly incorporated in the aromatic 

structure. The two broad regions are peaked at 112 and 172 ppm. The latter is 

typically ascribed to pyrrole-like N and imidic structures whilst at 112 ppm is the 

region of amide structures. Indeed, as the reaction carries on the amide 

contribution decreases in favor of imidic/pyrrolic structures. 

In conclusion, both solid-state and liquid-state NMR measurements gave 

remarkable insights into the structure of CDs. In particular, different solid-state 

NMR techniques were employed for highlighting the nature of carbon atoms in 

the structure showing three main regions related to aliphatic, aromatic, and 

heteroatom-linked elements, being the latter dominant in CD 1:10 series as 

expected by the relatively high quantity of nitrogen source in the synthesis. The 
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evolution from precursors to the formation of CDs was followed by analyzing the 

CD 1:1 sequence from which it can be demonstrated that as the synthesis carries 

on a broad family of aliphatic and oxygen/nitrogen bonded carbons are formed 

along with the formation of a graphitic/aromatic network. These measurements 

evidenced the carbon core/surface structure of CDs, but the molecular state had to 

be addressed through liquid-state NMR which is sensitive to small molecules in 

solution. 1H and 13C show the fast transformation of the reagents in multiple 

products since the very first minutes of the reaction whilst 14N evidenced the 

incorporation of nitrogen in the structure with the conversion of urea first in 

amide and then in imidic/pyrrolic structures with the release of ammonia. 

5.4 Conclusions 

In this ongoing work, a detailed analysis of the optical and structural properties 

of the thermal reaction from citric acid and urea in different molar ratios was 

provided. Both these spectroscopic approaches demonstrate the complexity of the 

CDs obtained and the differences introduced by changing the amount of dopant 

and by varying the reaction time. The investigation on CD 1:1 series supports the 

presence of multiple emitting centers, one of them particularly relevant for the 

optical properties is CZA whose absorption and emission band was recognized 

among the other emissive contributions. These molecular features match with the 

liquid-state NMR, in particular with 14N measurements that evidence the presence 

of little molecules with increasing pyridinic and imidic features that are 

compatible with CZA and also HPPT structures. Moreover, solid-state NMR was 

essential for the investigation of the CD core/surface state features that are very 

important in the understanding of excitation-dependent emission. Indeed, NMR 

shows the presence of three main contributions that are aliphatic, aromatic, and 

heteroatom-linked carbon atoms, picturing an overall complex structure that as the 

reaction carries on tends to form cyclic structures with incorporated N. The 

analysis on CD 1:10 has not been completed yet since only optical measurements 

were performed on all the obtained samples for experimental issues concerning 

their tendency to absorb water that prevent them from being dry powders suitable 

for solid-state NMR measurements. Nevertheless, it was possible to examine CD 

1:10 3h which displays a very different carbon structure in which the heteroatom 

contribution overcomes the aliphatic one for the dominant presence of urea-

derived species. Also, optical properties highlight the change in the dominant 

emissive center as the reaction proceeds passing from a blue band identified as 

CZA to a green one ascribed to its imidic form HPPT. 
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In the future, research will be completed with further optical and NMR 

characterizations as well as with the employment of other structural techniques 

such as Raman, XPS, and TEM that can help clarify this complex scenario. It is 

important to underline that as far as our knowledge, there are no published studies 

about the systematic analysis of the formation of CDs from the very first minutes 

of reaction that can give significant results in the comprehension of CD's 

incredible properties.  
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Chapter 6 

Investigation on N-doped 

Carbon Dots from hydrazines 

Olla, C.; Porcu, S.; Secci, F.; Ricci, P.C.; Carbonaro, C.M. Towards N–N-

Doped Carbon Dots: A Combined Computational and Experimental 

Investigation. Materials (2022), 15, 1468. https://doi.org/ 10.3390/ma15041468 

 

 

6.1 Introduction 

The role of nitrogen in the optical properties of CDs was widely studied both 

from an experimental and computational point of view.84,85,167,168 Nevertheless, 

most of these studies are focused on N-doping from the most popular amine 

precursors and, consequently, investigate the carbon–nitrogen bond in the form of 

pyrrolic, pyridinic and graphitic nitrogen inside the carbon network. The 

nitrogen–nitrogen bond is not generally considered, and a few papers about this 

possible bonding are reported in the literature concerning the use of hydrazines as 

a CD precursor or, due to their high reduction power, for modifying the bonding 

type of N-atoms in formed CDs which enhance their QY.169–174 Indeed, the 

simplest organic compounds that present this kind of bond are represented by 
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hydrazines, which are largely used in pharmaceutical and agrochemical 

industries.175,176 

Hydrazine structures are characterized by a single covalent N–N bond which 

carries from one up to four alkyl or aryl substituents. Hydrazines are highly toxic 

for human health, and, among their wide range of applications, CDs have been 

adopted as a fluorescent sensor for this class of compounds.177–184  

Despite its toxicity, hydrazine represents the simplest molecule that presents an 

N–N bond, and we exploited this as a proof of concept for the possible 

development of N–N doping in CDs. Inspired by these previous works169–174 and 

by the results on the citric acid plus amines reaction,37 we decided to study the 

possible formation of heterocyclic N–N-containing compounds as possible 

molecular seeds for the formation of CDs. For these reasons, a combined 

experimental and computational approach was adopted to investigate the optical 

features of hydrothermally produced citric acid and hydrazine-related CDs, 

showing that the formation of pyridinone structures could explain the excitation-

dependent emission properties. As compared to a citric acid–urea CD reference 

sample, a larger relative contribution in the green region of the optical emission 

spectrum was obtained, suggesting promising application for these systems. 

Supplementary information is available in Appendix D. 

 

6.2 Materials and Methods 

6.2.1 Synthesis 

N-doped CDs were synthesized via a simple single-step hydrothermal route 

using citric acid monohydrate as a precursor (CA), which was reacted with 

selected hydrazines as nitrogen sources: i) hydrazine hydrate (Hy), ii) 

phenylhydrazine (P-Hy), iii) N,N-dimethylhydrazine (DM-Hy). For each 

synthesis, 0.77 g CA (3.66 mmol) were combined with the nitrogen source in a 

1:1 molar ratio (Hy, 120 μL; DM-Hy, 270 μL; P-Hy, 360 μL; urea, 0.22 g). The 

reagents were dissolved in 20 mL of distilled water and the obtained solutions 

were transferred into a Teflon‐lined stainless-steel autoclave (volume 30 mL) and 

loaded in a hot air oven at 180 °C for 6 h. It was not possible to measure the actual 

pressure inside the reactor, but, since the typical range of hydrothermal synthesis 

is 0.3–4 MPa and the steam temperature of water at 180 °C is about 1 MPa, we 

estimated the pressure inside the autoclave to be about 1 MPa. Autoclaves were 

cooled to room temperature in order to collect the resulting solutions, which were 
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centrifugated at 4000 rpm and filtered using a 0.22 μm membrane to remove the 

larger aggregates from the final products. The synthesized samples are indicated, 

in the following, as CA-urea, CA-Hy, CA-DM-Hy and CA-P-Hy respectively. 

6.2.2 Characterization 

Surface Enhanced Raman spectroscopy (SERS) measurements were obtained 

in back scattering geometry with a micro-Raman scattering confocal system (SOL 

Confotec MR750) equipped with a Nikon Eclipse Ni microscope (Nikon 

Instruments Europe BV). The samples were excited at 532 nm (IO Match-Box 

series laser diode) and collected with a spectral resolution of 0.6 cm−1 (average 

acquisition time 50 s, average number of acquisitions 3, sensor temperature −23 

°C, objective Olympus 100×, grating with 600 grooves/mm, power excitation 3 

mW). SERS supports were ITO glasses coated with silver nanoparticles (S-Silver 

SERS substrates, Sersitive).  

UV-Vis-NIR absorbance and transmittance spectra were collected by an 

Agilent Cary 5000 spectrophotometer (Agilent) with a spectral bandwidth of 2 nm 

in the 200–800 nm range. All the samples were diluted with distilled water with a 

dilution factor of 10−4 (%v/v) to avoid reabsorption effects and put in quartz 

cuvettes with a 1 cm path length. Baseline corrections were performed on all 

spectra.  

Three-dimensional fluorescence mapping of samples was performed using a 

spectrofluorometer, the Fluoromax-4 by Horiba Jobin Yvon, with a 150 W Xenon 

lamp as the excitation source. The maps were collected with an excitation range of 

250–500 nm and an emission range of 350–600 nm with a 1 nm spectral 

bandwidth for excitation and emission. 

Time-resolved photoluminescence (TR-PL) measurements were performed by 

exciting the samples with 200 fs long pulses delivered by an optical parametric 

amplifier (Light Conversion TOPAS-C) pumped by a regenerative Ti:Sapphire 

amplifier (Coherent Libra-HE). The repetition frequency was 1 kHz and the PL 

signal was recovered by a streak camera (Hamamatsu C10910) equipped with a 

grating spectrometer (Princeton Instruments Acton SpectraPro SP-2300). Samples 

were excited in the front face mode and proper optical filters were applied when 

needed.Transmission Electron Microscopy (TEM) Images were collected by a 

Jeol JEM 1400 Plus. 
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6.2.3 Calculations 

All the quantum-chemistry calculations were performed by using the Gaussian 

16 suite of programs.123 For all the structures simulated, we performed a geometry 

optimization down to the self-consistent field (SCF) energy of each system by 

means of DFT calculations carried out at a B3LYP/6-311G(d,p)128,129 level of 

theory. To account for the interaction of simulated structures with water, exploited 

both as solvent in the synthesis and dispersion medium for the analysis (vide 

infra), the self-consistent reaction field model was considered to include the 

solvation effects. The dielectric solvent was simulated through the polarizable 

continuum model calculation within the integral equation formalism 

(IEFPCM).145 No imaginary frequencies were calculated for all the optimized 

ground state structures in the vibrational spectra, thus assuring that the simulated 

structures were real energy minima.  

Optical absorption transitions in the UV-visible spectral range were simulated 

by TD-DFT calculations at the same level of theory. Vertical energy transitions 

from the ground state configuration were calculated with the solvent environment 

(water) fixed as in the ground state.  

6.3 Results and Discussion 

6.3.1 Experimental Results 

In order to verify the formation of CD-like structures, from hydrothermal 

treatment of citric acid and hydrazine compounds, detailed optical analysis was 

performed. Comparing the absorption spectrum of the hydrazine precursors and 

the obtained products, the observation of new and different bands indicates the 

formation of new compounds (Figure S.6.1).  

Whilst the precursors have absorption in the far UV always below 300 nm, the 

formation of the band at about 330–350 nm is a distinctive signal of the possible 

formation of CDs. Indeed, in Figure 6.3.1, the absorption spectra of all samples 

present a shoulder in the UV region at 225–250 nm, which is generally ascribed to 

the π–π* transition of aromatic carbon that is supposed to be present in the CD 

core structure. An absorption peak at around 330 nm can be observed in all 

samples, except for CA-Hy, whose peak is at about 310 nm. This peak in the near 

UV region is typically attributed to the n–π* transition of N or O-containing 

structures. These assignments are well confirmed by the computational results 

here reported (see computational results). The intensity of the 350 nm peak is 
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higher in urea-sample than in hydrazine ones, suggesting the formation of a larger 

set of absorbing centers and possibly higher emission performances while, among 

the others, the sample derived from hydrazine hydrate shows the more intense 

peak (all the spectra were acquired considering the same amount of product 

dispersed in water). 

 

Figure 6.3.1. Absorption spectra of the hydrazine-based compounds compared to 

urea-derived carbon dots (CDs). 

PL measurements of precursors were also gathered to further clarify the 

effective formation of the products. The signal collected from precursors was 

weak, peaking in the near UV spectral range and several orders of magnitude 

lower than the respective CA and nitrogen sources products, thus confirming that 

PL properties are ascribed only to the formation of new luminescent products. A 

complete overview of the photoluminescence properties of the samples can be 

obtained through excitation-emission maps in which is possible to analyze the 

intensity of the emission at different excitation wavelengths (Figure 6.3.2). 
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Figure 6.3.2. Excitation–emission maps of our reference CA-urea (a) compared to 

CA-Hy (b), CA-DM-Hy (c) and CA-P-Hy (d). 

Despite the low QY, estimated using as reference an ethanol solution of 

Coumarin 120 (C120) with spectral features close to our investigated samples 

(absorption peak at 350 nm, emission at 430 nm, QY = 0.56),185 PL emission of 

all products is characterized by an excitation-dependent behavior, which is typical 

of CDs, indicating the formation of more than one excitation channel and not just 

a single molecule. Extracting the PL and excitation of PL (PLE) graphs (Figure 

6.3.3), it is possible to notice that, despite the quite similar absorption spectra, the 

samples show many differences one to another.  
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Figure 6.3.3. PL and normalized PL (inset) on the left column and normalized PL 

excitation (PLE) on the right one of CA-urea (a,b), CA-Hy (c,d), CA-DM-Hy (e,f) and 

CA-P-Hy (g,h). 
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The reference derived from urea (Figure 6.3.3a–b) has the highest QY (17%) 

and presents basically three excitation channels: those around 310 and 360 nm 

which both brought to the emission at 440 nm and another oat about 460 nm that 

led to a weak contribution in the green region. Previous studies attributed these 

optical features to the presence of citrazinic acid and citrazinic amide in the 

structure of CD.22,120 CA-Hy (Figure 6.3.3c–d) has the highest luminescent 

emission at 450 nm, with the main excitation channel centered at about 380 nm. 

Even in this case we can distinguish two more excitation channels: one at 290 nm, 

responsible for the near UV emission, and another one that arises at above 490 

nm, which brought a green contribution. Overall, even if the sample presents a 

low QY (1.0%), it does show a clear tunable emissive behavior. A clearer 

example of this peculiar characteristic is shown in CA-DM-Hy (Figure 6.3.3e–f), 

that not only presents an interesting broad emission centered around 455 nm under 

an excitation of 380 nm but also a great tunability under increasing excitation. 

Indeed, a slight change in the excitation results in an appreciable shift of emission, 

a property that makes this product potentially adaptable for a wide range of 

applications despite the low QY (1.6%). Finally, CA-P-Hy (Figure 6.3.3g–h) 

displays the highest QY among the hydrazine products (6.1%) and the main 

emission band centered at 440 nm, resulting from the 350 nm excitation, 

represents the main contribution, paired with a blue excitation above 410 nm 

accountable for the emission at longer wavelengths. In all these cases, the evident 

tunability of the optical properties let us to suppose that the formation of 

hydrazine related CDs was of a different nature as compared to CA-urea sample. 

TR-PL measurements performed at 350 nm and 410 nm (Figure 6.3.4) confirm 

the presence of multiple emission channels.  

 

Figure 6.3.4. Decay time plots in the 50 ns range of the hydrazine-derived samples 

excited at 350 (a) and 410 nm (b). The decay time was recorded on the overall emission 

spectrum. 
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Indeed, this behavior is displayed by the non-single exponential profile of 

decay time investigated in the 50 ns time window (except for CA-urea which was 

measured in the 100 ns time window, Figure S.6.2). 

The average decay times were estimated through a multi-exponential fit with 

two or three decays according to the sample under exam (Figure S.6.2, Table 

S.6.1). In all the cases, a sub-nanosecond decay time close to the time resolution 

of 0.4 ns (estimated by means of the signal from 10% to 90% rise time) has been 

reported. The average time was evaluated by calculating the fractional 

contribution of each fitted decay time.122 All hydrazine composites excited in the 

350 nm region show a decay time of about 2.6 ns. which let us imagine that the 

source of this emission could be the same in all samples. Instead, in the urea 

sample, the estimated lifetime is 5.6 ns, longer than in the other products, a value 

close to the one reported in the literature.117,154,186 Exciting the samples at higher 

wavelength, the average lifetime is the same in CA-Hy and CA-DM-Hy, but it 

definitely increases in CA-P-Hy with the presence of a longer time of 8.8 ns and 

reaching an average lifetime of 5.1 ns, close to that of CA-urea of 4.6 ns. 

 

Table 6.3.2. Fitting results of decay time data excited at 350 and 410 nm in the 50 ns 

window. Ai is the pre-exponential factor, τi is the lifetime, fi is the fractional contribution 

and ⟨τ⟩ is the average lifetime (calculated as in Table S.4.5). 

Sample λexc A1 
τ1 

(ns) 
A2 

τ2 

(ns) 
A3 

τ3 

(ns) 
f1 f2 f3 

‹τ› 

(ns) 

CA-urea1 350 1141 0.7 1025 3.1 566 8.2 0.09 0.37 0.54 5.6 

CA-Hy 350 1310 0.5 890 3.1 - - 0.19 0.81 - 2.6 

CA-DM-Hy 350 659 0.6 384 3.1 - - 0.24 0.76 - 2.5 

CA-P-Hy 350 1795 0.3 1890 1.4 1304 3.6 0.06 0.33 0.61 2.7 

CA-urea 410 1578 0.4 1139 2.4 608 6.8 0.09 0.36 0.55 4.6 

CA-Hy 410 795 0.8 836 3.0 - - 0.20 0.80 - 2.6 

CA-DM-Hy 410 3119 0.4 3267 1.7 950 4.2 0.13 0.51 0.37 2.5 

CA-P-Hy 410 761 0.4 533 2.6 150 8.8 0.10 0.46 0.44 5.1 
1 Analyzed in the 100 ns time window with time resolution of 0.7 ns. 

Moreover, Raman analysis suggests the formation of CD-like structures. 

Raman spectra were collected in the 600–1850 cm−1 region using SERS supports 

which allow the enhancement of the vibration signals, reducing the fluorescence 

of the samples (Figure 6.3.5). 
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Figure 6.3.5. Raman spectra of the hydrazine-based compounds compared to urea-

derived CDs. 

All samples present two major peaks centered at about 1360 and 1580 cm−1, 

which are generally ascribed to sp3 and sp2 hybridized carbon structures and are 

often reported in CD literature. 85,149,187,188 Indeed, the so-called D band at 1360 

cm−1 is associated with disordered carbon systems, whilst the G band at 1580 cm−1 

is typical of graphite and consequently is related to graphitic morphology. For 

evaluating the relative contribution to the structure of the graphitic core state and 

the disordered surface state, it is useful to calculate the ratio of these bands. 

Roughly considering the height of the peaks, the highest level of disorder was 

reported for the CA-P-Hy sample (ID/IG ≈ 1), which suggests that it is a poor 

graphitic system. Slightly lower values are associated with the other hydrazine-

based samples (ID/IG ≈ 0.8–0.9) which present similar spectra, only with small 

differences in the D band multiple peaks due to the high sensitivity of SERS 

supports. Even the urea-derived reference sample shows an analogous 

disorder/order ratio value (ID/IG ≈ 0.8) along with the most smoothed spectrum 

with little presence of defined peaks, which could be due to the completed 

formation of CDs. Smaller vibrational peaks gathered upon the larger signal of the 

two main bands are present and well above the sensitivity limit of the 

measurement. These vibrational findings have also been confirmed by simulated 

results (see computational results and Figure S.6.3). 

TEM images of hydrazine-derived CDs are reported in Figure S.6.4. The 

images show that the performed synthesis produced rounded nanoparticles with a 

mean size of about 4–5 nm for the CA-Hy and CA-DM-Hy samples and about 

10–13 nm for the CA-P-Hy ones. 
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6.3.2 Computational Results 

The possible mechanism of reaction among the two precursors during 

hydrothermal synthesis is reported in the following scheme (Scheme 6.1), where 

citric acid and hydrazine react to produce a pyridinone molecule —by means of 

condensation and dehydration reactions—with different possible substituents 

depending on the starting hydrazine molecule precursor (Scheme 6.1, path a). 

Depending on R and R’, we can obtain a simple 1-aminopyridin-2(1H)-one (Hy-

CD), a mono-methyl 1-(methylamino)pyridin-2(1H)-one (MM-Hy-CD), a 1-

(dimethylamino)pyridin-2(1H)-one (DM-Hy-CD) or a 1-(phenylamino)pyridin-

2(1H)-one (P-Hy-CD). In the simulations, we also considered the formation of 

MM-Hy-CD for completeness’ sake, even though it is not experimentally 

expected considering the exploited precursors. In the case of simple hydrazine, we 

can also hypothesize that the reaction might evolve through the dimerization (or 

oligomers formation) as described in the Scheme 6.1 path b, once more by means 

of condensation and dehydration reactions, leading to di-pyridinone structures. 

The formation of the two different products, called Hy-2-CD and Hy-3-CD in the 

following, is represented in the Scheme 6.1b. 

 

Scheme 6.1. Reaction scheme of citric acid and substituted hydrazine molecules. (a) 

In the case of hydrated hydrazine, the reaction can further proceed, leading to di-

pyridinone structures (b). 

We calculated the optimized ground state structures of the possible pyridinone 

and di-pyridinone molecules (Hy-CD, Hy-2-CD and Hy-3-CD) and simulated 

their optical absorption spectra in the UV-vis range. We also calculated the optical 

features of the substituted pyridinone structures (MM-Hy-CD, DM-Hy-CD and P-
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Hy-CD). Finally, for all the structures, we calculated the vibrational spectra, both 

IR and Raman. 

 

       Figure 6.3.6. Simulated absorbance spectra and oscillator strength of pyridinone 

molecules. The insets report the ball-and-stick representation of the structures (H atom—

white sphere, C atom—grey sphere, N atom—blue sphere, O atom—red sphere). (a) Hy-

CD, (b) Hy-2-CD, (c) Hy-3-CD, (d) MM-Hy-CD, (e) DM-Hy-CD, (f) P-Hy-CD. 

As reported in Figure 6.3.6a–c (top panel), all of the three molecules can 

provide transitions, accounting for an absorption band around 350 nm and a 

higher energy band in the 150–250 nm range. The normalized absorbance spectra 

(continuous red line in the figure) were simulated by assuming Gaussian bands of 

0.33 eV half width at half height of the peaks centered at the transition energies of 

the first 20 calculated excited states (whose oscillator strength is reported as 

vertical black lines in the figure). The first absorbance band in the simplest Hy-

CD mono-pyridinone structure is due to the single Highest Occupied Molecular 

Orbital (HOMO) to the Lowest Unoccupied Molecular Orbital (LUMO) 

transition, located at 344 nm. The di-pyridinone structures show a larger 

absorbance band around 350 nm with a redshifted HOMO–LUMO gap, at 369 

and 381 nm for the Hy-2-CD and Hy-3-CD molecules, respectively. Concerning 

the substituted pyridinone structures, they also provide similar absorbance 

features (Figure 6.3.6d–f, bottom panel) with a HOMO–LUMO gap at 348 nm, 

350, and 372 nm for MM-Hy-CD, DM-Hy-CD, and P-Hy-CD, respectively. We 

note that the MM-Hy-CD structure presents a second excitation band around 300 

nm, not observed in the other structures, and the P-Hy-CD structure displays the 
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most redshifted optical transition among the substituted pyridinone structures. The 

computed vibrational features of the hydrazine precursors and those of the 

pyridinone structure are compared in Figure S.6.5 in the 1250–1700 cm−1 band, 

where the G and D bands were experimentally observed. None of the precursor 

vibrational modes were present in both the 1350–1400 and 1550–1600 cm−1 

regions, whilst the pyridinone structure shows two bands at 1400 and 1580 cm−1. 

To further explore the scenario, we considered for the Hy-CD case the 

formation of some typical aggregates already proposed for the CZA and IPCA 

systems43,44,126,164,189, namely the parallel and anti-parallel stack dimers and the 

head-to-tail in the plane dimer. We calculated the absorption spectra for the 

aggregate systems at a fixed distance between the monomer units, namely at 0.366 

nm for the stack dimers and at 0.288 for the heat-to-tail dimers, assuming the 

same geometries of the parent CZA system. We also let the dimers relax and 

calculate the absorption spectra in the optimized relaxed configurations. The 

spectra are reported in Figure 6.3.7: all the structures display a large absorption 

band in the 300–400 nm range, with HOMO–LUMO transition at 377 and 358 nm 

for the fixed and relaxed parallel stack dimers, at 389 and 394 nm for the fixed 

and relaxed anti-parallel stack dimers and at 354 and 356 nm for the fixed and 

relaxed head-to-tail dimer. 

 

Figure 6.3.7. Simulated absorbance spectra and oscillator strength of parallel, anti-

parallel and head-to-tail dimers for fixed geometries (a–c) and for the corresponding 

relaxed geometries (d–f). The insets report the ball-and-stick representation of the 

structures (H atom—white sphere, C atom—grey sphere, N atom—blue sphere, O 

atom—red sphere). 
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Finally, to look for larger redshifts, we considered the formation of some 

possible polymers. Indeed, one can hypothesize that, during the carbonatation 

process, some polymeric structure is formed, with the release of water. Among the 

possible choices, we calculated two potential polymer structures. For the simple 

Hy-CD system and the substituted di-methyl and phenyl systems we hypothesized 

the polymer chains that can be obtained when considering the reaction between 

the carboxyl group of one monomer and the hydroxyl group of another, as 

represented in Scheme 6.2 for the case of the Hy-CD structure (this class of 

polymers will be indicated as O-Polymer in the following). We considered chains 

of two, three, and four units. A second possibility is to assume the formation of a 

peptide bond to form the polymer chain, thus considering the reaction of the 

carboxyl group of one monomer with the amide group of the other (A-Polymer). 

This bonding is the same that we have in the Hy-3-CD structure, which can be 

also considered as the first member of the A-Polymer family for the un-substituted 

hydrazine case (Hy-CD). The formation of the A-Polymer class was not 

considered for the substituted hydrazine precursors, since we expect that the steric 

volume of the substituents would reduce the probability of formation of A-

Polymer in those cases. Although the reactivity of the amine group would favor 

the formation of A-Polymers, O-Polymers could also be expected, since the 

computed difference of formation energy among the two classes for the case of 

two units’ chain was estimated as 4.83 kcal/mol (0.21 eV).  

 

Scheme 6.2. Possible formation of polymeric chains for the Hy-CD case. 

The calculated optimized ground state polymeric structures are reported in 

Figure S.6.6, together with the absorbance spectra of those structures. 

 

To collect the general trend, in Figure 6.3.8 we report the position of the 

HOMO–LUMO transition as a function of the number of monomer units for both 

the O-Polymer and A-Polymer classes. As we can see, the longer the chain the 
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larger the redshift, a sort of saturation effect in the redshifting being recorded for 

all the structures except the DM-Hy-CD ones. 

 

 
Figure 6.3.8. HOMO–LUMO transition wavelength as a function of the number of 

monomer units for the two classes of hypothesized polymers (lines are guides for the 

eyes). 

Finally, we calculated the molecular orbitals (MOs) for the HOMO and 

LUMO states for all the simulated structures. In Figure 6.3.9 we report, as an 

example, the MOs for the Hy-CD case and its O-polymer derivatives.  
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Figure 6.3.9. MOs of the HOMO–LUMO states (HOMO on the left and LUMO on 

the right) for the Hy-CD system (a,b) and its O-Polymer derived: Hy-CD-O-Pol-2 (c,d), 

Hy-CD-O-Pol-3 (e,f), Hy-CD-O-Pol-4 (g,h). The isocontour value is 0.02 au (H atom—

white sphere, C atom—grey sphere, N atom—blue sphere, O atom—red sphere). 

The reported data depict an n–* transition for the whole set of structures, with 

the electronic charge distributed upon a single unit in the HOMO state and spread 

upon two units in the LUMO state, partially extending through the chain bonding 

for the cases with three and four units. 

6.3.3 Discussion 

The optical features of CDs are, in general, ascribed to three main mechanisms: 

the quantum confinement effects, related to the formation of graphitic core, the 

presence of molecular species, or the formation of surface centers related to the 

surface functionalization groups.19,20 The formation of fluorescent molecules that 

can act as a seed for the CD enucleation or could be incorporated within the 

carbon network is the most accredited model in the case of bottom-up synthesis. 

The target of this study is the proof of concept of the formation of hydrazine-
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related CDs. The whole set of experimentally observed features here reported 

calls for the formation of CDs: the rounded nanoparticle observed by means of 

TEM (mean size 5–12 nm), the measured D and G vibrational bands, the 

absorption band around 350 nm, the excitation dependent emission spectra and the 

non-single exponential decay times. As already proposed for parent CA-derived 

systems, those features are related to the formation of some specific molecule, as 

the IPCA and CZA molecules reported in those cases.22,43,54,126 Starting from this 

consideration, we hypothesized that the pyridinone molecules produced during the 

synthesis of CA and hydrazine, their aggregated forms, or some polymeric 

structure derived by further reactions of the monomer units can be incorporated 

into the structure of the CDs and produce the optical features experimentally 

recorded. Indeed, if we consider the case of IPCA, a reaction of cyclization 

between CA and ethylene-diamine was hypothesized to produce the molecule that 

acts as a seed for the formation of the CDs and cause, with its aggregates, the 

excitation-dependent emission features recorded in those systems.44,54,189 In a 

similar way, we recently studied the formation of CZA in the synthesis of CA and 

urea (the reference system in the present study) and we demonstrated that the 

formation of various ionic species and different aggregates can explain the optical 

features of citric acid derived CDs.43,101,126,164 If we assumed the same reaction 

paths reported for CZA and IPCA, more than one product could be embedded 

during the CD formation. To also test this hypothesis in the present case, we 

calculated the vibrational and optical absorption spectra of different possible 

structures that we expect could be formed during the hydrothermal synthesis and 

compared the simulations to the experimental results. We first discuss Raman 

properties. Raman spectroscopy is largely applied to explore CD structures and in 

particular to evaluate the sp2/sp3 ratio, which is an important parameter also 

concerning the attribution of the emission properties, especially when applying 

the core-shell model.117,190 We considered the computed vibrational features of the 

hydrazine precursors and compared them to the ones of the pyridinone structure. 

As reported in Figure S.6.5, the formation of these structures produces a few 

vibrational modes in the 1250–1700 cm−1 range, that of the experimentally 

observed D and G band (Figure 6.3.5, Figure S.6.3). Among the others, the two 

vibrational modes at 1400 and 1580 cm−1 are related to symmetric and 

asymmetric stretching vibrations of the atoms of the pyridinone ring. Similar 

results were obtained for all the simulated structures with the pyridinone ring. The 

precursors, on the contrary, did not show paired vibrations that could be referred 

to as the G and D bands. Moreover, the experimental Raman spectra are very 

similar to the reference CD sample. The presence of some overimposed fine 
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structures can be related to the presence of polyaromatic hydrocarbon structures, 

which could also give similar results.191 These findings support, from one side, the 

hypothesis of the formation of the pyridinone structure, and from the other, the 

possible formation of CDs in the synthesis of CA and hydrazine compounds. 

Looking at the optical features, we considered both a single pyridinone molecule 

produced by the cyclization of citric acid and hydrazine (Hy-CD) and the 

formation of di-pyridinone structures obtained by the reaction of the first system 

with residual citric acid and hydrazine in the solution (Hy-2-CD and Hy-3-CD). 

The simulated spectra (Figure 6.3.6) display two bands in the near and far UV in 

good agreement with previously calculated results on parent structures (CZA and 

IPCA) and in good agreement with the reported experimental absorption 

measurements (Figure 6.3.1). Concerning the absorption band in the 300–350 nm 

range, typically ascribed to an n–π* transition in CDs, as also confirmed by our 

calculated MOs for all the considered structures (Figure 6.3.9, and Figure S.6.7 

and S.6.8), we note that the present experimental results and the ones reported in 

the literature on similar hydrazine-related CDs show a peak at about 330 nm, thus 

preferentially supporting the hypothesis of the single pyridinone molecule instead 

of the two redshifted di-pyridinone structures. However, the width of the band 

could indicate the presence of more than one pyridinone species, possibly 

including the di-pyridinone structures or other systems such as aggregates or 

polymer chains. Indeed, accounting for the larger sensitivity of the 

photoluminescence measurements, we should also consider that the excitation-

emission maps here reported (Figure 6.3.2) display excitation transitions in the 

330–450 nm range for the CA-Hy samples, in the 300–450 nm range for the CA-

DM-Hy and in the 300–425 nm range for the CA-P-Hy. These data fully support 

the absorbance spectra of the simulated structures and even call for more complex 

structures to account for such a large excitation band, in particular for the CA-

DM-Hy case. These results also highlight the optical difference between 

hydrothermally produced urea-derived CDs and these hydrazines compounds, 

showing that the latter are characterized by a higher tunability with a consequently 

larger contribution of the emission in the green region. In addition, the non-single 

exponential decays recorded for the different systems also require the formation 

of at least two or three different emitting centers. For these reasons, we first 

considered the formation of a few model aggregates, the parallel and anti-parallel 

stack dimers, obtained from the parallel or anti-parallel superimposition of two 

monomer units of Hy-CD, and the head-to-tail dimer, where the two monomer 

units lie on the same plane. Those aggregates were selected according to the 

results already reported for CZA and IPCA. Although the absorption spectra 
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simulated for all the dimers at a fixed distance or after relaxing the system are in 

the expected 300–400 nm range and could contribute to the experimentally 

observed absorption band in that range, we still needed to find some structure able 

to provide redder transitions. In addition, we noted that the relaxed geometries are 

quite far from those assumed by comparison with the CZA system. Thus, instead 

of collecting other aggregates’ forms, as already proposed for the CZA case,43 

where the broadening of the absorption and excitation bands was smaller than in 

the present case, we considered the formation of small polymer chains of two, 

three and four units and the possibility of two different polymerization processes, 

depending on the chemical groups interested by the reaction. We considered up to 

four units because it should be noted that the longer the chain, the larger the 

distance between the two ends of the chain and the distortion of the optimized 

geometry; when four units are considered, a distance of about 2–3 nm is achieved 

in the simulated structures, in agreement with the typical average diameter of 

Carbon Dots. As reported in Figure 6.3.8, we calculated, in general, a redshift of 

the whole spectrum for all the simulated structures, with the HOMO–LUMO 

transition peak shifting up to 460 nm for the larger phenyl-hydrazine polymer 

considered. These findings support the hypothesis that besides the presence of 

more species, the formation of a small polymeric chain can explain the large 

excitation spectra observed in the experimental data and the possible formation of 

different emitting centers. We also note that whilst the redshift of the HOMO–

LUMO peak seems to converge to a wavelength value in the blue range for the 

hydrazine and phenylhydrazine systems, this is not the case for the di-methyl one, 

where the redshift does not show, at least for the length of the chain investigated, 

the above-mentioned saturation effect. This consideration agrees well with the 

observed larger excitation band for these CDs and calls for the presence of even 

longer polymer chains or more complex structures. 

6.4  Conclusions 

The aim of this work was to investigate the formation of possible fluorescent 

N–N heterocyclic structures which could represent the seed for the synthesis of 

CDs and the origin of their emission properties by using, as precursors, N–N 

bonds containing hydrazines. The experimental results suggest the formation of 

compounds which present optical characteristics that could be compatible with 

such structures, as reported in similar synthetic treatment of CA and ammine 

sources, giving aromatic products such as IPCA and CZA. For instance, Raman 

and UV-Vis spectra assess the formation of aromatic products that are different 
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from the original, not cyclic, precursors. Moreover, excitation-emission maps 

underline that the obtained products show different degrees of emission tunability, 

in all cases with an emissive region larger than the urea-based CDs. These 

findings represent a sign of evident non-single-molecule nature that is also 

confirmed by multi-exponential decay spectra. Despite the low QY that could be 

increased by high standard sample purification, our products display undoubtedly 

interesting optical properties. The presence of multiple emission channels can be 

explained by the presence of different stages of the reaction leading to the 

formation of pyridinone-based structures. Indeed, since similar reactions were 

reported for parent fluorophores such as CZA and IPCA that have the tendency to 

form tautomers and can co-exist in different aggregation states, the same trend is 

expected to occur in the present case. In order to verify this hypothesis, we 

simulated the vibrational and optical absorption spectra of possible assembled 

structures, considering the formation of single and di-pyridinone compounds, also 

with different substituents depending on the hydrazine precursor. The computed 

Raman spectra confirmed the formation of the heterocycle structure, also 

supporting the observed D and G vibrational bands. Although those structures do 

show a HOMO–LUMO transition in the 300–400 nm range in good agreement 

with the experimental absorption spectra, we also considered more complicated 

structures to explain the large excitation band experimentally recorded. Besides 

some dimers, which provided a small broadening of the main absorption band, we 

considered the formation of short oligomers that made up to four monomer units. 

The HOMO–LUMO gap increases as the number of monomer units increases, 

showing a saturation effect for all the structures except the di-methyl one. Indeed, 

this system presents the broader excitation pattern, suggesting the formation of 

even larger polymers. This proof-of-concept work suggests that N–N-doped 

Carbon Dots could be produced, starting from the formation of hydrazine-derived 

heterocycle fluorophores. Along with TEM images, the assessed optical properties 

need to be further confirmed by advanced structural measurements such as XPS 

and NMR to definitely assess the formation of the pyridinone structures in this 

new family of CDs. 
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7.1 Carbon Dots from CZA and Urea 

The thermal reaction of citric acid (CA) and urea is well known to produce 

citrazinic acid (CZA), but the discovery of its green emitting imidic form known 

as HPPT, from the same precursors has led to further research into this complex 

synthetic mechanism. HPTT was discovered as a product of CA and urea mixed in 

a 1:10 molar ratio and according to the researchers who discovered it, the 

formation of HPPT requires the formation of CZA or its amide as the first step. It 

was also stated that HPPT can be formed directly from CZA, but only in non-

aqueous conditions, however, no supporting data have been reported.22 Hence, we 

attempted to produce HPPT directly from CZA (29 mg) mixed with urea (6, 11, 

and 60 mg for 1:0.5, 1:1, 1:5 molar ratios, respectively) through hydrothermal 

treatment (20 mL, 5 hours at 180 °C) and microwave-assisted pyrolysis synthesis 

(20 mL, 4 minutes at 350 W) (Figure S.7.1). The samples were compared to 

commercially available CZA and HPPT-containing CDs (M-CAMUR 1:10, 0.77 

g of CA and 2.6 g of urea) synthesized in a microwave (20 mL, 4 minutes at 350 

W). The synthesis conditions of the prepared samples are summarized in Table 

7.1.1. 

 

Table 7.1.1. List of analyzed samples and relative synthesis conditions. 

Sample Precursor Synthesis 
Temperature/ 

Power 
Time 

CZA Citrazinic Acid - - - 

M-CAMUR 1:5 
Citric Acid (77 

mg), Urea (2.6 g) 
Microwave 

(20 mL) 
350 W 4 m 

A-CZAUR 1:0.5 
Citrazinic Acid 

(29 mg), Urea (6 

mg) 

Hydrothermal  
(20 mL) 

180 °C 5 h 

A-CZAUR 1:5 
Citrazinic Acid 

(29 mg), Urea (60 

mg) 

Hydrothermal  
(20 mL) 

180 °C 5 h 

M-CZAUR 1:1 
Citrazinic Acid 

(29 mg), Urea (11 

mg) 

Microwave 
(20 mL) 

350 W 4 m 

M-CZAUR 1:5 
Citrazinic Acid 

(29 mg), Urea (60 

mg) 

Microwave 
(20 mL) 

350 W 4 m 

 

The collected materials were analyzed in water through optical absorption 

(Agilent Cary 5000 spectrophotometer with a spectral bandwidth of 2 nm in the 
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200-800 nm range), Surface Enhanced Raman Spectroscopy (S-Silver SERS 

substrates, SOL Confotec MR750 with 532 nm laser diode and spectral resolution 

0.6 cm–1) and TR-PL technique (200 fs long pulses Light Conversion TOPAS-C 

pumped by a regenerative Ti:Sapphire amplifier Coherent Libra-HE at 1 kHz 

repetition frequency). Supplementary information is available in Appendix E. 

 

Figure 7.1.1. (a,d) UV-Vis measurements with PL spectra at 350 nm in the inset, 

(b,e) Raman spectra, and (c,f) decay time plots of the samples. 

Our experimental findings on the samples obtained under the hydrothermal 

synthesis route, named A-CZAUR, show optical features that are similar to the 

CZA precursor (Figure 7.1.1a-c). Besides a slightly broad band in the yellow 

region in the A-CZAUR 1:0.5 sample, only a small redshift of the typical 335 nm 

peak and a more defined peak related to the π‒π* transition was recorded. SERS 

spectra provided us with more detailed insights into their differences, showing 

similar spectra for the synthesized samples with distinct D and G bands that are 

attributed to sp3 and sp2 carbon structures, respectively. Despite similar D and G 

bands, the CZA Raman spectra present a more structured pattern with many 

intense peaks in the 400-800 cm-1 region, likely due to the aggregation 

phenomenon, revealing the molecular nature of the sample. Additionally, TR-PL 

measurements clearly show a shortening of the lifetime with increasing molar 

ratios of the reagents. The extracted lifetimes from the multi-exponential plots 

were indeed similar (4.1 and 7.5 ns in A-CZAUR 1:0.5 and 3.0 and 8.0 ns in A-

CZAUR 1:5), but the resulting average decay was 5.6 ns and 3.5 ns for the 1:0.5 
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and 1:5 sample, respectively, displaying a significant variation in the relative 

contributions.  

Regarding the samples produced via microwave-assisted pyrolysis (Figure 

7.1.1d-f), the one obtained from a 1:1 molar mixture showed the characteristic 

CZA band, indicating the unsuccessful production of any green contribution. 

However, a more fruitful reaction was achieved in the synthesis of the M-CZAUR 

1:5 sample, where two absorption contributions peaked at 340 and 410 nm, 

corresponding to the same peak positions recorded for our reference M-CAMUR 

1:10, but with different intensity ratios. The emission at 350 nm excitation 

wavelength shows very broad bands for these two samples, with a significant 

increase in the green contribution in the 1:5 sample compared to the 1:1 sample, 

similar to the CAMUR sample. Furthermore, the SERS spectra and the decay time 

plots proved their similarity with the reference, showing similar Raman peaks and 

lifetimes (7.8 and 7.4 ns), respectively.  

With these measurements, we have demonstrated that the optical features of 

HPPT can be reproduced starting from CZA and urea in a 1:5 molar ratio treated 

with microwave-assisted pyrolysis. Nevertheless, intrigued by the inhomogeneous 

appearance of this sample, we mechanically extracted two phases from the 

obtained powder, a blue (B) and a green one (G), and separately investigated their 

properties (Figure S.7.2). Figure 7.1.2 indeed shows that during the synthesis, at 

least two contributions were formed with different emissive properties, one 

emitting in the blue region and the other in the green region, diverse Raman 

spectra with more intense peaks in the 500-1000 cm-1 and at 1750 cm-1 for the 

blue phase, and also various lifetimes, as it was 6.8 ns for the blue and averaged 

5.8 ns for the green phase.  

 

Figure 7.1.2. (a) UV-Vis measurements with PL spectra at 350 nm in the inset, (b) 

Raman spectra, and (c) decay time plots of the samples. 

Indeed, it is clear that the blue-emitting powder has optical and structural 

features that are very akin to the samples obtained through the hydrothermal 
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synthesis, while the green phase has many similarities with the HPPT-containing 

reference as shown in Figure 7.1.3. 

 

Figure 7.1.3. (a,d) UV-Vis measurements with PL spectra at 350 nm in the inset, 

(b,e) Raman spectra, and (c,f) decay time plots of the obtained samples. 

This ongoing research experimentally demonstrates the production of 

potential CD structures starting from CZA, whose optical properties can be 

adjusted not only by changing the precursor molar ratio but also by varying the 

synthesis treatment. In the future, it will be completed by adding additional 

structural measurements to evaluate the formation of CDs and to deepen the the 

understanding of the formation mechanism involved. 

7.2 Carbon Dots from Phloroglucinol 

Phloroglucinol (FG) is a three-fold symmetrical molecule that is mainly used in 

the synthesis of pharmaceuticals and explosives. Recently, Yuan and coworkers192 

have successfully employed it in the hydrothermal synthesis of triangular CDs 

with high efficiency and narrow bandwidth for LED applications. Motivated by 

this work, we attempted to synthesize CDs from the same precursor using another 

synthetic route, which is pyrolysis in air atmosphere (A) and in vacuum (V, 1.5 × 

10-4 mbar) at temperatures of 200 and 250 °C and reaction times of 5 and 10 

hours. The conditions of the synthesized samples are summarized in Table 7.2.1. 
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Table 7.2.1. List of analyzed samples and relative synthetic conditions. 

Sample Precursor Environment Temperature Time 

P Phloroglucinol - - - 

FG-A-200x5 Phloroglucinol Air 200 °C 5 h 

FG-V-200x5 Phloroglucinol Vacuum 200 °C 5 h 

FG-A-200x10 Phloroglucinol Air 200 °C 10 h 

FG-V-200x10 Phloroglucinol Vacuum 200 °C 10 h 

FG-A-250x5 Phloroglucinol Air 250 °C 5 h 

FG-V-250x5 Phloroglucinol Vacuum 250 °C 5 h 

 

Some of the early findings for what concern Raman (SOL Confotec MR750 

with 532 nm laser diode and spectral resolution 0.6 cm–1), optical absorption 

(Jasco V-750 spectrophotometer, spectral bandwidth of 0.2 nm in the 200-800 nm 

range) and steady-state PL properties (Jasco FP-8550 spectrofluorometer in the 

250-550 nm excitation and 275-750 nm emission range, with spectral bandwidth 

of 5 and 1 nm) were reported in Figure 7.2.1 (supplementary information in 

Appendix E). 

 
Figure 7.2.1. (a) Raman spectra and (b) UV-Vis absorption spectra with a zoom in 

the inset of the obtained samples. 
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The Raman spectra indicated the lack of molecular phloroglucinol peaks in the 

syntheses carried out at 250 °C for 5 hours or 200 °C for 10 hours. However, the 

thermal treatment performed at 200 °C for 5 hours displayed a more defined 

structure. In all cases the occurence of the D and G bands indicated the formation 

of a graphitic-like structure, as is typical in CD findings. The absorption 

measurements confirmed the formation of different products, as pure FG does not 

show any absorption contribution above 300 nm. The products obtained at 250 °C 

for 5 hours presented a very broad shoulder that extended up to 700 nm whilst all 

the samples produced at 200 °C showed more defined absorption contributions, 

with a shoulder peaked at 350 nm and a band at 460 nm. To study their emissive 

properties, EEMs were collected for each sample (Figure 7.2.2). 

 

Figure 7.2.2. Excitation and Emission Maps (EEMs) of FG-A-200x5 (a), FG-A-

200x10 (b), FG-A-250x5 (c), FG-V-200x5 (d), FG-V-200x10 (e), FG-V-250x5 (f). 

These measurements revealed the presence of multiple emissive bands, whose 

widths broaden as the synthesis time increases (from 5 to 10 hours) and 

temperature increases (from 200 to 250 °C). Specifically, when focusing on the 

synthesis performed in air, the main emissive contribution at 200 °C for 5 hours 

was recorded at 480 nm when excited at 460 nm excitation wavelength, with 

minor emission bands excited at 390 and 310 nm. Other emissive contributions 

were detected in the blue range at 410 and 430 nm when excited at 310 nm and in 

the green range at 520 nm when excited at 460 nm. The PL intensity of these 

minor centers relatively increased as a function of time and temperature, but a 
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reduction in overall efficiency was also observed. Similar phenomena were 

observed in the synthesis performed in vacuum, with the notable difference that at 

longer times, the main emissive center became the blue one at 410-430 nm when 

excited in the UV region, while enhancing the temperature, the main contribution 

remained at 480 nm when excited at 460 nm but with broadening features. This 

work could not only aid in the identification of the emitting centers produced from 

FG, whose simple structure can be used as a reference for other CDs obtained 

through bottom-up routes, but it could also make FG a promising precursor for the 

development of solid-state lasing devices that require narrowband emissions. 

7.3 Magnetic Carbon Particles 

This research aimed to combine the efficient fluorescence and biocompatibility 

of CDs with the magnetic properties of gadolinium composites, in order to create 

bio-functional CDs as contrast agents for both medical magnetic resonance and 

fluorescence imaging. After several attempts with different Gd-composites as 

precursors and varying synthetic methods, the most promising material was 

obtained using monohydrate citric acid (1.0 g), urea (0.286 g) and gadolinium 

nitrate (0.2 g) dispersed in 20 mL of water in a stainless-steel autoclave and 

heated at 200 °C for 5 hours (A-GdCAUr sample). The solution was centrifuged 

at 10 kHz rotation frequency, and both the supernatant and precipitate were 

studied separately. Magnetic measurements (Quantum Design MPMS-XL system) 

on the precipitate confirmed the paramagnetic properties of the sample, due to the 

presence of gadolinium (Langevin paramagnetism), as shown in Figure S.7.3 

(supplementary information is available in Appendix E). Nevertheless, SEM-EDX 

measurements (Zeiss GeminiSEM 500) reported quite large spherical particles 

composed of carbon (50.1 %), oxygen (38.5 %), gadolinium (10.6 %) and 

nitrogen (0.9 %) (Figure S.7.4). Indeed, TEM images (Jeol JEM 1400 Plus) 

displayed possibly porous spheres with a diameter size of 400-500 nm, much 

larger than typical CDs (Figure 7.3.1). 
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Figure 7.3.1. TEM pictures of the obtained A-GdCAUr product. 

TR-PL measurements (200 fs long pulses Light Conversion TOPAS-C pumped 

by a regenerative Ti:Sapphire amplifier Coherent Libra-HE at 1 kHz repetition 

frequency) performed under 350 nm excitation wavelength show the typical CA-

derived CD blue band peaked at 440 nm for both supernatant and precipitate but 

different lifetimes (2.5 and 10.2 ns for the supernatant, and 0.6, 4.1 and 11.1 ns for 

the precipitate). 

 

Figure 7.3.2. (a) TR-PL spectra and (b) decay time plot of the supernatant and 

precipitate of the obtained samples. 

In an effort to gain a deeper understanding of the material's structure, we 

attempted to conduct Raman measurements on the precipitate sample. However, 

the high level of luminescence unexpectedly prevented the detection of weaker 

Raman signals. Indeed, under continuous wave (CW) laser excitation at 410 nm, 

the PL peak was centered at 530 nm, and under 530 nm CW excitation, it was 
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peaked at 620 nm (Figure 7.3.3). This excitation-wavelength dependence was not 

recorded with TR-PL instruments, most likely due to the differences in the time 

scales analyzed. 

 

Figure 7.3.3. PL spectra of A-GdCAUr powder under CW laser light at 410 nm (a) 

and 532 nm (b). 

Despite the fact that this material does not display typical CD characteristics, this 

research could still be valuable for the development of a material with both 

luminescent and magnetic properties that could be useful for both biomedical and 

optoelectronic applications. 

7.4 Carbon Dots from CA and EDA 

As previously stated in Chapter 2, computational simulations are an essential 

tool for the investigation of CD properties and formation. Unfortunately, a full ab-

initio dynamical description of CD structure and reaction mechanism involving 

organic molecules is currently not feasible due to their high complexity. To 

address this challenge, a hybrid computational approach was employed in this 

study to investigate the early stages of IPCA production from CA and EDA via 

the hydrothermal synthesis route. This approach combined DFT to describe the 

bond thermodynamics and MD to simulate the overall kinematics of the reaction. 

Four potential reactions were analyzed and the activation energies were 

determined from Gibbs free energy variations (Figure 7.4.1). 
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Figure 7.4.1. Reaction schemes analyzed in this work: (i) condensation of citric acid 

and ethylenediamine (dimer formation); (ii) cyclization; (iii) condensation of the dimer 

with an ethylenediamine molecule; (iv) decomposition of citric acid to transaconitic acid. 

After conducting benchmark calculations to validate the DFT and MD 

protocols, the energy profiles of each reaction were determined. The evolution of 

chemical bonds was then investigated through MD simulations, examining the 

progression of the reaction at different temperatures and pressures typical of a 

closed vessel hydrothermal synthesis. The results showed that fluorophore 

precursors were primarily formed at the lowest temperature of 413.15 K, while 

higher temperatures resulted in an increase in the formation of optical inactive 

byproducts.  
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Chapter 8 

Conclusions 

This thesis work was fully developed within the framework of the three-year 

CANDL2 project, with the specific aim of understanding the correlation between 

structure and optical features in Carbon Dots through a combined computational 

and experimental approach for possible optoelectronic applications.  

The importance of theoretical studies focused on this topic was first presented, 

with particular emphasis on the simulation of the optical properties of doped and 

functionalized CDs through density functional theory methods. In particular, 

computational works on nitrogen and oxygen doping were extensively reviewed, 

highlighting the correlation between the heteroatom position in the structure and 

its effect on the absorption and emission characteristics.  

Our investigation on the interaction of N-doped CDs with silica matrices 

highlighted the differences among these surface/molecular emitting centers. The 

emissive contributions of CDs can be tuned either by the pyrolytic synthesis 

performed directly in silica, which favors the formation of green-emitting N 

species, or by irradiating the samples in different environments, which allows the 

observation of surface centers in silica and molecular ones in water.  

The role of nitrogen in emission was further discussed by researching the 

differences between the emissive centers present in bare CDs produced from citric 

acid as the only reagent and those obtained by adding urea as a nitrogen source to 

the reaction mixture. Our findings suggested that the core-state centers 

predominate in the emissive properties of bare CDs, while the presence of 
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molecular fluorophores as CZA and imidic species are responsible for more 

efficient luminescence properties.  

The formation of these latter species was the subject of a systematic analysis of 

the reaction pathway of this type of N-doped CDs through nuclear magnetic 

resonance technique and optical spectroscopy. In addition to the fundamental 

correlation between the relative amount of nitrogen sources in the synthesis and 

the redshift of the emission due to the formation of imidic species such as HPPT 

molecules from CZA, this study demonstrated the use of NMR for the specific 

investigation of core/surface properties of CDs in solid-state mode and molecular 

features in samples in solution.  

Continuing the focus on the importance of nitrogen in CD optical features, the 

formation of possible fluorescent N–N heterocyclic systems was explored by 

studying the products obtained through the hydrothermal treatment of N–N bonds 

containing hydrazines. The results suggested the formation of such structures with 

typical optical and structural features of CDs and prompted further research into 

the involvement of other N-sources in the reaction, such as CZA and EDA. 

Finally, ongoing studies have focused on the application of CDs for lighting, 

such as phloroglucinol-derived products, or for biomedical purposes, such as the 

magnetic carbon nanoparticles obtained by adding gadolinium nitrate to the 

reagents. 

In conclusion, the presented work provides insight into this incredibly 

promising nanomaterial, with the hope that its remarkable luminescent properties 

will be employed in the future for the design of  new, non-toxic, and cost-effective 

optoelectronic devices for everyone. 
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Appendix A: Supporting Information of Chapter 3 

 

Figure S.3.1. Gaussian deconvolution of hybrid samples irradiated at 350 nm at low 

(2.5 W) and high (55 W) excitation power and corresponding decay time plots with 

relative fits (details in Table S.3.1 and S.3.2). Jacobian factor for the correction of the PL 

intensity was applied in all spectra. The decay time was recorded on the overall emission 

spectrum. 
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   Table S.3.1: Gaussian band deconvolution data of S3-CD, S8-CD hybrids, and CD-R 

sample excited at 350 nm.  

 Peak 1 
(eV-nm) 

FWHM 
(eV) 
 

Relative 
Area (%) 

Peak 2  
(eV-nm) 

FWHM 
(eV) 

Relative 
Area (%) 

S3-CD@350nm 
(2.5uW) 

2.95 - 421 0.54 35.8 2.34 - 531 0.74 64.2 

S3-CD@350nm 
(55uW) 

2.72 - 456 0.68 54.4 2.25 - 551 0.49 45.6 

S8-CD@350nm 
(2.5uW) 

2.94 - 422 0.50 26.0 2.37 - 524 0.74 74.0 

S8-CD@350nm 
(55uW) 

2.72 - 456 0.55 34.5 2.30 - 539 0.49 65.5 

CD-R@350nm  
(2.5-55 uW) 

2.82 - 440 0.54 73.0 2.46 - 503 0.71 27.0 

 

Table S.3.2: Exponential deconvolution of decay time data of S3-CD, S8-CD hybrids, 

and CD-R sample excited at 350 nm. 

 A1 τ1 (ns) A2 τ2 (ns) A3 τ3 (ns) τmean* 
(ns) 

S3-CD@350nm 
(2.5uW) 

119645 0.61 1620 2.81 37 21.66 0.95 

S3-CD@350nm 
(55uW) 

24350 0.56 5892 2.56 370 11.35 2.85 

S8-CD@350nm 
(2.5uW) 

13563 0.79 1747 3.25 59 16.93 2.52 

S8-CD@350nm 
(55uW) 

30310 0.69 6038 2.58 980 7.85 2.60 

CD-R@350nm 
(2.5-55 uW) 

1089 0.32 1411 2.08 982 9.21 7.26 

 

*The average lifetime was calculated as the weighted mean of the retrieved values 

(J.R. Lakowicz, Principles of Fluorescence Spectroscopy, Springer US, Boston, MA, 

2006): 

�̅� = ∑
𝛼𝑖𝜏𝑖

2

𝛼𝑖𝜏𝑖

𝑛

𝑖=1

 

Table S.3.3. Elemental composition in percentage (%) from XPS data (th = theoretical). 

 
Ctot Otot Ntot Tot C/O (0.8 th.) C/N (3.4 th.) 

CD-R 67 21 12 100 3.2 5.6 

S3-CD (w/o SiO2) 52 38 10 100 1.4 5.2 

S8-CD (w/o SiO2) 64 22 14 100 2.9 4.6 
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Figure S.3.2. O1s XPS spectra of CD-R (a), S3-CD (b) and S8-CD (c). 

Table S.3.4. Data in percentage (%) from XPS O1s spectra.  

 
C=O 

O-C=O 
C-O-H 
C-O-C 

O1s Oamidic/imidic 

CD-R 37.83 20.29 - 41.88 

S3-CD (w/o SiO2) - - 100 - 

S8-CD (w/o SiO2) - - 100 - 

 

Table S.3.5. Data in percentage (%) from XPS C1s spectra.  

 
Cgraphiti

c 
Caromatic Caliphat

ic 
C-O/C-N COO- 

O=C-
N 

COO
H 

Corg/Cgra

ph 

CD-R 2.74 27.37 28.14 14.30 24.65 2.80 35.5 

S3-CD  
(w/o SiO2) 

3.41 2.05 31.74 26.15 15.25 21.41 28.3 

S8-CD  
(w/o SiO2) 

1.52 5.73 32.28 22.25 18.29 19.92 64.4 

 

Table S.3.6 Data in percentage (%) from XPS N1s spectra.  

 
Npyridinic/amines Npyrrolic Ngraphitic N-C=O 

(Nimidic) 

CD-R 18.36 73.98 1.99 5.67 

S3-CD (w/o SiO2) 1.75 39.48 14.37 44.40 

S8-CD (w/o SiO2) 1.89 70.72 10.82 16.57 
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Figure S.3.3. ATR spectra of (a) CD-R reference and (b) silica and silica hybrids with a 

comparison with CD-R in the insight. 

 

Figure S.3.4. TEM images of void silica matrices MCM-48 (a) and SBA-15 (d). 

Neither the images of the silica-CD hybrids (b,e) nor their zoom (c,f) show the 

presence of CDs clearly due to the poor contrast of the carbon particles. 
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Figure S.3.5. N2 adsorption–desorption curves (solid and dot, respectively) at 77 K of S3-

CD (black line) and S3 (green line) samples (a), S8-CD (red line) and S8 (purple line) 

samples (b).  

Table S.3.7. Surface area and pore volume of silica matrices and S-CD hybrids.   
 

S3 S3-CD S8 S8-CD 

SBET (m2∙g-1) 984 418 610 308 

VP (cm3∙g-1) 0.59 0.27 0.81 0.54 

 

Table S.3.8. QY of the reference sample and the CDs extracted from the hybrids. 
 

QY (λexc = 350 nm) QY (λexc = 440 nm) 

CD-R 4.7 % 6.5 % 

CD-3 4.0 % 5.4 % 

CD-8 4.4 % 5.2 % 

 

Table S.3.9. Exponential deconvolution of decay time data of CD-3, CD-8 hybrids, and 

CD-R sample excited at 350 and 450 nm. The decay time was recorded on the overall 

emission spectrum. 

 A1 τ1 (ns) A2 τ2 (ns) A3 τ3 (ns) τmean 
(ns) 

CD-R@350nm  982 9.2 1411 2.1 1089 0.3 7.3 
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(2.5-55 uW) 

CD-3@350nm  
(2.5-55 uW) 

1326 9.1 3905 2.7 - - 6.1 

CD-8@350nm  
(2.5-55 uW) 

1239 8.1 2831 2.4 - - 5.8 

CD-R@450nm  
(2.5-55 uW) 

603 5.8 736 1.2 - - 4.9 

CD-3@450nm  
(2.5-55 uW) 

1311 6.4 1257 1.7 - - 5.5 

CD-8@450nm  
(2.5-55 uW) 

2076 6.5 2075 1.6 - - 5.6 

 

 

Figure S.3.6. Decay time plots in the 100 ns range of CD-R, CD-3 and CD-8 excited at 

350 and 450 nm. The decay time was recorded on the overall emission spectrum. 

 

Figure S.3.7. Comparison of TR-PL spectra excited at 410 nm with an excitation power 

of 55 µW, and the relative decay time plots in the 100 ns range for CD-R and 50 ns range 

for the hybrids S3-CD and S8-CD. The decay time was recorded on the overall emission 

spectrum. 
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Table S.3.10. Exponential deconvolution of decay time data of S3-CD, S8-CD hybrids, 

and CD-R sample excited at 410 nm. The decay time was recorded on the overall 

emission spectrum. 

 A1 τ1 (ns) A2 τ2 (ns) A3 τ3 (ns) τmean 
(ns) 

CD-R@410nm  
(2.5-55 uW) 

1494 1.2 984 5.0 689 10 7.0 

S3-CD@410nm(55uW) 13515 0.6 3379 3.0 443 9.2 2.2 

S8-CD@410nm(55uW) 30310 0.7 6038 2.6 980 7.9 2.5 

 

 

Figure S.3.8. Spectral deconvolution by gaussian bands of CD-R sample (a) and data fit 

of its decay time (b) excited at 350 nm. Details in Table S.4.1 and S.4.2. Details in Table 

S.3.1 and S.3.2. The decay time was recorded on the overall emission spectrum. 
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Figure S.3.9. 3D plots of irradiation effects on S3-CD (a) and S8-CD (b), I3-CD (c), I8-

CD (d). Laser irradiation was performed with 405 nm CW light focused on the samples 

with a microscope objective (power 5 W, spot diameter 6.4 m). 
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Figure S.3.10. Calculated optical absorption features of isolated emitting center models 

(simplified stick representation: white stick = H atom, grey stick = Si atom, red stick = O 

atom). 

 

Figure S.3.11. HL gap (left) and oscillator strength (right) for the different model 

structures without silica, or in presence of fully H terminated, fully OH terminated silica, 

and partially OH terminated (1 OH or 4 OH) silica models. 
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Appendix B: Supporting Information of Chapter 4 

 

Figure S.4.1. TEM images of CDB (a) and CDN (b) samples with their relative particle 

size distribution plots (c,d). 

Table S.4.1. Elemental composition in percentage (%) from XPS data.  

 
Ctot Otot Ntot Tot C/O (0.8 th.) C/N (3.4 th.) 

CDB 74 26 - 100 2.8 - 

CDN 67 21 12 100 3.2 5.6 

 

Table S.4.2. Data in percentage (%) from XPS C1s spectra.  

C1s Cgraphiti

c 

Caromati

c 

Caliphati

c 

C-O/C-

N 

C=O O=C-

O 

O=C-N 

COOH Corg/C

graph 

CDB 7.48 31.23 30.61 11.63 3.80 - 15.24 12.4 



154   

 
CDN 2.75 27.42 28.17 14.29 - 24.59 2.79 35.4 

 

Table S.4.3. Data in percentage (%) from XPS N1s spectra.  

N1s Npyridinic/amines Npirrholic Ngraphitic N-C=O 

(imidic) 

CDN 18.36 73.98 1.99 5.67 

 

Table S.4.4. Data in percentage (%) from XPS O1s spectra.  

O1s C=O 
O-C=O 

C-O-H 
C-O-C 

O1s Oamidic/imidic 

CDB 46.23 43.72 10.05 - 

CDN 37.83 20.29 - 41.88 

 

 

Figure S.4.2. Deconvolution of integrated TA spectra in the ns (a,d) and ps (b,e) domain 

for CDB (a,b) and CDN (d,e); TA plots of CDB (c) and CDN (f) in the ps domain. 
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Table S.4.5. Exponential deconvolution of time decay data of CDB and CDN samples 

excited at 350, 410 and 450 nm.  

 A1 τ1 (ns) A2 τ2 (ns) A3 τ3 (ns) τmean (ns) 

CDB@350nm 1331 0.84 859 3.37 78 10.8 4.08 

CDN@350nm 1089 0.32 1411 2.08 982 9.21 7.26 

CDB@410nm 338 0.38 658 1.67 316 5.42 3.80 

CDN@410nm 1494 1.17 985 4.95 690 10.1 7.10 

CDB@450nm 1260 0.23 227 1.84 95 6.11 3.40 

CDN@450nm 727 1.16 613 5.70 - - 4.82 

 

The average lifetime was calculated as the weighted mean of the retrieved values (J.R. 

Lakowicz, Principles of Fluorescence Spectroscopy, Springer US, Boston, MA, 2006): 

𝜏̅ = ∑
𝛼𝑖𝜏𝑖

2

𝛼𝑖𝜏𝑖

𝑛

𝑖=1
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Appendix C: Supporting Information of Chapter 5 

 

Figure S.5.1. CD 1:1 original powdered samples (a) and dispersed in water (b). The 

arrows indicate their solid-state (top) and in water (bottom) PL color under UV light at 

395 nm (white color means no PL signal to the human eye). 

 

Figure S.5.2. CD 1:10 original powdered samples (a) and dispersed in water (b). The 

arrows indicate their solid-state (top) and in water (bottom) PL color under UV light at 

395 nm (white color means no PL signal to the human eye). 
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Figure S.5.3. PL spectra of (a-c) CD 1:1 and (b-d) CD 1:10 series in solution excited at 

350 nm (a-b) and 410 nm (c-d). All the spectra relativly to each plot were obtained at the 

same experimental conditions. 

 

Figure S.5.4. Picture of CD 1:10 samples obtained after 3, 5, 10 and 20 minutes in water 

solution under 365 (top) and 395 (bottom) nm UV light.  
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Figure S.5.5. Picture of CD 1:1 samples at different reaction time under UV-light (a), the 

difference of the 5-minute sample under visible and UV light (b) and the luminescence of 

the same compared to the one in water under UV light (c).  
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Appendix D: Supporting Information of Chapter 6 

 

Figure S.6.1. Absorption spectra of hydrazine precursors compared to the 

corresponding product. (a) Hy and CA-Hy; (b) DM-Hy and CA-DM-Hy; (c) P-Hy and 

CA-P-Hy. 
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Figure S.6.2. Decay times recorded under 350 nm (blue) and 410 nm (green) 

excitation light. (Risetime 0.7 in 100 ns, 0.4 in 50ns.) (a) CA-urea excited at 350 nm in 

100 ns; (b) CA-Hy excited at 350 nm in 50 ns; (c) CA-DM-Hy excited at 350 nm in 50 

ns; (d) CA-P-Hy excited at 350 nm in 50 ns; (e) CA-urea excited at 410 nm in 50 ns; (f) 
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CA-Hy excited at 410 nm in 50 ns; (g) CA-DM-Hy excited at 410 nm in 50 ns; (h) CA-P-

Hy excited at 410 nm in 50 ns. 

 

Figure S.6.3. Comparison of experimental Raman spectrum of CA-Hy and computed 

Raman vibrations for precursors (CA and Hy) and possible Hy-CD structures. 

 

Figure S.6.4. Comparison of experimental Raman spectrum of CA-Hy and computed 

Raman vibrations for precursors (CA and Hy) and possible Hy-CD structures. 
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Figure S.6.5. Computed Raman vibrations for hydrazine precursors and Hy-CD 

structure. 

 

Figure S.6.6. Simulated absorbance spectra and oscillator strength of DM- and P-

Hy-CD polymers. The insets report the ball-and-stick representation of the structures (H 

atom—white sphere, C atom—grey sphere, N atom—blue sphere, O atom—red sphere). 

(a) DM-Hy-CD-O-Pol-2; (b) DM-Hy-CD-O-Pol-3; (c) DM-Hy-CD-O-Pol-4; (d) P-Hy-

CD-O-Pol-2; (e) P-Hy-CD-O-Pol-3; (f) P-Hy-CD-O-Pol-4. 
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Figure S.6.7. MOs of the HOMO–LUMO states (HOMO on the left and LUMO on 

the right) for the DM-Hy-CD system (a,b) and its O-Polymer derived system: DM-Hy-

CD-O-Pol-2 (c,d), DM-Hy-CDO-Pol-3 (e,f), DM-Hy-CD-O-Pol-4 (g,h). The isocontour 

value is 0.02 au (H atom—white sphere, C atom—grey sphere, N atom—blue sphere, O 

atom—red sphere). 
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Figure S.6.8. MOs of the HOMO–LUMO states (HOMO on the left and LUMO on the 

right) for the PHy-CD system (a,b) and its O-Polymer derived system: P-Hy-CD-O-Pol-2 

(c,d), P-Hy-CD-O-Pol-3 (e,f), P-Hy-CD-O-Pol-4 (g,h). The isocontour value is 0.02 au 

(H atom—white sphere, C atom—grey sphere, N atom—blue sphere, O atom—red 

sphere). 
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Appendix E: Supporting Information of Chapter 7 

 

 

Figure S.7.1. Produced sample from the reaction of CZA and urea in different ratios and 

with different synthetic treatment (A stands for autoclave and M for microwave) 

compared to commercial CZA and HPPT-containing CDs from citric acid and urea under 

UV-light. 

 

Figure S.7.2. Produced sample from the reaction of CZA and urea in 1:5 molar ratio as a 

powder (a) and in water under visible (b) and UV-light at 365 nm (c). 
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Figure S.7.3. Measurements of magnetization M as a function of the magnetic field (H) 

at 300 K (a), plot of the inverse of the magnetic susceptibility constant χ as a function of 

the temperature (b) and loop measurement of the magnetization M as a function of the 

magnetic field (H) at 5 K. 

 

 
 

Figure S.7.4. SEM image of the A-GdCAUr precipitate sample (top) and EDX 

identification on the same image of Gd, O and C elements. 
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