


 

To ESSEGI, with love.  



 

Table of contents 
 
Abbreviations ......................................................................................................... I 
Abstract ................................................................................................................ III 
Riassunto .............................................................................................................. IV 
1 Carbon Nanoparticles ...................................................................................... 1 

1.1 Carbon Nanodots ...................................................................................... 1 
1.2 Synthetic and purification methods ........................................................ 1 

1.2.1 Synthesis of Carbon Nanodots ............................................................. 2 
1.2.2 Purification of Carbon Nanodots.......................................................... 4 

1.3 Fluorescence of Carbon Nanodots .......................................................... 4 
1.4 Applications of Carbon Nanodots ........................................................... 6 
1.5 References .................................................................................................. 9 

2 Surface properties of Carbon Nanodots ...................................................... 17 
2.1 Introduction ............................................................................................ 17 
2.2 Characterization of Carbon Nanodots ................................................. 19 
2.3 Use of NCDs-1 as aminocatalysts .......................................................... 26 
2.4 Conclusions .............................................................................................. 31 
2.5 Experimental section .............................................................................. 32 

2.5.1 General information ........................................................................... 32 
2.5.2 Synthesis of Carbon Nanodots ........................................................... 33 
2.5.3 Kaiser Test investigation and acid/base backtitration ........................ 39 
2.5.4 Electrophoretic studies ....................................................................... 46 

2.6 References ................................................................................................ 49 
3 Amine-rich Carbon Nanodots as aminocatalysts ........................................ 54 

3.1 Introduction ............................................................................................ 54 
3.2 Synthesis and characterization of NCDs-8 ........................................... 55 
3.3 Synthesis and characterization of NCDs-9 ........................................... 58 
3.4 Synthesis and characterization of NCDs-10 ......................................... 62 
3.5 Synthesis and characterization of NCDs-11 ......................................... 65 
3.6 Synthesis and characterization of NCDs-12 ......................................... 67 
3.7 NCDs as aminocatalysts ......................................................................... 69 
3.8 Conclusions .............................................................................................. 71 
3.9 Experimental section .............................................................................. 73 

3.9.1 General information ........................................................................... 73 
3.9.2 Synthesis of nitrogen-doped Carbon Nanodots .................................. 74 
3.9.3 Kaiser Test investigation and acid/base backtitration ........................ 75 
3.9.4 Procedure for the aldol reaction ......................................................... 76 
3.9.5 Determination of mass extinction coefficient and quantum yield ...... 77 

3.10 References ............................................................................................. 78 



 

4 Chiral Carbon Nanodots ............................................................................... 82 
4.1 Introduction ............................................................................................ 82 
4.2 Synthesis and characterization of c-NCDs-13 ...................................... 83 
4.3 Synthesis and characterization of enantiomeric c-NCDs-14 .............. 89 
4.4 Synthesis and characterization of achiral NCDs-15 ............................ 93 
4.5 Conclusions .............................................................................................. 96 
4.6 Experimental section .............................................................................. 97 

4.6.1 General information ........................................................................... 97 
4.6.2 Synthesis of nitrogen-doped Carbon Nanodots .................................. 98 
4.6.3 Determination of mass extinction coefficient and quantum yield. ..... 99 
4.6.4 Kaiser Test investigation and acid/base backtitration ........................ 99 
4.6.5 Electrophoretic studies ....................................................................... 99 

4.7 References .............................................................................................. 100 
5 Solid-state luminescence of Carbon Nanodots .......................................... 103 

5.1 Introduction .......................................................................................... 103 
5.2 Synthesis and characterization of PMMA/CDs nanocomposites ..... 106 
5.3 Synthesis and characterization of Silica/CDs nanocomposites ......... 108 
5.4 Synthesis and characterization of Aminosilane/CDs  
 nanocomposites ..................................................................................... 112 
5.5 Synthesis and characterization of a-SiO2/CDs hybrids ..................... 115 
5.6 a-SiO2/CDs hybrids as pH-sensors ...................................................... 122 
5.7 Conclusions ............................................................................................ 128 
5.8 Experimental section ............................................................................ 130 

5.8.1 General information ......................................................................... 130 
5.8.2 PMMA/CDs nanocomposites ........................................................... 131 
5.8.3 CDs-doped silica. ............................................................................. 131 
5.8.4 CDs-doped gel .................................................................................. 132 
5.8.5 Amino-functionalized silica nanoparticles (a-SiO2) ........................ 132 
5.8.6 a-SiO2/CDs-6 hybrids ...................................................................... 133 
5.8.7 pH-monitoring with hybrids dispersed in water ............................... 133 
5.8.8 Agar cylindrical waveguide fabrication ........................................... 134 
5.8.9 pH-sensing measurements ................................................................ 135 

5.9 References .............................................................................................. 136 



 I 

Abbreviations 
 
1,2-CHD  1,2-Cyclohexanediamine  
1H-NMR  Proton nuclear magnetic resonance 
1R,2R-DPEN (1R,2R)-(+)-Diphenylethylenediamine 
1S,2S-DPEN (1S,2S)-(-)-Diphenylethylenediamine 
a-SiO2  Amino-functionalized fumed silica nanoparticles 
AFM   Atomic force microscopy 
APTES  (3-Aminopropyl)triethoxysilane 
Arg  L-Arginine 
Asp  L-Aspartic acid 
c-CDs  Chiral Carbon Nanodots 
c-NCDs Chiral nitrogen-doped Carbon Nanodots 
CA   Citric acid 
CDs   Carbon Nanodots 
CQDs   Carbon Quantum Dots 
Cys  D- or L-Cysteine 
CZA   Citrazinic acid 
DOSY  Diffusion-ordered NMR spectroscopy 
ECD   Electron circular dichroism spectroscopy 
EDA   Ethylenediamine 
EDC•HCl  1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride  
ee   Enantiomeric excess 
FT-IR  Fourier-transform infrared spectroscopy 
GQDs   Graphene Quantum Dots 
HPPT  4-Hydroxy-1H-pyrrolo[3,4-c]pyridine-1,3,6-(2H,5H)-trione 
IPCA   5-Oxo-1,2,3,5-tetrahydroimidazo[1,2-α]pyridine-7- carboxylic acid 
KT   Kaiser Test 
LED   Light-Emitting Diode 
LSC   Luminescent solar concentrator 
Lys   L-Lysine 
m-DPEN  meso-1,2-Diphenylethylenediamine 
NCDs   Nitrogen-doped Carbon Nanodots 
NHS   N-Hydroxysuccinimide  
o.n.  Overnight 
PEG   Polyethylene glycol 
PMMA  Poly(methyl methacrylate) 
PUT   Putrescine 
PVA  Polyvinyl-alcohol 
PVP  Polyvinyl-pyrrolidone  
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QY   Quantum yield 
r.t.  Room temperature 
TCA   Trichloroacetic acid 
TEM   Transmission electron microscopy 
TEOS   Tetraethyl orthosilicate 
TFA   Trifluoroacetic acid 
TGA   Thermogravimetric analysis  
Ure   Urea 
UV-Vis  Ultraviolet-visible spectroscopy 
XPS   X-ray Photoelectron Spectroscopy 
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Abstract 
 
Recently, Carbon Nanodots emerged as a nanomaterial with attractive 
physicochemical properties such as photoluminescence, aqueous solubility, ease 
of functionalization, photostability and biocompatibility. Owing to these 
characteristics, Carbon Nanodots could be conveniently employed in several 
fields ranging from biology to catalysis. 
This Thesis is focused on the investigation of the surface properties of Carbon 
Nanodots prepared from different precursors and synthetic approaches, facilitating 
and demonstrating their application in organocatalysis and photonic devices. 
 
In chapter 1 an overview of the synthetic and purification methodologies of 
Carbon Nanodots is presented, in addition to their physical-chemical 
characteristics. A brief discussion on their potential applications is also reported. 
 
In chapter 2 the surface properties of different Carbon Nanodots are presented. In 
particular, the focus is on nitrogen-doped Carbon Nanodots. In collaboration with 
the group of Prof. Marcella Bonchio at the University of Padova, their superficial 
amino-groups were exploited to perform aminocatalytic transformations in water. 
 
In chapter 3 a family of nitrogen-doped Carbon Nanodots is described. The novel 
materials have been synthesized from amino-rich precursors via both mono- and 
multi-component approaches. The nanomaterials were characterized by means of 
spectroscopic, morphological, and analytical techniques. Subsequently, their 
catalytic performances were compared toward an aldol reaction model.  
 
In chapter 4 are presented chiral nitrogen-doped Carbon Nanodots prepared via 
one-step synthesis, i.e. without employing post-functionalization reactions with 
chiral agents. Starting from nitrogen-rich precursors, a pair of nanoparticles with 
intrinsic chirality (enantiomers) were obtained, as well as their meso counterpart. 
 
Finally, in chapter 5 the solid-state luminescence of Carbon Nanodots embedded 
in several matrices (polymeric, silica, and aminosilane) was explored. The 
application of Carbon Nanodots composites was demonstrated as pH-sensors, in 
addition to their use as additives for solar cells and light-emitting diodes. 
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Riassunto 
 
Recentemente i Carbon Nanodots – nanoparticelle a base di carbonio – si sono 
affermati come nuova tipologia di nanomateriale. Essi mostrano proprietà 
chimico-fisiche molto interessanti, come la fotoluminescenza, solubilità in acqua, 
facilità di funzionalizzazione, fotostabilità e biocompatibilità.  
Grazie a queste caratteristiche, i Carbon Nanodots potrebbero essere impiegati in 
diversi campi che vanno dalla biologia alla catalisi. 
Questa Tesi è basata sull’investigazione delle proprietà di superficie dei Carbon 
Nanodots, preparati da differenti precursori e approcci sintetici, in aggiunta alle 
loro applicazioni organocatalitiche e fotoniche. 
 
Nel capitolo 1 viene presentata una panoramica delle metodologie sintetiche e di 
purificazione dei Carbon Nanodots. Inoltre, vengono descritte le loro 
caratteristiche fisico-chimiche. Si riporta anche una breve discussione sui loro 
utilizzi applicativi. 
 
Nel capitolo 2 sono state studiate le proprietà superficiali di diversi Carbon 
Nanodots, in particolare quelli drogati con azoto. In collaborazione con il gruppo 
della Prof. Bonchio dell'Università di Padova, è stato sfruttato il loro contenuto 
amminico superficiale per condurre trasformazioni amminocatalitiche in acqua. 
 
Nel capitolo 3 viene presentata una famiglia di Carbon Nanodots da precursori 
ricchi di gruppi amminici, attraverso approcci mono e multicomponente. I 
nanomateriali ottenuti sono stati caratterizzati mediante tecniche spettroscopiche, 
morfologiche e analitiche. In seguito, le loro prestazioni catalitiche sono state 
confrontate utilizzando come modello una reazione aldolica. 
 
Nel capitolo 4 sono presentati nuovi Carbon Nanodots chirali e drogati con azoto, 
preparati in un solo passaggio sintetico senza ricorrere a reazioni di post-
funzionalizzazione con agenti chirali. Utilizzando precursori ricchi in azoto è stata 
ottenuta una coppia di nanoparticelle enantiomeriche, oltre alla corrispondente 
forma meso. 
 
Infine, nel capitolo 5, è stata esplorata la luminescenza allo stato solido dei 
Carbon Nanodots incorporati in alcune matrici (polimerica, di silice e 
amminosilanica), dimostrando il potenziale delle matrici prodotte come sensori di 
pH, oltre al loro impiego come additivi per celle solari e diodi ad emissione di 
luce. 
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1 Carbon Nanoparticles 
 
1.1 Carbon Nanodots 
 
In the last decades, in addition to carbon-based materials such as graphite, carbon 
nanotubes, fullerene, and graphene a new class of carbon-based nanomaterials has 
been studied: carbon-based nanoparticles.1,2 This class includes three types of 
nanoparticles with size below 10 nm, namely Graphene Quantum Dots (GQDs), 
Carbon Quantum Dots (CQDs), and Carbon Nanodots (CDs, figure 1.1).3-6 
 

 
Figure 1.1. Representation of (A) GQDs, (B) CQDs and (C) CDs. Image adapted with permission from 
Chem. Commun. 2016, 52, 1311-1326. 

 
The interest of the scientific community in these nanomaterials arises from their 
fascinating characteristics such as fluorescence, photostability, environmental-
friendly synthesis, and biocompatibility, that open new applicative opportunities 
in many fields in addition to their employment as valid substitutes of the toxic 
semiconductor quantum dots.4 
In this thesis, I will focus on CDs that are particularly interesting for the 
aforementioned reasons and in particular for their ease of synthesis and 
functionalization. CDs were discovered accidentally in 2004 during the 
purification of carbon nanotubes prepared from arch-discharge of soot, but several 
synthetic routes are currently possible.7,8  
CDs, in comparison to GQDs and CQD, do not show quantum confinement and 
therefore there is no relationship between the nanoparticle size and the emission 
wavelengths.9-14 
CDs are constituted of a carbonaceous core, which is mainly amorphous, in 
comparison to that of GQDs and CQDs, which has a graphitic nature, and a 
surface rich of polar functional groups.9 Owing to the presence of these groups on 
the surface, CDs are soluble in common polar solvents, including water. Their 
elemental content is highly variable, because it depends on both the type of 
starting materials and the synthetic method employed. 
 
1.2 Synthetic and purification methods 
 

(A) (B) (C) 
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1.2.1 Synthesis of Carbon Nanodots  
 
CDs are prepared via two synthetic approaches, namely top-down and bottom-up. 
In the former, a bulk material like carbon nanotubes or graphite is converted into 
nano-sized CDs, by means of methods such as electrochemical oxidation, arc-
discharge and laser ablation, which cause the break-down of larger structures. 
Typically, in the electrochemical synthesis, an electrocuting of graphite rod 
electrodes is performed in presence of alkaline species such as NaOH, affording 
nano-sized CDs. Analogous, synthesis from carbon nanotubes-based electrodes 
are also reported. (figure 1.2A).15-19 
The arc discharge method has been widely used for the synthesis of carbon 
nanomaterials. In this synthetic process a potential difference is applied between 
two electrodes (the anode is filled with carbon precursors and the cathode is 
usually a graphite rod) and a plasma is generated. Then, a large amount of heat is 
released resulting in the sublimation of the carbon precursors at the anode and 
their migration towards the cathode, where they deposit forming nanostructures 
(figure 1.2B).20 CDs were observed for the first time after the purification of 
carbon nanotubes synthesized by means of arc discharge.7 Usually, the arc ashes 
obtained, containing CDs, are treated with nitric acid in order to oxidize the CDs 
surface, leading to the formation of carboxyl groups, which enhance the CDs 
solubility in water. After this step, a treatment with NaOH is needed in order to 
neutralize the pH of the medium and the purification of the obtained colloids is 
performed.7 
Irradiation of a carbon target with a laser (figure 1.2C) affords CDs whose 
fluorescence can be observed after the surface passivation with nitric acid. Some 
synthesis performed via laser ablation can be done in the presence of polymers 
such as polyethylene glycol affording CDs with emission dependent from 
excitation.21-23 Concerning the laser wavelength, Nd:YAG laser 1064 nm are 
usually employed for CDs synthesis.24 
 

 
Figure 1.2. Schematic representation of (A) electrochemical, (B) arch-discharge and (C) laser ablation 
apparatuses for the top-down synthesis of CDs. 

(A) (B) (C) 
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In bottom-up approaches, CDs are usually synthesized from small and cheap 
molecules such as amino acids, sugars, or aromatic molecules. Since the syntheses 
are performed at both high temperature and pressure, precursors undergo 
polymerization, dehydration and carbonization reactions, providing fluorescent 
carbon-based nanoparticles. Furthermore, other experimental parameters such as 
pH, solvent used, and reaction time affect the physicochemical properties of the 
CDs obtained.25-31 
The main synthetic methods that belong to the bottom-up approach are solid-state 
thermal treatment, microwave irradiation and solvothermal carbonization. 
Solid-state thermal treatment is usually performed by using a muffle furnace in 
presence of air (figure 1.3A). In this case, the solid-state precursor is heated at 
temperature near o above its melting point. Then, a sequence of polymerization, 
decomposition and oxidation reactions take place and CDs with an amorphous or 
graphitized core are obtained, depending on time and synthetic temperature.32-35  
Microwave-assisted synthesis of CDs is a method in which the precursors are 
heated by means of microwave irradiation (figure 1.3B).36 These syntheses are 
performed in solution and in presence of polar solvents such as water, DMF, or 
ethanol.26,29,37-40  
Finally, the solvothermal synthesis of CDs, can be performed by using an 
autoclave steel reactor (figure 1.3C). CDs precursors are solubilized in the solvent 
and the solution is heated at temperature generally below 200°C and high pressure 
for several hours. Generally, the solvothermal synthesis is more time-consuming 
in comparison to the microwave-assisted one and more frequently affords CDs 
with a graphitic core.41-45 
 

 
Figure 1.3. (A) Muffle furnace, (B) microwave-irradiation and (C) autoclave steel reactor for the bottom-up 
synthesis of CDs. 

  

(A) (B) (C) 
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1.2.2 Purification of Carbon Nanodots 
 
Unreacted precursors, small fluorophores, by-products, and large-aggregates 
could be present in the mixture after the synthetic process and therefore their 
removal is needed. The presence of these undesirable species could alter the 
physical-chemical properties of the mixture containing CDs, leading to misleading 
results.46 For example, the fluorophores eventually formed could affect the optical 
properties of the mixture in terms of absorption, fluorescence, and quantum yield 
(QY). 
Generally, after the thermal treatment, it is a good practice to perform a filtration 
step through membrane with pores size of 100-450 nm, in order to remove large 
aggregates, polymers, and insoluble residues that are eventually present in the 
reaction crude, in addition to CDs. 
Once this is done, the colloid can be purified through different methods such as 
centrifugation, dialysis, size-exclusion chromatography and silica column 
chromatography.26,44,45,47-50 
Centrifugation is a fast and cheap method applicable to the reaction mixture, in 
which supernatant and precipitated composed by CDs, are both collected. The 
first one, containing small and not precipitated by-products, is discharged after the 
centrifugation cycle.44,45,47 However, this method, is not entirely effective because 
part of the aforementioned by-products could be still present in the precipitate. 
A popular method to purify the crude mixture containing CDs is dialysis, which is 
performed using a semipermeable membrane of known molecular weight cut-off. 
Species of molecular weight lower than the cut-off cross the semipermeable 
membrane, while CDs are retained. Using this method, salts, small fluorophores, 
and polymers eventually present are removed.26,49  
Finally, other purification methods are size exclusion chromatography and silica 
column chromatography. In the former, molecular species and nanoparticles are 
separated by means of size, while in the latter a polarity-based separation is 
performed.26,48,50  
 
1.3 Fluorescence of Carbon Nanodots 
 
The peculiar and perhaps most fascinating property of CDs that has opened new 
horizons in their application is their fluorescence. In fact, CDs display an intrinsic 
fluoresce that probably arise from molecular emitters or, when the synthesis is 
performed at temperature above 300°C, it is originated from aromatic domains 
present in the structure of nanoparticles, which are formed during the synthetic 
process.51 
The fluorescence properties of CDs are particularly interesting because the 
emission wavelength is dependent from the excitation wavelength (i.e. the 
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emission maximum peak shifts with the excitation wavelength) and broad bands 
with large Stoke-shift in different regions of the electromagnetic spectrum are 
observed.52 Moreover, post-functionalization reactions, surface passivation, as 
well as the surface charge of the nanoparticles, could affect the emission 
behavior.28,53-55  
In these years many efforts have been done to elucidate the fluorescence 
properties of CDs.  
As abovementioned, the fluorescence of CDs could arise from individual 
molecular-like emitters (figure 1.4). As an example, in the case of CDs 
synthetized from citric acid (CA) and ethylenediamine (EDA) the high blue 
luminescent 5-oxo-1,2,3,5-tetrahydroimidazo[1,2-α]pyridine-7- carboxylic acid 
(IPCA) is formed.45 IPCA is a derivate of citrazinic acid (CZA) and its formation 
was observed also in CDs synthesized from CA in presence of ammonia and 
formaldehyde, produced upon the decomposition of 
hexamethylenetetramine.45,51,56 Moreover, CZA derivatives were also observed in 
blue-luminescent CDs synthesized from CA and urea (Ure). In this case, the 
observed green fluorescence, was explained with the presence of the small 
molecular fluorophore 4-hydroxy-1H-pyrrolo[3,4-c]pyridine-1,3,6-(2H,5H)-trione 
(HPPT).29,57 
 

 
Figure 1.4. Chemical structures of the fluorophores (A) CZA, (B) IPCA and (C) HPPT. The color of their 
structure reflects their emission wavelength. 

 
When the synthesis of CDs is performed at temperature below 300°C for just a 
few minutes, the most probable event is the formation of a polymeric chain rather 
than aromatic domains and highly conjugated structures. Consequently, the 
luminescence could arise from different emissive source as in the case of 
polymeric structures.58,59 These non-conjugated polymers may show a bright 
luminescence, that was ascribed to the so-called “cross-link enhanced emission”. 
In this case the rigidity of the polymeric network decreases the roto-vibrational 
freedom of sub-fluorophores such as C=O, C=N and N=O heteroatoms containing 
groups, facilitating their radiative relaxation.60-62 This phenomenon was nicely 
investigated by Vallan L. et al. who showed that a simple amidic coupling 
between CA and EDA promoted by diisopropyl carbodiimide affords a blue-
fluorescent polyamide polymer.63 For comparison, CA and EDA were carbonized 

(A) (B) (C) 
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at 140°C by using a microwave reactor, providing blue-luminescent polymers. 
Both polymers synthesized respectively at room temperature and 140°C are very 
rich in amide and carboxyl-groups and the similar blue luminescence was 
proposed to originate from electronic transitions between the highest occupied 
molecular orbital and the lower unoccupied molecular orbital that are localized at 
the amide and carboxylic group respectively, according to density-functional 
theory calculations.63 
Of course, depending on the experimental conditions such as temperature, 
presence of oxygen and type of starting materials, the structure of CDs could have 
different carbonization degree and therefore the luminescence may derive from 
the contemporary presence of small fluorophores, polymer units, and aromatic 
domains (figure 1.5). 
 

 
Figure 1.5. Bottom-up synthesis of carbon-based nanomaterials from small molecular precursors. Synthesis 
may produce a complex mixture of molecular fluorophores, polymer Dots, amorphous CDs and graphitic 
CDs. Image adapted with permission from Nat. Commun. 2019, 10, 2391. 

 
1.4  Applications of Carbon Nanodots 
 
CDs are the rising star in nanotechnology, owing to their outstanding physical-
chemical properties. Thanks to their biocompatibility, fluorescence, ease of both 
synthesis and post-functionalization reactions, CDs find applications in many 
fields ranging from bioimaging to catalysis (figure 1.6).64-66 
CDs have been employed as probe for bioimaging in vitro and in vivo of cells and 
tissues owing to their solubility in water, stability in high ionic strength conditions 
and fluorescence dependent from excitation.67-70 Moreover, for their ease of 
functionalization, CDs find application in theranostic as drug nano-carries and 
gene delivery systems, as well as in photodynamic therapy. As an example, after 
conjugation with photosensitizers such as zinc phthalocyanine, the resulting 
hybrid acts as agent for both bioimaging and targeted photodynamic therapy in 
cancer cells.49,71 
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Figure 1.6. Applications of CDs. Image adapted with permission from Int. J. Pharm. 2019, 564, 308–317 and 
Nano Today 2014, 9, 590–603. 

 
The bright fluorescence of some types of CDs has been exploited for sensing, 
especially of metal ions and organic molecules. Fluorescence enhancement, 
quenching and recovery are the possible sensing pathways that allow using CDs 
as sensor for metal ions, pH variation in living cells and tissues, as well as 
biomolecules, with high selectivity and detection limit, just to name a few.72-77 
CDs are extensively applied in photocatalysis and many efforts have been done 
regarding water splitting for hydrogen production and the degradation of organic 
pollutants.78,79 
CDs used as co-catalyst with other semiconductors can improve the photocatalytic 
performance in comparison to the bare semiconductor catalyst. For example, CDs-
WO3 nanocomposites were employed for the photo-oxidation of tetracycline 
hydrochloride and phenol under ultraviolet-visible and near-infrared irradiation, 
as well as the composite CDs/g-C3N4 system in which a type-II van der Waals 
heterojunction is formed leading to a decrease in band gap in water splitting.80,81 
As an additional example, the photodegradation of methyl orange and phenol was 
performed using the composite CDs/Fe-doped g-C3N4 grafted with Fe(III) species 
revealing that the interfacial charge-transfer effect effectively inhibited the 
electron/hole recombination of g-C3N4. Then hydroxyl radicals HO. were 
produced allowing the organic pollutants oxidation.82 
The luminescence properties of CDs can be exploited for light-emitting diodes 
(LEDs) fabrication.5,31,83-85 In fact, depending on both synthetic methods and 
precursors, CDs with different emission wavelengths are obtained.31,86  
Generally the application of CDs in this field is divided into two categories, 
namely phosphor-converted LED and electroluminescent LED. In the former, the 
luminescence of CDs, is optically induced by UV or blue chips employed as a 
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primary light source. In the latter, an external bias voltage is used to promote the 
radiative recombination of CDs.87,88 
Moreover, the optical properties of CDs, were also exploited for solar cells 
applications because CDs typically display high optical absorption in the 
ultraviolet (UV) region of the electromagnetic spectrum, which allows their 
employment as sensitizers in titanium dioxide-based solar cells as a substitute for 
precious Ru-sensitizers.89 
Finally, although it is difficult to engineer the surface composition of CDs, the 
presence of different functional groups on their surface has been exploited to 
catalyze organic reactions obtaining very promising results for future catalytic 
applications.90 
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2 Surface properties of Carbon Nanodots* 
 
2.1 Introduction 
 
Aminocatalysis is the acceleration of organic reactions catalyzed by primary or 
secondary amines. It represents a versatile tool for catalytic transformations which 
are metal-free and eco-friendly, via the formation of covalent catalytic 
intermediates enamine and iminium ion, and can be effective also in water media.1 
CDs being nanoparticles soluble in water and with plenty of functional groups on 
their surface could be employed in the organocatalysis field. However, despite 
their high potential, only exploratory applications of CDs as organocatalysts have 
been reported, relying on simple acid/base or hydrogen bonding activation 
modes.2–5 
In light of these considerations, detailed information regarding the amount, 
diversity and accessibility of surface amino groups, would be extremely useful to 
target aminocatalysis by CDs, that remains largely unexplored. 
In this chapter, is reported the detailed study and characterization of the terminal 
functional groups present in the CDs outer shell, enabling the identification of 
nitrogen-doped Carbon Nanodots (NCDs) as unprecedented nano-platforms for 
covalent catalysis. Converging evidence obtained through multiple analytical and 
spectroscopic techniques, including atomic force microscopy (AFM), dynamic 
light scattering, electrophoretic studies, Kaiser Tests (KTs), pH backtitrations, 
Thermogravimetric analysis (TGA), Fourier-transform infrared spectroscopy (FT-
IR), and in situ 19F-NMR analysis, provides an accurate description of the surface 
amino groups present on NCDs-1 at unprecedented levels of detail. This 
information gained on the type, amount, accessibility, and reactivity of amine 
terminal groups unlocked the implementation of NCDs-1 as efficient nano-
catalysts in water media, according to what are two fundamental aminocatalytic 
activation modes: via electrophilic iminium-ion intermediates and via nucleophilic 
enamine catalysis. Remarkably, a chiral derivative, i.e., the amine-rich (S)-NCDs-
7 is able to impart enantioselectivity in an aldol reaction, demonstrating that the 
chiral information retained in the nanomaterial outer shell can be successfully 
transferred to the reaction product, demonstrating enantioselective catalysis by 
carbon-based nanomaterials. 
A general trait of the bottom-up synthesis of CDs is that part of the functionalities 
of the starting materials can be retained. Therefore, aiming at amine-rich CDs, 

                                                 
*This chapter is derived-with permission-from Filippini, G.; Amato, F.; Rosso, C.; Ragazzon, G.; 
Vega-Peñaloza, A.; Companyó, X.; Dell’Amico, L.; Bonchio, M.; Prato, M. Mapping the surface 
groups of amine-rich carbon dots enables covalent catalysis in aqueous media. Chem 2020, 6, 
3022-3037. I’m particularly grateful to the collaborators of the University of Padova for the NMR 
investigations. 
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four frequently used CDs were employed that are obtained from bottom-up 
synthesis involving amines or their precursors (figure 2.1). 
 

 
Figure 2.1. Precursors and synthesis of the investigated CDs. MW, microwave. Image adapted with 
permission from Chem 2020, 6, 3022-3037. 

 
In particular, the following CDs were selected. NCDs-1, which are nitrogen-
doped nanoparticles obtained from the microwave-assisted hydrothermal reaction 
of L-arginine (Arg) and EDA (figure 2.11).6–8 The appeal of NCDs-1 originates 
from the presence of 1350 μmol/g of primary aliphatic amines, as measured by a 
standard KT.6–8 The other CDs were prepared from hydro/solvothermal protocols. 
In particular, NCDs-2 were synthesized in autoclave and in presence of DMF 
from CA and Ure as doping agent at 160°C for 6 h (figure 2.15), NCDs-3 were 
prepared in autoclave and in presence of water from CA and EDA as doping agent 
in water at 200°C for 5 h (figure 2.17). NCDs-4, were synthesized from the 
prolonged thermolysis of L-aspartic acid (Asp) at 320°C for 100 h by using a 
muffle furnace (figure 2.19).9–12 Furthermore, two other types of non-doped CDs, 
obtained from CA, were prepared for comparison: graphitic CDs-5 (figure 2.22), 
obtained in similar conditions as NCDs-4, and amorphous CDs-6, obtained upon 
a shorter thermolytic treatment at lower temperature (40 h at 180°C) of the same 
precursor (figure 2.24).11,12 
Concerning the synthetic procedure, the last three types of CDs, namely NCDs-4, 
CDs-5 and CDs-6 were all prepared in muffle furnace from a single source 
precursor without the presence of doping agents. 
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2.2  Characterization of Carbon Nanodots 
 
As the first step of the investigation, the total number of acid/base sites present in 
the selected CDs, were evaluated. This was done performing the Gran Plot 
analysis on simple pH backtitrations, i.e., a linearization of the pH data affording 
the start- and endpoint of the backtitration, allowing the intended quantification.13 
Interestingly, despite the diversity of precursors and synthetic conditions, CDs 
displayed a number of acid/base sites in the order of 9000 μmol/g in the interval 
from pH 12 to 3. CDs-5 had the smallest number of acid/base sites. Indeed, the 
value of 11000 μmol/g in CDs-6 decreases to ca. 6000 in CDs-5, as a result of 
prolonged thermolysis, likely associated to decarboxylation reactions. A 
comparison of these values with those associated with the starting materials 
allows the quantification of the acid/base sites retained during the synthesis 
(figure 2.2). 
 

 
Figure 2.2. Percentage of acid/base sites retained during the synthesis of each CDs. Image adapted with 
permission from Chem 2020, 6, 3022-3037. 

 
This analysis reveals more general trends: the extensive thermolysis affording 
CDs-5 and NCDs-4 induces a decrease of the number of retained sites, similar in 
both cases, close to 40%. Moreover, in all the investigated multi-component 
synthesis only ca. 20% of the acid/base sites are retained, possibly as a 
consequence of amide-bond formation, that is reasonably occurring under 
hydrothermal conditions eventually following Ure decomposition.14 
To gain additional information on the surface charge and diversity of CDs, 
agarose gel electrophoresis was performed at neutral pH in phosphate buffer 
(figure 2.3). 
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Figure 2.3. Postelectrophoresis photograph was taken under UV light (365 nm) of the gel at pH 7.0 
containing all the investigated CDs. Image adapted with permission from Chem 2020, 6, 3022-3037. 

 
All CDs afforded broad bands. CDs-6, CDs-5, NCDs-4 and NCDs-2 moved 
uniformly towards the anode, suggesting the presence of residual carboxylate 
functionalities. 
NCDs-3 originated multiple bands that migrate towards both poles, in accordance 
with previous reports.15 Differently from all other investigated CDs, NCDs-1 
migrated uniformly towards the cathode, indicating their positive charge at neutral 
pH, which could be consistent with the presence of protonated amino groups. 
To complete the screening, the KT was performed on the various NCDs. As 
expected, NCDs-4 afforded a negative test, indeed the X-ray photoelectron 
spectroscopy (XPS) data indicated the presence of nitrogen solely as pyrrolic or 
pyridinic.11  
Analysis of NCDs-2 and NCDs-3 revealed 1000 and 1100 μmol/g of primary 
aliphatic amines respectively, both values being lower that the reference value of 
1350 μmol/g associated to NCDs-1.6,7 
Taken together, the data obtained from our preliminary studies point at NCDs-1 
as promising amine-rich platforms. While NCDs-1 display a similar number of 
acid/base sites compared to other dots, they show a net positive charge – as 
evidenced by electrophoretic studies – and display the highest KT among all the 
studied NCDs. For these reasons, we decided to focus our attention on NCDs-1. 
The ultra-small size of NCDs-1, was confirmed by AFM analysis, which 
confirmed a size of about 2.5 ± 0.8 nm.6,7 The largely amorphous nature of 
NCDs-1 was confirmed by TGA (experimental section 2.5.2). Indeed, 94% of 
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weight loss was observed at 600°C under nitrogen. Focusing on the molecular 
features of NCDs-1, FT-IR (experimental section 2.5.2) clearly points at the 
presence of N–H and O–H bonds involved in hydrogen-bond interactions, which 
provide solubility in water and polar solvents. An intense band at 1654 cm-1 is 
compatible with the presence of amide bonds, which likely have a relevant role in 
the formation of NCDs-1. 
A solution of 4.5 mg/mL of NCDs-1 in Milli-Q water possesses a pH of 9.4, 
confirming the presence of basic sites in the sample. As-dissolved NCDs-1 were 
completely deprotonated upon the addition of 10.5 equivalents of NaOH with 
respect to the KT value (1350 μmol/g). The back-titration with HCl afforded the 
pH curve shown in figure 2.4A. 
 

  
Figure 2.4. (A) pH curve observed upon backtitration of NCDs-1 (4.5 mg/mL) with HCl, after the addition of 
10.5 equiv of NaOH versus the KT value at 120°C. (B) Gran plot obtained from the data of the pH curve; in 
the plateau region, the acid/base sites of NCDs-1 are being protonated. See figures 2.11–42 and table 2.1 for 
details. 

 
Surprisingly, the minimum slope of the curve, which occurs in correspondence to 
the highest buffering capacity of NCDs-1, was obtained between pH 6 and 8, 
indicating the presence of several functional groups with a pKa in that range. The 
observed pKa value cannot be explained by the presence of simple primary 
aliphatic amines, that have typical pKa values around 11. However, such a low 
pKa could be tentatively ascribed to the spatial proximity of unprotonated amines 
with other protonated groups, as observed in EDA whose second protonation pKa 

is 6.9.16 Alternatively, the formation of imidazole derivatives, originating from the 
cyclization of EDA with guanidinium groups followed by aromatization, could 
provide an explanation.17 Sites with pKa close to physiological pH are employed 
by Nature as proton shuttles in biological environment, thus NCDs-1 may offer a 
multi-site environment for proton transfer under physiological conditions.18 
The comparison between the total number of acid/base sites with the KT value in 
NCDs-1 indicates that the number of acid/base sites (10700 ± 800 μmol/g) is 
about 8 times higher with respect to the KT value (1350 μmol/g, figure 2.4B). 
Therefore, several acid/base sites present on the CDs surface cannot be detected 

(A) (B) 
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with the routinely performed KT. In fact, this colorimetric test exploits the 
condensation of primary aliphatic amines with ninhydrin forming an imine 
intermediate, thus requiring at least one hydrogen atom attached to the α-carbon 
of the reactive amine.19,20 Secondary and aromatic amines are elusive under KT 
analysis, while remaining of prominent interest as catalytic sites in 
organocatalytic schemes. 
In order to obtain additional information on the main amine structural types, the 
surface groups of NCDs-1 were investigated by NMR spectroscopy. In this case, 
1H-NMR is not a suitable technique because the proton resonances of the NCDs-1 
span a broad spectral region. Instead, it was implemented a covalent fluorine-
labeling strategy combined with 19F-NMR analysis.21 
The p-fluorocinnamaldehyde 1a was selected as molecular fluorinated probe for 
two main reasons: (1) the well-established ability of cinnamaldehyde derivatives 
to condense with a large variety of primary and secondary amines; (2) its 
condensation will give rise to conjugated imine or iminium ion species, the actual 
electrophilic catalytic intermediates involved in aminocatalyzed conjugated 
additions.22–26 In fact, the in situ condensation with the surface amines of NCDs-1 
would form the corresponding fluorinated imine or iminium-ion species, enabling 
the direct detection of the different fluorinated intermediates as a fingerprint of the 
surface functional groups. To validate this method, it was chosen a set of model 
primary and secondary amines potentially representative of the population of the 
NCDs-1 terminals, namely: aniline 2a and 1-naphtylamine 2b as aromatic 
primary amines, benzylamine 2c and phenylethylamine 2d as aliphatic primary 
amines, and dibenzylamine 2e and diphenylamine 2f as secondary amines. 
The mixture of p-fluorocinnamaldehyde 1a with the aromatic (2a–b) and benzylic 
or aliphatic (2c–d) model primary amines afforded the corresponding fluorinated 
imines, unambiguously characterized by in situ 1H and 19F-NMR analyses (figure 
2.5A–D).  
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Figure 2.5. In situ imines formation. (A–D) 19F{1H}-NMR spectra of diverse imines Ia–d formed in situ 
upon the condensation of p-F-cinnamaldehyde 1a (10 equiv, 0.125 mmol) with the corresponding model 
amines 2a–d (1 equiv, 0.0125 mmol) in MeOH-d4 after 24 h. (E) 19F-NMR spectra of NCDs-1 solution (18 
mg/mL) with 1a (0.125 mmol) in MeOH-d4 after 24 h. Image adapted with permission from Chem 2020, 6, 
3022-3037. 

 
Notably, the treatment of a NCDs-1 solution (18 mg/mL) with 10 equiv of 1a in 
MeOH-d4 showed, after 24 h, a set of broad 19F-NMR resonances between -112.6 
and -113.6 ppm that are ascribable to the formation of fluorinated imines by 
covalent interaction between the tagged probe and the reactive groups on the 
NCDs-1 surface (figure 2.5E). The use of p-fluorothioanisole as an internal 
standard allows a rough quantification of the surface imines that correspond to 
4100 μmol/g of available primary amines at the NCDs-1 surface. Remarkably, 
this number is 3-fold higher compared with the KT value at 120°C (1350 μmol/g), 
revealing that 19F-NMR analysis with a fluorinated probe is a more effective 
technique for the determination of the available superficial primary amines. To 
expand the portfolio of detectable functional groups to secondary amines, it was 
next exploited the fluorinated probe for the in situ generations of iminium-ion 
species (figure 2.6). Hence, the treatment of the different primary (2a–d) and 
secondary (2e–f) model amines with 1a under acidic conditions afforded the 
corresponding fluorinated iminium ions IIa–f (figure 2.6A–F). 
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Figure 2.6. In situ iminium-ion formation. (A–F) 19F{1H}-NMR traces of the diverse iminium ions IIa–f 
formed upon condensation of p-F-cinnamaldehyde 1a (4 equiv., 0.4 mmol) and TCA (4 equiv., 0.4 mmol) 
with the corresponding model amines 2a–f (1 equiv., 0.1 mmol). (G) 19F{1H}-NMR spectra of NCDs-1 
solution (18 mg/mL) with 1a (0.4 mmol) and TCA (1 mmol) in MeOH-d4. Image adapted with permission 
from Chem 2020, 6, 3022-3037. 

 
Interestingly, the 19F{1H}-NMR signals of the iminium ions formed in solution 
are more sensitive to structural variations with respect to the imines. 
The 19F{1H}-NMR analysis of the solution NCDs-1 (18 mg/mL) with 4 equiv. of 
1a and 4 equiv. of trichloroacetic acid (TCA) in MeOH-d4 is shown in figure 
2.6G, which clearly shows the appearance of a new set of signals corresponding to 
the iminium ions generated between the fluorinated aldehyde 1a with the surface 
amine groups. By comparison with the model iminium-ions spectra (figure 2.6A–
F), were identified three main amine types present in the NCDs-1 external surface 
as: (1) secondary aliphatic amines, (2) primary aromatic amines, and (3) primary 
aliphatic amines. Instead, as shown in figure 2.6, secondary aromatic amines, such 
as diphenylamine 2f, are not present on NCDs-1 surface. In agreement with the 
imine 19F{1H}-NMR (figure 2.5) and with the titration experiments (Figure 2.4), 
the major type of reactive groups present on the NCDs-1 surface turn out to be 
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aliphatic primary amines. 
The 19F{1H}-NMR quantification on the imines revealed a 3-fold enhancement in 
the determination of the amount of available reactive amines with respect to 
classical KT analysis and accounts approximately for 40% of all the acid/base 
active sites predicted by the titration experiments. These studies established 
19F{1H}-NMR as a useful and fast technique for the determination of the amine 
content on the NCDs-1 surface. 
To gain more information on the accessibility of the terminal amines, a deeper 
investigation of the KT on NCDs-1 was performed, using benzylamine (2c) as the 
model amine. As expected, under the standard conditions (120°C for 15 min) both 
NCDs-1 and benzylamine afforded a positive test, with a quantitative conversion 
of the latter. Additionally, the normalized absorption spectra for the two samples 
were almost identical (figure 2.7A), confirming that the KT can be safely 
performed on NCDs-1 unlike some simple amines such as proline or EDA 
(experimental section 2.5.3). To test the hypothesis of limited accessibility of 
amines at room temperature, additional KTs were performed at room temperature 
(r.t.) and followed in time (figure 2.7B). 
  

 
Figure 2.7. (A) Normalized absorption spectra recorded performing the KT at 120°C of benzylamine (2c, red 
curve) and NCDs-1 (black curve). (B) Representative kinetic traces observed at 570 nm while monitoring the 
KT at r.t. of 2c (red indicators) and three batches of NCDs-1 (black indicators). 

 
Under these conditions, the conversion of benzylamine remained quantitative. On 
the other hand, taking the results of the KT at 120°C as a reference, the 
conversion of NCDs-1 levelled off at around 64% ± 7%. These experiments 
confirmed the hypothesis of a limited accessibility of the amines at r.t. Taking this 
factor into consideration, the actual amount of primary amino groups within 
NCDs-1 might be even higher than the value measured through 19F-NMR analysis 
at ambient temperature (4100 μmol/g). Thus, assuming a similar accessibility for 
all amino moieties (about 64%), a calculated overall value of approximately 6400 
μmol/g of primary amines for NCDs-1 could be tentatively proposed. 
This rationalization suggests that a high portion of the acid/base active sites on the 
surface of NCDs-1 are primary amines, albeit some are less accessible to carbonyl 
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compounds and, therefore, not reactive at r.t. These deductions are also consistent 
with the positive charge observed with electrophoresis as well as with the 
elemental analysis of NCDs-1 (C 62%, H 9%, N 21%, and O 7%). These data 
would assign to N 9% of the total weight of NCDs-1, and the residual 12% N 
content could be reasonably present in undetected moieties, such as amides, that 
are known to form at relatively low temperature during CD synthesis, and 
heterocycles or secondary amines, that cannot be quantified via imine formation.27 
The experiments presented so far establish both the nature and the amount of 
available primary amines located on the surface of the NCDs-1. Such a detailed 
characterization becomes of fundamental importance for the implementation of 
CDs in advanced applications relying on the chemical behavior of their surface. 
 
2.3 Use of NCDs-1 as aminocatalysts 
 
Building on the extensive characterization of the amino-rich CDs, it was proposed 
the use of NCDs-1 as water-soluble catalysts for the activation of aldehydes and 
ketones, which are both expected to occur vis-a`-vis the structural diversity of the 
reactive amine groups identified by 19F-NMR.28–34 Indeed, the iminium-ion 
species detected by in situ NMR analysis are the electrophilic catalytic 
intermediates responsible for the LUMO-lowering activation in aminocatalysis, 
able to engage in conjugate addition with a series of nucleophiles.35–37 To this 
aim, it was first evaluated the reactivity between p-F-cinnamaldehyde (1a) and N-
methylindole (3a) as biologically relevant C-nucleophile.38 Operating in 
methanol, the conditions at which the iminium ions (II) were identified on the 
surface of NCDs-1 (figure 2.6G), a catalytic amount of NCDs-1 (3.6% w/v), and 
trifluoroacetic acid (TFA, 20 mol%) furnished the product 4a in 47% yield (figure 
2.8).  
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Figure 2.8. Aminocatalysis via iminum ion. NCDs-1-catalyzed conjugate additions of different nucleophiles 
(2a or 3a–e) to enals and enones 1a–d. Reaction was performed on 0.1 mmol scale. TFA and dioxane/Milli-Q 
water (1:1) were used for the synthesis of compounds 4a–b. Benzoic acid (HA) and pure Milli-Q water were 
used for the synthesis of compounds 4c–h. Yields of the isolated products are indicated below each entry. 
Image adapted with permission from Chem 2020, 6, 3022-3037. 

 
An optimization study revealed that in the water-dioxane 1:1 mixture, the reaction 
occurs smoothly, delivering the product 4a in 63% isolated yield (figure 2.8) 
similarly to well-established aminocatalytic systems.35–37 The catalytic activity of 
NCDs-1 was then compared with that of free-model amines— i.e., 2a, 2d, 2e, and 
pyrrolidine— demonstrating that in all cases NCDs-1 outperforms the isolated 
amine precursors in terms of the substrate conversion and product yield. To prove 
the generality of NCDs-1 as a water-compatible catalytic system for iminium-ion 
activation, different carbonyl compounds (1a–d) and nucleophiles (2a or 3a–e) 
were tested, affording the corresponding β-functionalized products 4a–h in 
isolated yields spanning from 53% to 92%. Control experiments confirmed the 
envisaged aminocatalytic scheme by NCDs-1. In the absence of NCDs-1, the 
conjugate addition of dimethyl malonate (3b) to cyclohexenone (1c) is completely 
suppressed (figure 2.8, 4c, 0% yield). Also, the catalytic performance is strongly 
inhibited in the absence of acid (Figure 2.8, 4c, 5% yield), delineating a close 
correlation with the 19F-NMR experiments in which the presence of acid was 
essential for the formation of the iminium ions intermediates II (figure 2.6). 
The requirement of surface amines that are able to condense with the carbonyl 
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compounds was further corroborated by the use of CDs where nitrogen sites are 
present solely as pyridinic and pyrrolic-type residues (NCDs-4) or nitrogen-free 
CDs (CDs-5 and CDs-6).11,12 In both cases, the product 4c was not formed. 
Further, NCDs-2 and NCDs-3, which afforded a positive KT, were also tested as 
catalysts, however, displaying a broad structural inhomogeneity, as evidenced by 
their multiple-band electrophoretic behavior (figure 2.3). Even in these cases, the 
product 4c was not detected, thus indicating that a stringent control of CDs 
surface environment and composition is crucial for reactivity. 
To expand the portfolio of catalytic activation modes performed by the NCDs-1, 
we turned our attention to the formation of enamine intermediates toward HOMO-
rising catalysis.28–34,39 In fact, primary and secondary amines can also be used to 
catalyze the enamine-mediated addition of α-enolizable aldehydes and ketones to 
electrophiles. After the screening of the diverse reaction parameters, we found 
that the present nanosized catalytic platform successfully activates simple acetone 
(1e) toward aldol-type addition to isatin derivatives (5) in pure Milli-Q water. 
The generality and limitations of the proposed aldol protocol catalyzed by NCDs-
1 (0.9% w/v) were then studied. A diverse set of isatins was transformed into the 
corresponding 3,3-disubstituted oxindole derivatives (figure 2.9A). 
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Figure 2.9. Aminocatalysis via Enamine and Synthesis of Biologically Active Convolutamydine A. (A) 
NCDs-1-catalyzed aldol additions of ketones 1e–h to isatins 5a–e. Reactions were performed on 0.1 mmol 
scale using Milli-Q water. Yields and diastereoselectivities of the isolated products are indicated below each 
entry. For the synthesis of compounds 6f and 6h, the reactions were performed over 24 h. (B) NCDs-1-
catalyzed aldol additions of acetone (1e) to 5,7-dibromoisatin (5f). The reaction was performed on 0.1 mmol 
scale using Milli-Q water. Image adapted with permission from Chem 2020, 6, 3022-3037. 

 
Thus, isatins 5a–e bearing both electron-withdrawing and electron-donating 
substituents afforded the corresponding products 6a–e in excellent isolated yields 
(81%–96%). Moreover, 2-pentanone 1f and the cyclic ketones cyclohexanone 1g 
and cycloheptanone 1h actively participated in the catalytic functionalization of 
isatin (products 6f–h). Remarkably, products 6g–h were obtained with complete 
diastereocontrol (d.r. > 20:1). The observed selectivity likely originates in the 
increased steric hindrance of cyclic ketones 1g and 1h.  
Furthermore, common water sources, such as tap water and seawater, can also be 
used as solvents, providing 6a in comparable excellent yields. This demonstrates 
the robustness of the described methodology to variations of pH and ionic strength 
in the reaction medium. 
Building on these results, we applied the NCDs-1-catalyzed protocol to the 
synthesis of Convolutamydine A (6i) in 60% isolated yield (Figure 9B). It is 
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worth mentioning that (R)-Convolutamydine A is a natural product with a potent 
inhibitory activity on the differentiation of HL-60 human promyelocytic leukemia 
cells. It can be successfully synthesized as a racemic mixture using NCDs-1 as a 
catalyst in water.40–42 
Finally, it was explored the asymmetric catalysis performed by chiral CD 
derivatives.43 So far, the use of carbon nanomaterials in enantioselective 
transformations has only been addressed relying on post-functionalization 
procedures.44,45 While, due to the harsh synthetic reaction conditions, the 
enantiopure building blocks undergo racemization generally leading to optically 
inactive CDs, as in the case of NCDs-1. Recently, chiral NCDs (NCDs-7) have 
been successfully prepared by employing (R,R)- or (S,S)-1,2-cyclohexanediamine 
(1,2-CHD) in combination with Arg as precursors (figure 2.10A).46 Therefore, it 
was studied the catalytic behavior of (S)-NCDs-7 in the aldol addition of acetone 
1e to isatin 5a under enamine catalysis conditions (figure 2.10B).  
 

 
Figure 2.10. Enantioselective Catalysis Using Chiral CDs. (A) Synthesis of chiral (S)-NCDs-7. (B) (S)-
NCDs-7 catalyzed aldol addition of acetone (1e) to isatin (5a). Reactions were performed on 0.1 mmol scale. 
Image adapted with permission from Chem 2020, 6, 3022-3037. 

 
The reaction in aqueous media at r.t. affords the aldol adduct (S)-6a quantitatively 
(99% yield) with 6% of enantiomeric excess (ee). Importantly, the direct use of 
(S,S)-1,2-CHD as catalyst under the same reaction conditions yields the final 
product in 62% yield and with ee as low as 4%. The poorer performance of (S,S)-
1,2-CHD confirms again the superior catalytic activity of the NCDs in comparison 
with the free-amine constituents, demonstrating that the inclusion of chiral 
diamines into the carbon-based nanomaterial scaffold enhances their catalytic 
activity while preserving a similar asymmetric induction. By lowering the reaction 
temperature to 0°C the enantiocontrol imparted by the chiral nanosized catalytic 
platform increases to 9%. Interestingly, when dichloromethane is used as a 
solvent, the final aldol adduct (S)-6a is formed with a remarkable and 
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reproducible 38% ee. To the best of my knowledge, these results represent the 
first example of asymmetric catalysis promoted by a chiral CD nanomaterial, 
whereby molecular chirality is transferred at the nanoscale. Notably, the isolated 
(S,S)-1,2-CHD probed under analogous experimental conditions provides a 
similar enhancement of asymmetric induction (46% ee), albeit with a much lower 
product yield (25%). These results highlight the still unexplored potential of 
carbon nanomaterials for enantioselective recognition and confirm the effective 
molecular encoding of CDs for asymmetric catalysis. 
 
2.4  Conclusions 
 
The use of a wide set of analytical and spectroscopic molecular techniques 
provided unprecedented evidence on the nature, amount, availability, and 
reactivity of terminal amino functionalities present in the outer shell of commonly 
used CDs. This knowledge reveals that NCDs exhibit a unique molecular-like 
behavior while retaining the typical nanocolloidal features. As a result, these 
nanosized multifunctional materials have been successfully implemented into 
amino-catalyzed reactivity schemes enabling the activation of carbonyl 
compounds via covalent bond in water. Different benchmark aminocatalytic 
transformations, including conjugate additions and aldol reactions, are efficiently 
catalyzed by NCDs catalysts, proceeding via iminium-ion or enamine 
intermediates. Furthermore, the use of optically active (S)-NCDs-7 as catalysts 
allows to govern the stereodetermining bond-forming event, demonstrating that 
the chirality retained in the CD outer shell can be transferred with molecular 
control in the catalytic process. In summary, this study proves that the accurate 
characterization of the nanomaterial surface enables advanced applications 
commonly considered out of reach for nanostructures, such as covalent 
asymmetric catalysis, and provides the proof of principle for the implementation 
of nanomaterials into chemical roles previously considered only attainable by the 
molecular realm. 
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2.5  Experimental section 
 
2.5.1 General information 
 
The microwave synthesis was performed on a CEM Discover-SP instrument. 
UV-Vis measurements were carried out on PerkinElmer Lambda 35 UV-Vis 
spectrophotometer. All the spectra were recorded at room temperature using 10 
mm path-length cuvettes. AFM images were obtained with a Nanoscope IIIa, 
VEECO Instruments. As a general procedure to perform AFM analyses, tapping 
mode with a HQ:NSC19/ALBS probe (80kHz; 0.6 N/m) (MikroMasch) from 
drop cast of samples in an aqueous solution (concentration in the order of 
μg/mL) on a mica substrate was performed. The obtained AFM-images were 
analyzed in S3 Gwyddion 2.35. TGA was performed with a TGA Q500 (TA 
instruments), under a flow of N2 (90 mL/min), following a temperature program 
consisting in the equilibration of the sample at 100°C for 10 minutes followed 
by a ramp at 10°C/min up to 700°C. The sample aliquot ranged from 1 to 2 mg, 
exactly weighed. FT-IR measurements were performed on KBr pellets on a 
Spectrum 2000 FT-IR Instrument (Perkin Elmer). 
Transmission electron microscopy (TEM) analyses were performed on a Philips 
EM208, using an accelerating voltage of 100 kV. About 0.50 mg of the different 
compounds were dispersed in 1 mL of solvent and one drop of this solution was 
deposited on a TEM grid (lacey carbon films on copper grids). 
 
Materials. Commercial reagents and solvents were purchased from Sigma-
Aldrich, Fluka, Alfa Aesar, Fluorochem, VWR, Riede-de Haёn and used as 
received, without further purification, unless otherwise stated. 
Dialysis tubes with molecular weight cutoff 0.5-1 KDa were bought from 
Spectrum Labs and the power supply for electrophoresis was bought from 
Consort (Model E844). Ultrapure fresh water obtained from a Millipore water 
purification system (>18MΩ Milli-Q, Millipore) was used in all experiments. 
Normex solutions of HCl and NaOH were used in the acid/base backtitrations. 
Seawater used for the synthesis of compound 6a was collected in Trieste. 
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2.5.2 Synthesis of Carbon Nanodots 
 

 
Figure 2.11. Reaction scheme for the synthesis of NCDs-1. 

 
Carbon Nanodots (NCDs-1) were synthesized by 
following a literature procedure (figure 2.11).6 Typically, 
Arg (87.0 mg, 0.5 mmol, 1 equiv.), EDA (33.0 μL, 0.5 
mmol, 1 equiv.) and Milli-Q water (100.0 μL) were 
heated in a microwave reactor (200 W) at 240°C, 26 bar 

for 180 seconds. In the process of microwave heating, the solution changes 
colour from transparent to brown as a result of the formation of NCDs-1. The 
solution was diluted with water and was filtered through a 0.1 μm microporous 
membrane separating a deep yellow solution that was dialyzed against Milli-Q 
water through a dialysis membrane (0.5-1 kDa cut-off) for 2 days. The aqueous 
solution of NCDs-1 was lyophilized giving a brownish solid (NCDs-1: 23.0 mg, 
20% of yield). Key characterization data are reported in figures 2.12–14. 
 

 
Figure 2.12. (A) Tapping-mode AFM image (0.8 × 0.8 µm) from a drop-cast NCDs-1 aqueous solution on 
a mica substrate. (B) three-dimensional close-up AFM image (0.5 × 0.5 µm) of NCDs-1 and (C) height 
profile. 
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Figure 2.13. (A) UV-Vis and (B) fluorescence spectra recorded at different excitation wavelengths (inset) 
of NCDs-1 recorded in water at 298 K.  

 

 
Figure 2.14. (A) FT-IR spectrum recorded in KBr pellet and (B) TGA under nitrogen of NCDs-1. 

 

 
Figure 2.15. Reaction scheme for the synthesis of NCDs-2. 

 
CDs (NCDs-2) were synthetized by following a modified 
literature procedure (figure 2.15).9 CA (1.00 g, 5.20 
mmol) and Ure (2 g, 33.30 mmol) were dissolved in 10 
mL of DMF and then heated at 160°C for 6 h in an 
autoclave. After cooling down the resulting mixture to 

room temperature, DMF was removed by an azeotropic distillation with toluene 
under reduced pressure. Milli-Q water was then added, and the obtained mixture 
was filtered through 0.1 μm microporous membrane. The filtrate was dialyzed 
against Milli-Q water through a dialysis membrane (0.5-1 kDa cut-off) over 
seven days and afterwards freeze-dried to obtain a dark solid (NCDs-2: 121.5 
mg, 4% of yield). Key characterization data are reported in figure 2.16. 
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Figure 2.16. (A) UV-Vis and (B) fluorescence spectra recorded at different excitation wavelengths (inset) 
of NCDs-2 recorded in water at 298 K.  

 

 
Figure 2.17. Reaction scheme for the synthesis of NCDs-3. 

 
CDs (NCDs-3) were synthetized by following a modified 
literature procedure (figure 2.17).10 CA (1.05 g, 5.5 
mmol) and EDA (330 μL, 5 mmol) were dissolved in 10 
mL of Milli-Q water and then heated at 200°C for 5 h in 
an autoclave. After cooling down the resulting mixture to 

room temperature, the mixture was filtered through 0.1 μm microporous 
membrane and dialyzed against Milli-Q water through a dialysis membrane (0.5-
1 kDa cut-off) over seven days. Afterwards, the mixture was freeze-dried and a 
brownish powder was collected (NCDs-3: 81.0 mg, 6% of yield). Key 
characterization data are reported in figure 2.18. 
 

 
Figure 2.18. (A) UV-Vis and (B) fluorescence spectra recorded at different excitation wavelengths (inset) 
of NCDs-3 recorded in water at 298 K. 
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Figure 2.19. Reaction scheme for the synthesis of NCDs-4. 

 
Graphitic-nitrogen doped CDs (NCDs-4) were 
synthetized by following a modified literature procedure 
(figure 2.19).11  
Asp (5 g) was heated in a muffle furnace under air at 
320°C for 100 h. After this thermal treatment, the 

obtained solid was dispersed in Milli-Q water and freeze-dried to obtain a 
brownish powder (NCDs-4: 2.0 g, 40% of yield). Key characterization data are 
reported in figures 2.20-21. 
 

 
Figure 2.20. (A) UV-Vis and (B) fluorescence spectra recorded at different excitation wavelengths (inset) 
of NCDs-4 recorded in an aqueous solution of NaOH 0.5 M at 298 K.  

 

 
Figure 2.21. (A) FT-IR spectrum of recorded in KBr pellet and (B) TGA under nitrogen of NCDs-4. 

 

 
Figure 2.22. Reaction scheme for the synthesis of CDs-5. 
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Graphitic-CDs (CDs-5) were synthetized by following a 
modified literature procedure (figure 2.22).11  
CA (20 g) was heated in a muffle furnace at 180°C for 40 
h under air. The resulting solid mixture was further 
heated at 320°C for 100 h. After this second thermal 

treatment, the obtained solid was dispersed in Milli-Q water and freeze-dried to 
obtain a dark powder (CDs-5: 2.4 g, 12% of yield). Key characterization data are 
reported in figure 2.23. 
 

 
Figure 2.23. (A) UV-Vis and (B) fluorescence spectra recorded at different excitation wavelengths (inset) 
of CDs-5 recorded in an aqueous solution of NaOH 0.5 M at 298 K.  

 

 
Figure 2.24. Reaction scheme for the synthesis of CDs-6. 

 
Amorphous-CDs (CDs-6) with an average size of about 6 
nm were synthetized by following a modified literature 
procedure (figure 2.24).11,12 
CA (20 g) was heated in a muffle furnace at 180°C for 40 
h under air. After this thermal treatment, the obtained 

solid was dispersed in Milli-Q water and freeze-dried to produce an orange 
powder (CDs-6: 5.4 g, 27% of yield). Key characterization data are reported in 
figures 2.25–27. 

(A) (B) 



 
 

 38 

 
Figure 2.25. (A) UV-Vis and (B) fluorescence spectra recorded at different excitation wavelengths (inset) 
of CDs-6 recorded in an aqueous solution of NaOH 0.5 M at 298 K. 

 

 
Figure 2.26. (A) FT-IR spectrum of CDs-6 and (B) FT-IR spectrum of carboxylate-CDs-6 obtained after 
dissolving them in NaOH 0.5 M and freeze-drying. Both spectra were recorded in KBr pellet. 

 

 
Figure 2.27. TEM image of CDs-6. Scale bar: 50 nm. 
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Figure 2.28. Reaction scheme for the synthesis of NCDs-7. 

 
NCDs-7 were synthesized by following a literature procedure (figure 2.28).7,46 
Typically, Arg (87.0 mg, 0.5 mmol, 1 equiv.), (R,R)- or (S,S)-1,2-CHD (57.0 
mg, 0.5 mmol, 1 equiv.) and Milli-Q water (100.0 μL) were heated in a 
microwave reactor (200 W) at 240°C for 180 seconds. In the process of 
microwave heating, the solution becomes dark brown as a result of the formation 
of NCDs-7. The solution was diluted with water and was filtered through a 0.1 
μm microporous membrane separating a deep yellow solution that was dialyzed 
against Milli-Q water through a dialysis membrane (0.5-1 kDa cut-off) for 2 
days. The aqueous solution of NCDs-7 was lyophilized giving a brownish solid 
(NCDs-7: 21.0 mg, 15% of yield). Key characterization data are reported in 
figure 2.29. 
 

 
Figure 2.29. (A) UV-Vis and (B) fluorescence spectra recorded at different excitation wavelengths (inset) 
of NCDs-7 recorded in water at 298 K. 

 
2.5.3 Kaiser Test investigation and acid/base backtitration 
 
KT mechanism and procedure. KT is a semi-quantitative colorimetric analysis 
used to estimate the amount of primary aliphatic amines.19,20 This test is 
commonly employed in material science when the presence of amines is 
investigated.21,47 It is usually performed at 120°C and involves the reaction of 
amines with ninhydrin forming an imine intermediate that in presence of water 
hydrolyzes giving the corresponding 2-amino-1,3-indandione. The latter reacts 
with another molecule of ninhydrin forming a blue product known as 
Ruhemann’s purple (figure 2.30) and from the absorbance of its diagnostic band 

(A) (B) 
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localized at 570 nm the number of amines- expressed in μmol/g- is easily 
calculated. 
 

 
Figure 2.30. Reaction sequence involved in the KT.  

 
KTs were performed according to a modified reported protocol by employing a 
commercially available kit.48,49 Typically, about 1 mg of CDs was placed in a 
test tube. Then, 75 μL of a phenolic solution in ethanol, 100 μL of a KCN 
solution in pyridine/water and 75 μL of a ninhydrin solution in ethanol were 
added, in this order, to the analyzed material. This mixture was then heated at 
120°C for 10 minutes. The resulting solution was diluted with ethanol in water 
(60% v/v, 1:18 dilution) and its absorption spectrum was recorded (figure 2.31). 
A blank solution without the analyte was used as a reference. Primary amines on 
the CDs surface were thus quantified in µmol/g by applying equation 2.1. 
 

 
Figure 2.31. Normalized UV-Vis spectrum obtained performing the KT at 120°C on NCDs-1, illustrating 
the diagnostic band localized at 570 nm. 
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μmol g⁄  = 
Abs570 nm × dil × 106

 
ε × W

 
Equation 2.1 

 
where Abs570nm is the absorbance of the sample taken at 570 nm, dil is the 
dilution factor, ε is the extinction coefficient of Ruhemann’s purple, that is 
15000 M-1 × cm-1 and W is the weight (mg) of the sample. 
For each sample, at least two independent analyses were performed. While 
benzylamine (2c, 2 μL of an aqueous 0.5 M solution) undergoing the same 
analytical procedure at 120°C, afforded complete conversion, EDA (3 μL of an 
aqueous 0.15 M solution) revealed an additional – unexpected – band at 480 nm 
and the calculated conversion turned out to be not quantitative (figure 2.32). 

 

 
Figure 2.32. Normalized UV-Vis spectrum obtained performing the KT at 120°C on EDA, presenting an 
additional band at 380 nm. 

 
KT at r.t. In the accessibility experiments, the analyzed solution was kept at r.t. 
instead of 120°C. To a known amount of CDs (about 1 mg), the aforementioned 
KT solutions were added. Subsequently, 20 µL of the resulting mixture were 
diluted with a mixture ethanol/water 60%v/v (1:125 dilution) and the absorption 
spectrum of the final solution was recorded. A blank solution without the analyte 
was treated with the same protocol and used as a reference. This procedure was 
repeated over time and the conversion was calculated taking into account the 
value of the KT performed at 120°C and the dilution factor (dil, equation 2.2). 
As a comparison, benzylamine (2c, 2 μL of an aqueous 0.5 M solution) was 
subject to the same analytical procedure. The conversion of 2c into the 
corresponding colored derivative turned out to be 95 ± 10% at r.t., over four 
trials. 
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Conversion (%) = 
KT (r.t.) 

KT (120°C)  × dil × 100 

 
Equation 2.2  

 
Acid/base backtitration. For nanoparticles dispersed in water with acid groups 
HA on their surface a chemical equilibrium is established as described by the 
acid dissociation constant Ka (equation 2.3): 
 

Ka = 
[H+][A-]

[HA]
 

Equation 2.3 

 
During the titration with volume of base VT of concentration CT, the 
concentration of acid undissociated sites is summarized with good 
approximation by the equation 2.4: 
 

[HA] = 
CSVS - CTVT

VS + VT
 = 

CT(VE - VT)
VS + VT

 

Equation 2.4 

 
in which VS and VE are the sample volume and the titrant volume at the 
equivalent point. Considering that: 
 

[A-] = 
CTVT

VS + VT
 

Equation 2.5 

 
Substitution of equations 2.4 and 2.5 into equations 2.3 followed by 
rearrangement gives the equation 2.6: 
 

VT�H+� = VT10-pH  = Ka(VE - VT) 
Equation 2.6 

 
A graph of VT10-pH versus VT is called Gran Plot in which a linear region is 
present with slope −Ka and x-intercept VE.13 
In a typical experiment a known amount of CDs (about 10 mg) was dispersed in 
4 mL of Milli-Q water. Subsequently, 1 mL of NaOH 0.5 M was added and then 
the resulting solution was titrated with a 0.1 M solution of HCl. For the 
quantification of acid/base sites, a Gran Plot analysis was performed.13 By 
plotting the μmol of H+ and OH- vs. the μmol of titrant (or vs. the equivalents of 
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titrant with respect to the KT value at 120°C, for NCDs-1, (figure 2.33), two 
linear regions were individuated. The resulting amounts of titrant at the 
equivalence point (μmoleq1 and μmoleq2) were extrapolated through a linear 
fitting. Finally, the total number of acid/base active sites, were calculated by 
subtracting μmoleq2 from μmoleq1 and dividing the resulting number by the 
amount of CDs analyzed. Backtitrations and Gran plot analysis were repeated at 
least three times. Representative data are reported in figures 2.33-39). 
 

 
Figure 2.33. (A) Typical pH backtitration curve of NCDs-1 (4.5 mg/mL). (B) Gran Plot obtained from the 
data of figure 2.33A. 

 

 
Figure 2.34. (A) Additional example of typical pH backtitration curve of NCDs-1 (4.5 mg/mL). (B) Gran 
Plot obtained from the data of figure 2.34A. 
 

 
Figure 2.35. (A) pH backtitration curve of NCDs-2 (1.1 mg/mL). (B) Gran Plot obtained from the data of 
figure 2.35A. 
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Figure 2.36. (A) pH backtitration curve of NCDs-3 (1.8 mg/mL). (B) Gran Plot obtained from the data of 
figure 2.36A. 

 

 
Figure 2.37. (A) pH backtitration curve of NCDs-4 (3.6 mg/mL). (B) Gran Plot obtained from the data of 
figure 2.37A. 

 

 
Figure 2.38. (A) pH backtitration curve of CDs-5 (5 mg/mL). (B) Gran Plot obtained from the data of 
figure 2.38A. 
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Figure 2.39. (A) pH backtitration curve of CDs-6 (3.16 mg/mL).  (B) Gran Plot obtained from the data of 
figure 2.39A.  

 
Quantification of acid/base sites. The number of acid/base sites previously 
determined through the backtitrations are shown in table 2.1. Moreover, the 
amount of retained sites was calculated by comparison with the number of 
acid/base sites of the starting materials. In this respect, all their carboxyl, amino 
and guanidinium groups were considered in the calculation. In the case of 
NCDs-2, a positive KT suggests that Ure decomposition occurs under the 
synthetic conditions; since thermal decomposition of Ure is known to produce 
ammonia and cyanic acid, two acid/base sites have been included in the 
calculation.14,50  
 
Table 2.1. Number of acid/base sites determined through acid/base titrations and the estimation of the 
amount of primary aliphatic amines by means of KT on different CDs. 

Type of 
CDs 

Acid/base 
sites 

(μmol/g) 

Acid/base sites of 
starting 

materials 
(μmol/g) 

Kaiser test 
(μmol/g) 

Acid/base 
retained 

sites 
(%) 

 
NCDs-1 

 
10700 ± 800 

 
50500 

 
1350 ± 100 

 
21 

 
NCDs-2 

 
9200 ± 1100 

 
48891 

 
1000 ± 100 

 
19 

 
NCDs-3 

 
7100 ± 200 

 
48893 

 
1100 ± 100 

 
15 

 
NCDs-4 

 
9400 ± 300 

 
22538 

 
- 

 
42 

 
CDs-5 

 
6000 ± 800 

 
15615 

 
- 

 
38 

 
CDs-6 

 
11200 ± 500 

 
15615 

 
- 

 
72 

 
  

(A) (B) 
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2.5.4 Electrophoretic studies 
 
For the electrophoresis studies, two agarose gels were prepared in two different 
buffers. The first buffer (A) was obtained from a commercially available 
solution, namely tris borate-EDTA (TBE, “buffer concentrate, long run”). The 
concentrated solution was diluted 10 times by adding Milli-Q water, affording 
the desired pH of 8.9. The second buffer (B) was prepared by dissolving 
potassium phosphate both mono and dibasic in Milli-Q water (KH2PO4 0.01 M 
and K2HPO4 6.22 × 10-3 M), providing a final pH equal to 7.0. The gel employed 
for each electrophoresis experiment, was freshly obtained mixing agarose (1 g) 
along with the buffer solution (A or B, 50 mL, 2wt%) and heated up at 100°C 
for 10 min. Then, the hot mixtures were placed into the electrophoresis chamber 
thus allowing their gelation in situ.  
CDs dispersions (total volume = 1 mL, concentration = 50 mg/mL) were 
prepared in the two different buffers (A and B) for the electrophoresis studies. In 
particular, for carboxyl-rich CDs (NCDs-4, CDs-5 and CDs-6), a 0.5 M solution 
of NaOH (10% v/v with respect to the total volume) was added before the 
addition of the buffer solution in order to improve the solubility of the 
nanoparticles in the medium. As a comparison for the electrophoretic mobility, 
in every study a 1.68 × 10-4 M solution of fluorescein in either A or B was 
prepared. In a typical electrophoresis experiment, 10 μL of each abovementioned 
mixture (CDs or fluorescein) were placed in the starting positions of the 
corresponding gel and the chamber was filled with the appropriate buffer 
solution. Then, a voltage of 300 V was applied for 6 min through a power 
supply, recording an electric current of 230-250 mA (figure 2.40-42). Moreover, 
the effect of the CDs concentration on the electrophoretic mobility was explored. 
Indeed, an optimal concentration of CDs of 50 mg/mL was chosen in order to 
make the luminescent spots brighter under UV light irradiation at 365 nm. 
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Figure 2.40. Postelectrophoresis photograph taken under UV light (365 nm) of the gel at pH 7.0 containing 
all the investigated CDs. 

 
Figure 2.41. Postelectrophoresis photograph taken under UV light (365 nm) of the gel at pH 8.9 containing 
NCDs-1 and fluorescein as reference. 
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Figure 2.42. Postelectrophoresis photograph taken under UV light (365 nm) of the gel at pH 8.9 containing 
NCDs-2, NCDs-3, NCDs-4, CDs-5 and CDs-6. 
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3 Amine-rich Carbon Nanodots as aminocatalysts† 
 
3.1 Introduction 
 
CDs are carbonaceous nanoparticles with variable elemental content that 
depends on the type of starting materials and the synthetic method employed. 
Generally, by using bottom-up synthetic approaches, NCDs are obtained from 
mono-component carbonization of nitrogen-rich precursors such as amino acids 
and aromatic amines.1–8 
However, NCDs can be also synthesized by multi-component approaches 
through the addition of nitrogen-doped precursors to various type of nitrogen-
free precursors.9–13 
Depending on the experimental conditions employed during the synthesis, 
nitrogen can be present in different forms and amounts within the structure of 
CDs. Usually, prolonged thermolysis of amine-containing molecules (e.g., 
amino acids) at temperature above 300°C, affords NCDs in which the 
heteroatom is incorporated in the core of the nanoparticles as pyridinic and 
pyrrolic nitrogen, while at lower synthetic temperature, amino-groups can be 
retained.5,14–16 
The nitrogen content is usually quantified through XPS spectroscopy and 
elemental analysis. Specifically, the amount of primary amines with at least an 
hydrogen in α-position may be estimated through the use of a semi-quantitative 
colorimetric analysis, namely KT.11,13,17–22 
The amino-groups present on the surface of NCDs are suitable not only for 
coupling reactions, thus affording nanohybrids, but also in aminocatalysis.17,19 
As described in chapter 2, the surface composition of amine-rich NCDs-1 
synthesized by the microwave-assisted carbonization of Arg and EDA was 
investigated. Subsequently, was showed their ability to promote aminocatalytic 
transformations in water through the formation of covalent intermediates, 
namely enamines and iminium ions.23–27  
In addition, the possibility to perform enantioselective transformations has also 
been demonstrated by employing chiral (S)-NCDs-7 which have been produced 
through the microwave carbonization of Arg and 1,2-CHD.17  
Therefore, this study has paved the way for the exploitation of NCDs in covalent 
aminocatalysis.28–33 
In this chapter, a new family of NCDs has been prepared utilizing the synthetic 
protocol developed for the production of NCDs-1 (experimental section 2.5.2), 
exploiting both mono-component and multi-component methodologies.19 
                                                 
†Aminocatalytic experiments were performed by Dr G. Filippini and Mr C. Rosso. The surface 
characterizations of some nitrogen-doped Carbon Nanodots reported in this chapter were 
performed by Mr G. Gentile and Ms C. Lanfrit. 
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Specifically, NCDs-8 and NCDs-9 were directly synthesized from Arg and L-
lysine (Lys) respectively. Moreover, NCDs-10 were prepared from Lys in 
presence of the nitrogen-doping agent EDA, as well as NCDs-11 and NCDs-12, 
obtained from the aforementioned amino acids in presence of putrescine (PUT) 
as shown in figure 3.1. All NCDs were fully characterized in terms of optical 
properties, morphology, and surface features. Subsequently, NCDs-8-12 were 
used to drive the model aldol reaction between acetone (1e) and p-
nitrobenzaldeyde (7e). NCDs were employed as aminocatalysts and their 
catalytic performances were compared. 
 

 
Figure 3.1. (A) Precursors of the investigated NCDs. (B) NCDs synthesized through mono-
component approach and (C) NCDs synthesized through multi-component approach. All NCDs were 
synthesized by using a microwave reactor in presence of water (100 µL) at 240°C for 3 minutes. 
Reactions were performed on 0.5 mmol scale. 

 
3.2 Synthesis and characterization of NCDs-8 
 
NCDs-8 were synthesized from Arg (figure 3.2, experimental section 3.9.2). 
 

 
Figure 3.2. Reaction scheme for the synthesis of NCDs-8. 

 
The UV-Vis spectrum of NCDs-8 recorded in water shows an intense absorption 
in the UV region with a shoulder at 283 nm and a tail in the visible region 
(figure 3.3A). Furthermore, the mass extinction coefficient at 283 nm (ε) was 
calculated, affording a value of 2.38 L × g-1 × cm-1 (experimental section 3.9.5). 
The fluorescence spectrum of NCDs-8 recorded in water shows an emission 
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dependent from the excitation wavelength and the most intense band centered at 
356 nm, which is observed upon excitation at 300 nm (figure 3.3B). To further 
investigate the fluorescence properties of NCDs-8, the relative QY was 
calculated to be about 0.08 (experimental section 3.9.5).  
 

 
Figure 3.3. (A) UV-Vis and (B) fluorescence spectra recorded at different excitation wavelengths (inset) of 
NCDs-8 recorded in water at r.t. 

 
AFM measurements performed on NCDs-8 confirmed the presence of ultra-
small nanoparticles with an average size of about 2.0 ± 0.9 nm (figure 3.4). 
 

 
Figure 3.4. (A) Tapping-mode AFM image (3 × 3 µm) from a drop-cast NCDs-8 aqueous solution on a 
mica substrate. (B) Statistical histogram and (C) height profile of NCDs-8. 

 
1H-NMR spectroscopy shows that the proton resonances of NCDs-8 span a 
broad spectral region confirming the complex structure of these nanoparticles  
(figure 3.5). Moreover, their amorphous nature was corroborated by TGA, 
indeed 82% of weight loss was observed at 700°C under nitrogen (figure 
3.6A).34 
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Figure 3.5. 1H-NMR spectrum of NCDs-8 recorded in D2O. The aliphatic region is magnified in the inset. 

 
FT-IR spectrum of NCDs-8 shows peaks at 1767 and 1709 cm-1 as well as at 
1634 cm-1 that are compatible with the presence of carbonyl groups and amide 
bonds respectively.  
The peaks at 2944 and 2867 cm-1 are related to the C-H bond stretching 
vibrations whereas the broad peak centered at 3346 cm-1 is indicative to the 
presence of O-H/N-H bonding (figure 3.6B).35 
 

 
Figure 3.6. (A) TGA under nitrogen and (B) FT-IR spectrum recorded in KBr pellet of NCDs-8. 

 
In addition to the abovementioned morphological investigations, the whole 
number of acid/base sites of NCDs-8 was determined by means of backtitration 
with an aqueous solution of HCl 0.1 M. In particular, the linearization of this 
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titration curve by Gran Plot analysis, enables the quantification of 5700 ± 600 
μmol/g acid/base sites (figure 3.7).17,36 
A solution of 2.3 mg/mL of NCDs-8 in Milli-Q water has an intrinsic pH of 9.0, 
thus suggesting the presence of various surface amino groups in the structure of 
the nanoparticles. In addition, a KT at 120°C was performed which provided a 
value of 620 ± 120 μmol/g of primary aliphatic amines. 
 

 
Figure 3.7. (A) pH backtitration curve of NCDs-8 (2.0 mg/mL). (B) Gran plot of NCDs-8 obtained from 
the data of figure 3.7A. 

 
To further investigate the accessibility of such terminal amines, a KT 
measurement was performed at r.t. and followed in time. This analysis allows to 
determine that solely 62 ± 5% of the amino groups detected at 120°C are 
actually accessible at lower temperature (figure 3.8).  
  

 
Figure 3.8. Representative kinetic traces observed at 570 nm while monitoring the KT at r.t. of NCDs-8. 

 
3.3 Synthesis and characterization of NCDs-9  
 
NCDs-9 were synthesized from the amino-rich precursor Lys (figure 3.9 and 
experimental section 3.9.2).  
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Figure 3.9. Reaction scheme for the synthesis of NCDs-9. 

 
An aqueous dispersion of NCDs-9 displays a broad absorption from UV to near-
visible region. In particular, this absorption spectrum shows an intense band in 
the UV with a shoulder at 340 nm and a tail in the visible region (figure 3.10A). 
Moreover, ε were calculated both at 283 and 340 nm affording values 
respectively of 0.43 and 0.18 L × g-1 × cm-1 (experimental section 3.9.5). The 
photoluminescence properties of NCDs-9 were investigated in water by means 
of fluorescence spectroscopy. In particular, NCDs-9 show an emission 
dependent from the excitation wavelength and a band of maximum intensity at 
468 nm is observed when the sample is irradiated at 350 nm (figure 3.10B). To 
further investigate the fluorescence properties of NCDs-9, the QY was 
determined providing a value of 0.08 (experimental section 3.9.5).  
 

 
Figure 3.10. (A) UV-Vis and (B) fluorescence spectra recorded at different excitation wavelengths (inset) 
of NCDs-9 recorded in water at r.t. 

 
AFM measurements performed on NCDs-9 confirmed the presence of ultra-
small nanoparticles with an average size of about 1.7 ± 0.5 nm (figure 3.11). 
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Figure 3.11. (A) Tapping-mode AFM image (5 × 5 µm) from a drop-cast NCDs-9 aqueous solution on a 
mica substrate. (B) Statistical histogram and (C) height profile of NCDs-9. 

 
Concerning the structure of NCDs-9, the 1H-NMR spectrum does not show well-
defined peaks, presenting broad signals in the aliphatic region (figure 3.12). 
Moreover, the amorphous nature of NCDs-9 was confirmed by TGA, since only 
a residual of 5% was detected after a treatment at 500°C under nitrogen 
atmosphere (figure 3.13A).34 
 

 
Figure 3.12. 1H-NMR spectrum of NCDs-9 recorded in D2O. The aliphatic region is magnified in the inset. 

 
FT-IR spectrum of NCDs-9 shows peaks at 3357 and 3287 cm-1 related to N-H 
stretching as well as at 2935 and 2861 cm-1 compatible to C-H stretching. The 
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bands at 1658, 1562 and 1115 cm-1 are related respectively to carbonyl stretching 
of amide groups, N-H bending and C-N stretching vibrations (figure 3.13B).35 
 

 
Figure 3.13. (A) TGA under nitrogen and (B) FT-IR spectrum recorded in KBr pellet of NCDs-9. 

 
The acid/base sites of NCDs-9 was calculated through backtitration with an 
aqueous solution of HCl 0.1 M and Gran Plot analysis, providing a value of 
10200 ± 350 μmol/g (figure 3.14).17,36 
Besides, a solution of 2.4 mg/mL of NCDs-9 in Milli-Q water has a native pH of 
10.2, therefore showing the presence of various basic sites within the sample. 
In addition, the amount of primary aliphatic amines was estimated by means of 
KT at 120°C which provided a value of 2700 ± 450 μmol/g. 
 

 
Figure 3.14. (A) pH backtitration curve of NCDs-9 (2.0 mg/mL). (B) Gran plot obtained from the data of 
figure 3.14A.  

 
In order to obtain additional clues about the surface composition of NCDs-9 a 
KT followed in time and at r.t. has been performed. It was found that 65 ± 5% of 
the amines detected at 120°C are accessible (figure 3.15).  

(A) (B) 

(A) (B) 



 
 

 62 

 
Figure 3.15. Representative kinetic traces observed at 570 nm while monitoring the KT at r.t. of NCDs-9. 

 
3.4 Synthesis and characterization of NCDs-10 
 
NCDs-10 were prepared through a multi-component synthesis employing Lys 
and EDA as nitrogen-doping agent (figure 3.16, experimental section 3.9.2).  
 

 
Figure 3.16. Reaction scheme for the synthesis of NCDs-10. 

 
The presence of EDA in the reaction mixture affords nanoparticles with different 
optical properties with respect to NCDs-9. The UV-Vis spectrum of NCDs-10 
recorded in water shows an absorption band in the UV region at 318 nm with a 
tail in the visible region (figure 3.17A).  
Furthermore, ε were calculated at 318 nm and, as a comparison with NCDs-9, at 
283 and 340 nm affording values respectively of 0.37, 0.38 and 0.26 L × g-1 × 
cm-1 (experimental section 3.9.5).  
The fluorescence spectrum of NCDs-10 recorded in water shows, in comparison 
to NCDs-9, a blue-shifted emission dependent from the excitation wavelength 
and a band of maximum intensity at 394 nm was observed when the sample was 
irradiated at 320 nm (figure 3.17B). To gain additional information about the 
fluorescence features of NCDs-10, the QY was determined giving a value of 
0.11 (experimental section 3.9.5).  
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Figure 3.17. (A) UV-Vis and (B) fluorescence spectra recorded at different excitation wavelengths (inset) 
of NCDs-10 recorded in water at r.t. 

 
AFM measurements performed on NCDs-10 confirmed the presence of ultra-
small nanoparticles with an average size comparable to NCDs-9 of about 1.6 ± 
0.4 nm (figure 3.18). 
 

 
Figure 3.18. (A) Tapping-mode AFM image (5 × 5 µm) from a drop-cast NCDs-10 aqueous solution on a 
mica substrate. (B) Statistical histogram and (C) height profile of NCDs-10. 

 
The complex structure of NCDs-10 was also confirmed by 1H-NMR 
spectroscopy because broad signals were observed in the spectrum (figure 3.19). 
The amorphous nature of NCDs-10 was verified by TGA, in fact, above 500°C 
only a residual of 2% was observed. (figure 3.20A).34 
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Figure 3.19. 1H-NMR spectrum of NCDs-10 recorded in D2O. 

 
The vibrational features of NCDs-10 are similar to that of NCDs-9. FT-IR 
spectrum shows peaks at 3357 and 3287 cm-1 related to N-H stretching as well as 
at 2935 and 2861 cm-1 compatible to C-H stretching. The strong signals at 1658 
and 1562 cm-1 are compatible respectively to carbonyl stretching of amide 
groups and N-H bending vibrations and that at 1115 cm-1 is related C-N 
stretching vibrations (figure 3.20B).35  
 

 
Figure 3.20. (A) TGA under nitrogen and (B) FT-IR spectrum recorded in KBr pellet of NCDs-10. 

 
The presence of EDA in the reaction mixture of NCDs-10 affords nanoparticles 
with different acid/base properties in comparison to NCDs-9. A total number of 
11500 ± 500 μmol/g of acid/base sites was determined through backtitration 
with an aqueous solution of HCl 0.1 M and Gran Plot analysis (figure 3.21) vs. 
10200 ± 350 for NCDs-9. Moreover, a solution of 1.8 mg/mL of NCDs-10 in 
Milli-Q water has an intrinsic pH of 9.6, hence showing the presence of basic 
sites in the sample. A KT has been performed at 120°C on NCDs-10, which 
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provides a value of 4000 ± 600 μmol/g. This number is much higher in 
comparison to 2700 ± 450 μmol/g of NCDs-9, therefore the use of EDA as 
starting material enhances the amount of surface primary aliphatic amines.  
 

 
Figure 3.21. (A) pH backtitration curve of NCDs-10 (1.6 mg/mL). (B) Gran plot obtained from the data of 
figure 3.21A. 

 
Concerning the KT performed at r.t. and followed in time, as represented in 
figure 3.22, the amine accessibility of NCD-10 is comparable to that of NCDs-9 
(66 ± 6% vs. 65 ± 5%). 
 

 
Figure 3.22. Representative kinetic traces observed at 570 nm while monitoring the KT at r.t. of NCDs-10. 

 
3.5 Synthesis and characterization of NCDs-11 
 
NCDs-11 were prepared through a multi-component approach, utilizing Arg and 
PUT as nitrogen-doping precursors (figure 3.23, experimental section 3.9.2).  
 

 
Figure 3.23. Reaction scheme for the synthesis of NCDs-11. 

 

(A) (B) 



 
 

 66 

The optical properties of NCDs-11 are similar to that of NCDs-1 (experimental 
section 2.5.2).19 UV-Vis spectrum was recorded in water shows a strong 
absorption in the UV region with a shoulder at 290 nm and a tail in the visible 
region (figure 3.24A). The fluorescence spectrum of NCDs-11 indicates an 
emission dependent from the excitation wavelength and a band located at 355 
nm when the sample is irradiated at 300 nm (figure 3.24B).  
 

 
Figure 3.24. (A) UV-Vis and (B) fluorescence spectra recorded at different excitation wavelengths (inset) 
of NCDs-11 recorded in water at r.t. 

 
In order to investigate the surface properties of NCDs-11, a backtitration with an 
aqueous solution of HCl 1 M and Gran Plot analysis were performed (figure 
3.25). It was found that addition of PUT in the reaction mixture, provides 
nanoparticles with a lower content of acid/base sites in comparison to NCDs-1 
(7550 ± 850 vs. 10700 ± 800). Moreover, a solution of 2.4 mg/mL of NCDs-11 
in Milli-Q water, has a native pH of 9.5 proving the presence of basic sites in the 
sample. For this reason, a KT was performed at 120°C on NCDs-11 providing a 
value of 2100 ± 550 μmol/g, which is higher in comparison to NCDs-1 and 
NCDs-8. A KT experiment was followed in time and run at r.t. It was found that 
80 ± 5% of primary aliphatic amines estimated at 120°C are accessible (figure 
3.26). 
 

 
Figure 3.25. (A) pH backtitration curve of NCDs-11 (1.6 mg/mL). (B) Gran plot obtained from the data of 
figure 3.25A. 
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Figure 3.26. Representative kinetic traces observed at 570 nm while monitoring the KT at r.t. of NCDs-11. 

 
Further microscopic and spectroscopic characterizations of NCDs-11 are on-
going in our laboratory. 
 
3.6 Synthesis and characterization of NCDs-12 
 
NCDs-12 were prepared through the hydrothermal microwave-assisted 
carbonization of Lys and PUT (figure 3.27, experimental section 3.9.2). 
  

 
Figure 3.27. Reaction scheme for the synthesis of NCDs-12. 

 
The UV-Vis spectrum of NCDs-12 recorded in water shows a strong absorption 
in the UV region with two shoulders around 275 and 340 nm with a tail in the 
visible region (figure 3.28A). The fluorescence spectrum of NCDs-12 shows an 
emission dependent from the excitation wavelength and a band at 460 nm is 
observed when the sample is excited at 350 nm (figure 3.28B). In particular, the 
fluorescence profile of NCDs-12, is not comparable with that of NCDs-10 
synthesized from Lys and EDA, suggesting that in presence of PUT different 
fluorophores are formed. 
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Figure 3.28. (A) UV-Vis and (B) fluorescence spectra recorded at different excitation wavelengths (inset) 
of NCDs-12 recorded in water at r.t. 

 
In order to investigate the influence of PUT on the acid/base properties of 
NCDs-12, backtitration with an aqueous solution of HCl 1M and Gran Plot 
analysis (figure 3.29) were carried out providing 11300 ± 1100 μmol/g of 
acid/base sites, which are comparable to that of NCDs-10 (11500 ± 500 μmol/g). 
Furthermore, because an alkaline pH (9.5) was recorded in Milli-Q water 
solutions of NCDs-12 at concentration of 1.4 mg/mL, a KT at 120°C was 
performed, that gives a value of 2600 ± 400 μmol/g of primary aliphatic amines.  
The KT of NCDs-12 is comparable to that of NCDs-9 (2700 ± 450 μmol/g) but 
it is lower than that of NCDs-10 (4000 ± 600 μmol/g). Importantly, the presence 
of the longer-chain diamine PUT in the reaction mixture affords NCDs with 
terminal amines entirely accessible at r.t. (figure 3.30). 
 

 
Figure 3.29. (A) pH titration curve of NCDs-12 (1.0 mg/mL). (B) Gran plot obtained from the data of 
figure 3.29A. 
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Figure 3.30. Representative kinetic traces observed at 570 nm while monitoring the KT at r.t. of NCDs-12. 

 
Also for NCDs-12, further microscopic and spectroscopic characterizations are 
on-going in our laboratory. 
 
3.7 NCDs as aminocatalysts 
 
NCDs described in this chapter can catalyze, through the formation of 
intermediate enamines, the aldol addition of acetone 1e to aldehyde 7e, which 
afford the aldol product 8e (figure 3.31). The reactions were performed in Milli-
Q water with a catalytic amount of NCDs (3% w/v) at r.t. over 24 hours 
(experimental section 3.9.4). 
 

 
Figure 3.31. Aldol reaction between acetone (1e) and p-nitrobenzaldeyde (7e) catalyzed by NCDs. 

 
The catalytic performances of the selected NCDs were evaluated by considering 
for each entry the chemical yield of the product 8e and the conversion with 
respect to the limiting reagent 7e. Furthermore, after each entry, yield and 
conversion were determined by 1H-NMR analysis in CDCl3 using 1,1,2-
trichloroetene as internal standard. The selectivity of the process with respect to 
8e was calculated by the use of equation 3.1 and lastly, the rates of production 
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were calculated for all NCDs. This last parameter is the amount of product 8e 
obtained per hour by using a gram of catalyst.  
 

Selectivity 8e% = 
Yield 8e

Conversion 7e
 × 100 

Equation 3.1 

 
The overall yield, selectivity, conversion and rate of production are significantly 
low when using NCDs-8 as catalyst (entry 1, table 3.1). Among all, NCDs-8 
synthesized from a single precursor (Arg), have in comparison to the other 
NCDs the lowest values of total acid/base sites and KT (table 3.2).  
The yield and conversion of the desired product 8e increase respectively up to 52 
± 2% and 98 ± 1 by performing the reaction in presence of NCDs-9 (entry 2, 
table 3.1). On the other hand, NCDs-9 prepared from Lys, display in comparison 
to NCDs-8, both higher number of acid/base sites (10200 ± 350 vs. 5700 ± 600 
μmol/g) and primary aliphatic amines (2700 ± 450 vs. 620 ± 120 μmol/g). 
The product 8e was obtained in acceptable yield (61 ± 5%) and good conversion 
(96 ± 1%) in addition to the higher selectivity (64 ± 5%) by performing the 
reaction in the presence of NCDs-1, prepared through multicomponent approach 
(entry 3, table 3.1). In fact, the addition of EDA affords NCDs with a higher 
total number of acid/base sites and KT in comparison to the respective mono-
component synthesis, suggesting that the addition of the doping agent in the 
reaction mixture is crucial to improve the catalytic performance of the 
nanoparticles. This was further confirmed by carrying out the experiment in 
presence of NCDs-10 (entry 4, table 3.1). Finally, we focused on aminocatalysts 
prepared in presence of the longer diamine (PUT) that afford NCDs with more 
accessible surface amines at r.t. The best result was obtained using NCDs-11 
synthesized from Arg and PUT providing the desired product 8e in high yield 
(75 ± 3%) and excellent selectivity (77 ± 4%). Moreover, the increased rate of 
production of the product 8e (0.29 ± 0.01) in addition to the high conversion (97 
± 1%) was also observed in comparison to the aforementioned NCDs (entry 5, 
table 3.1). The use of the aminocatalysts NCDs-12 led to the formation of the 
product 8e in similar yield (66 ± 5% vs. 61 ± 5%) with respect to the amino-rich 
NCDs-10 (KT 4000 ± 600 μmol/g) but with lower yield (66 ± 5% vs. 75 ± 3%) 
and rate of production (0.25 ± 0.02 vs. 0.29 ± 0.01) in comparison to NCDs-11 
(entry 6, Table 3.1). Moreover, further regarding NCDs-12, any improvement in 
terms of selectivity (67 ± 6%) and rate of production (0.25 ± 0.02) compared to 
NCDs-11 was not observed (entry 6, table 3.1). Although NCDs-12 display 
respect to NCDs-11 a higher number of acid/base sites, a similar KT and a 
complete accessibility of primary aliphatic amines, the reason of its decreased 
reactivity does not correlate with these factors, requiring additional 
investigations. 
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Besides, studies to clarify the actual nature of the degradation pathways induced 
by NCDs-8-12 should be undertaken in order to identify the real chemical 
structures of the observed by-products. 
 
Table 3.1. Aldol reaction catalyzed by different types of NCDs.  

 

 
Entry 

 
Type of 
NCDs 

Yielda 
(%) 

 
Conversionb 

(%) 

 
Selectivityc 

(%) 

 
Rate of 

production 
(mmol/g × h)d 

 
1 NCDs-8 

(Arg) 

 
42 ± 4 

 
74 ± 4 

 

 
57 ± 3 

 
0.16 ± 0.01 

 
2 NCDs-9 

(Lys) 

 
52 ± 2 

 
98 ± 1 

 

 
54 ± 3 

 
0.20 ± 0.01 

 
3 

NCDs-1 
(Arg + EDA) 

 
61 ± 5 

 
96 ± 1 

 

 
64 ± 5  

 
0.23 ± 0.02 

 
4 NCDs-10 

(Lys + EDA) 

 
61 ± 5 

 
95 ± 1 

 

 
64 ± 5 

 
0.24 ± 0.01 

 
5 

NCDs-11 
(Arg + PUT) 

 
75 ± 3 

 
97 ± 1  

 

 
77 ± 4 

 
0.29 ± 0.01 

 
6 NCDs-12 

(Lys + PUT) 

 
66 ± 5 

 
98 ± 1 

 

 
67 ± 6 

 
0.25 ± 0.02 

Yielda and conversionb determined by 1H-NMR spectroscopy in CDCl3 using 1,1,2-trichloroetene as 
internal standard. Selectivityc was calculated using the equation 3.1. 

 
3.8 Conclusions 
  
In this chapter, a set of NCDs synthesized from a single precursor and in 
presence of nitrogen-doping agents has been synthesized and characterized. The 
terminal amino functionalities present in the outer shell of NCDs were exploited 
in aminocatalysis. In particular, NCDs were employed to promote the α-
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functionalization of a model carbonyl compound in a benchmark aldol reaction. 
It was found that PUT afforded nanoparticles with amine groups that are more 
accessible at r.t. in comparison to those synthesized from the only amino acid or 
in presence of the shorter-chain diamine EDA. The enhanced surface availability 
of amine groups gave the possibility to obtain the best catalytic performance. 
However, additional spectroscopic investigations such as 19F-NMR analysis are 
required in order to investigate the amine composition/catalytic activity 
relationship of the selected NCDs. 
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3.9 Experimental section 
 
3.9.1 General information 
 
The microwave synthesis was performed on a CEM Discover-SP instrument. 
UV-Vis measurements were carried out on PerkinElmer Lambda 35 UV-Vis 
spectrophotometer. Fluorescence spectra were recorded on a Varian Cary 
Eclipse Fluorescence spectrophotometer. 
All the spectra were recorded at r.t. using 10 mm path-length quartz cuvettes. 
AFM images were obtained with a Nanoscope IIIa, VEECO Instruments. As a 
general procedure to perform AFM analyses, tapping mode with a 
HQ:NSC19/ALBS probe (80kHz; 0.6 N/m) (MikroMasch) from drop cast of 
samples in an aqueous solution (concentration in the order of μg/mL) on a mica 
substrate was performed. The obtained AFM-images were analyzed in S3 
Gwyddion 2.35. TGA were performed with a TGA Q500 (TA instruments), 
under a flow of N2 (90 mL/min), following a temperature program consisting in 
the equilibration of the sample at 100°C for 10 minutes followed by a ramp at 
10°C/min up to 700°C. The sample aliquot ranged from 1 to 2 mg, exactly 
weighed. Fourier-transform infrared spectroscopy was performed on KBr pellets 
on a Spectrum 2000 FT-IR Instrument (Perkin Elmer).  
 
Materials. NCDs-1 were synthesized by following the procedure reported in 
chapter 2, section 2.5.2. Commercial reagents and solvents were purchased from 
Sigma-Aldrich, Fluka, Alfa Aesar, Fluorochem, VWR and used as received, 
unless otherwise stated.  
Dialysis tubes with molecular weight cutoff 0.5-1 KDa were bought from 
Spectrum Labs. Ultrapure fresh water obtained from a Millipore water 
purification system (>18MΩ Milli-Q, Millipore) was used in all experiments.  
Normex solution of both HCl and NaOH were used in the acid/base 
backtitrations.  
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3.9.2 Synthesis of nitrogen-doped Carbon Nanodots 
 
All NCDs were prepared in the same experimental conditions of NCDs-1 
(chapter 2, experimental section 2.5.2). 
 

NCDs-8. Tipically, Arg (87.0 mg, 0.5 mmol, 1 equiv.) 
and Milli-Q water (100.0 μL) were heated in a 
microwave reactor (200 W) at 240°C, 26 bar for 180 
seconds (figure 3.2). In the process of microwave 
heating, the solution changes color from transparent to 

brown as a result of the formation of NCDs-8. The solution was diluted with 
water and was filtered through a 0.1 μm microporous membrane separating a 
deep yellow solution that was dialyzed against Milli-Q water through a dialysis 
membrane (0.5-1 kDa cut-off) for 2 days. The aqueous solution of NCDs-8 was 
lyophilized giving an orange solid (NCDs-8: 43.0 mg, 49% of yield). Key 
characterization data are reported in figures 3.3-8. 
 

NCDs-9. Tipically, Lys (73.1 mg, 0.5 mmol, 1 equiv.) 
and Milli-Q water (100.0 μL) were heated in a 
microwave reactor (200 W) at 240°C, 26 bar for 180 
seconds (figure 3.9). In the process of microwave 
heating, the solution changes color from transparent to 

brown as a result of the formation of NCDs-9. The solution was diluted with 
water and was filtered through a 0.1 μm microporous membrane separating a 
deep yellow solution that was dialyzed against Milli-Q water through a dialysis 
membrane (0.5-1 kDa cut-off) for 2 days. The aqueous solution of NCDs-9 was 
lyophilized giving a yellow solid (NCDs-9: 39.0 mg, 53% of yield). Key 
characterization data are reported in figures 3.10-15. 
 

NCDs-10. Tipically, Lys (73.1 mg, 0.5 mmol, 1 equiv.), 
EDA (33.0 μL, 0.5 mmol, 1 equiv.) and Milli-Q water 
(100.0 μL) were heated in a microwave reactor (200 W) 
at 240°C, 26 bar for 180 seconds (figure 3.16). In the 
process of microwave heating, the solution changes color 

from transparent to brown as a result of the formation of NCDs-10. The solution 
was diluted with water and was filtered through a 0.1 μm microporous 
membrane separating a yellow solution that was dialyzed against Milli-Q water 
through a dialysis membrane (0.5-1 kDa cut-off) for 2 days. The aqueous 
solution of NCDs-10 was lyophilized giving a yellow solid (NCDs-10: 29.0 mg, 
27% of yield). Key characterization data are reported in figures 3.17-22. 
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NCDs-11. Tipically, Arg (87.0 mg, 0.5 mmol, 1 equiv.), 
PUT (50.2 μL, 0.5 mmol, 1 equiv.) and Milli-Q water 
(100.0 μL) were heated in a microwave reactor (200 W) 
at 240°C, 26 bar for 180 seconds (figure 3.23). In the 
process of microwave heating, the solution changes color 

from transparent to brown as a result of the formation of NCDs-11. The solution 
was diluted with water and was filtered through a 0.1 μm microporous 
membrane separating a yellow solution that was dialyzed against Milli-Q water 
through a dialysis membrane (0.5-1 kDa cut-off) for 2 days. The aqueous 
solution of NCDs-11 was lyophilized giving a yellow solid (NCDs-11: 24.5 mg, 
19% of yield). Key characterization data are reported in figures 3.24-26. 
 

NCDs-12. Tipically, Lys (73.1 mg, 0.5 mmol, 1 equiv.), 
PUT (50.2 μL, 0.5 mmol, 1 equiv.) and Milli-Q water 
(100.0 μL) were heated in a microwave reactor (200 W) 
at 240°C, 26 bar for 180 seconds (figure 3.27). In the 
process of microwave heating, the solution changes color 

from transparent to yellow as a result of the formation of NCDs-12. The solution 
was diluted with water and was filtered through a 0.1 μm microporous 
membrane separating a yellow solution that was dialyzed against Milli-Q water 
through a dialysis membrane (0.5-1 kDa cut-off) for 2 days. The aqueous 
solution of NCDs-12 was lyophilized giving a yellow solid (NCDs-12: 14.0 mg, 
12% of yield). Key characterization data are reported in figures 3.28-30. 
 
3.9.3 Kaiser Test investigation and acid/base backtitration  
 
KT investigations (both at 120°C and at r.t.), acid/base backtitrations and 
quantification of the total number of acid/base sites were performed by 
following the procedures reported in chapter 2, section 2.5.3. 
Concerning the acid/base backtitrations of NCDs-11 and NCDs-12, a known 
amount of NCDs (about 10 mg) was dispersed in 4 mL of Milli-Q water. 
Subsequently, 2 mL of NaOH 0.1 M was added and then the resulting solution 
was titrated with a solution of HCl 1M. 
 
In the following table, the characterization results of the NCDs investigated in 
this chapter are summarized. 
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Table 3.2. Number of acid/base sites determined through acid/base titrations and the estimation of the 
amount of primary aliphatic amines by means of KT on different NCDs. 

 
Type of 
NCDs 

 

 
Acid/base 

sites 
(μmol/g) 

 

 

Acid/base sites 
of starting 
materials 
(μmol/g) 

 
Kaiser test 
(μmol/g) 

Acid/base 
retained 

sites 
(%) 

NCDs-1 
(Arg + EDA) 

 
10700 ± 800 

 

 
50500 

 
1350 ± 100 

 

 
21 
 

NCDs-8 
(Arg) 

 
5700 ± 600 

 
17221 

 

 
620 ± 120 

 
33 

NCDs-9 
(Lys) 

 
10200 ± 350 

 

 
20525 

 
2700 ± 450 

 
50 

NCDs-10 
(Lys + EDA) 

 
11500 ± 500 

 
53849 

 

 
4000 ± 600 

 
21 

NCDs-11 
(Arg + PUT) 

 
7550 ± 850 

 
50549 

 
2100 ± 550 

 

 
15 

NCDs-12 
(Lys + PUT) 

 
11300 ± 1100 
 

 
43210 

 
2600 ± 400 

 
26 

 
3.9.4 Procedure for the aldol reaction 
 

A 4 mL glass vial was charged with acetone 1e 
(1.2 mmol, 12 equiv), NCDs (3% w/v, 12 mg), p-
nitrobenzaldeyde 7e (0.1 mmol, 1 equiv) and 
Milli-Q water (final concentration: 0.25 M). The 
resulting mixture was stirred for 24h at r.t. The 
reaction crude was then extracted with ethyl 

acetate and the organic phase was filtered through sodium sulfate. The solvent 
was removed under reduced pressure and the residue was purified by column 
chromatography (eluent: hexane/ethyl acetate) to give the corresponding aldol 
product 8e. 
1HNMR (400 MHz, CDCl3). δ 8.21 (d, J= 8.8 Hz, 2H, H-7), 7.54 (d, J= 8.9 Hz, 
2H, H-6), 5.27 (dd, J= 8.0, 4.3 Hz, 1H, H-4), 3.56 (br, OH) 2.87-2.84 (m, 2H, H-
3), 2.22 (s, 3H, H-1). The 1H-NMR characterization of the compound 8e (figure 
3.32) matches with the data reported in the literature.37 
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Figure 3.32. 1H-NMR spectrum of the aldol product 8e in CDCl3. 

 
3.9.5 Determination of mass extinction coefficient and quantum yield 
 
Mass extinction coefficient (ε). For each type of NCDs five fresh aqueous 
solutions at known concentration (below 1 mg/mL) were prepared. Then, UV-
Vis spectra were recorded at r.t. by using 10 mm path-length quartz cuvettes and 
the absorbance values of the solutions at the desired wavelength were plotted vs. 
concentrations. 
ε, expressed in L × g-1 × cm-1, is the slope of the line obtained after a linear 
regression of the experimental points.  
 
Relative quantum yield (QY). The photoluminescence QY of NCDs at 
excitation wavelength of 350 nm was calculated according to equation 3.1 by 
using the standard quinine sulphate in 0.1 M H2SO4.38,39 
 

ΦNCDs = ΦQS × 
INCDs

IQS
 × 

ODQS

ODNCDs
 × 

nNCDs
2

nQS
2  

Equation 3.1 

 
where ΦQS is the known QY of quinine sulphate (ΦQS = 0.57), I is the integrated 
fluorescence intensity, OD is the optical density, and n is the refractive index of 
the solvent.  
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4 Chiral Carbon Nanodots‡ 
  
4.1 Introduction 
 
Chirality is a particular physical property of many molecules. A molecule is 
chiral when it cannot be superposed on its mirror image. Chirality is one of the 
most important characteristics encountered in nature because a plethora of 
stereocenters are present in biological molecules such as proteins, sugars and 
DNA just to name a few and their activity is dependent from this property. The 
same remarkable characteristic is also present in pharmaceutical chemistry 
because many drugs are chiral and this property affects their effectiveness 
against diseases.1,2 
Chiral carbon nanoparticles being luminescent, water-soluble and biocompatible 
could be exploited in many fields such as chiral sensing and recognition, 
asymmetric catalysis, as well as circularly polarized emission, which are topics 
of intense research. So far, many chiral nanomaterials have been reported in the 
literature, including chiral semiconductor quantum dots, metallic, silica and 
silicon nanoparticles.3–11 
CDs are frequently synthesized from chiral precursors but in the harsh synthetic 
conditions, i.e. high temperature, the chirality of the starting materials is easily 
lost, due to racemization or formation of achiral species. This phenomenon is 
observed also in the case of NCDs-1 synthesized from Arg and EDA, which are 
not optically active, despite the chirality of Arg.12  
CDs are nanoparticles with plenty of functional groups on their surface, which 
have been exploited in post-functionalization reactions with chiral species in 
order to obtain chiral Carbon Nanodots (c-CDs). This approach was explored by 
Suzuki et al., who first reported the synthesis of chiral-GQDs through the amidic 
post-functionalization reaction of carboxyl-rich graphene quantum dots with the 
amine group of D- or L-cysteine (Cys), affording chiral enantiomeric 
nanoparticles.13  
This synthetic method, although very refined, suffer from some limitations such 
as the need to introduce an additional synthetic step, therefore obtaining c-CDs 
via one-step synthesis is desirable. 
An example of one-pot approach is the synthesis of c-CDs from both D- or L-
Cys through hydrothermal treatment at 60°C for 24 h.14 Another example is the 
microwave-assisted synthesis of c-CDs from both D- and L-Cys in the presence 
of CA at temperature between 160 and 220°C for 5 to 15 minutes.15 In both 
cases, the authors proved the effectiveness of only one enantiomer of c-CDs 

                                                 
‡I am particularly grateful to Dr. G. Ragazzon and Mr. A. Bogo for the NMR measurements and 
the surface characterization experiments on the CDs presented in this chapter, respectively. 
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toward the up-regulation of human bladder cancer and anti-microbial activity, 
respectively.  
Finally, c-CDs from Arg and both enantiomers of 1,2-CHD, were synthesized 
and used to control the chirality of chiral supramolecular porphyrin-
assemblies.16  
In this chapter are reported enantiomeric chiral nitrogen-doped Carbon Nanodots 
(c-NCDs) synthesized from the microwave-assisted carbonization of Arg and 
(1R,2R)-(+)-diphenylethylenediamine (1R,2R-DPEN) and from Arg and (1S,2S)-
(-)-diphenylethylenediamine (1S,2S-DPEN). As a comparison, achiral NCDs 
synthesized from Arg and the meso form of 1,2-diphenylethylenediamine (m-
DPEN) is also investigated. The characterizations about both surface and 
spectroscopic properties of the new type of CDs shown here could be useful in 
the future to design new c-CDs in a reliable manner. 
 
4.2 Synthesis and characterization of c-NCDs-13 
 
c-NCDs-13 were synthesized from the microwave-assisted carbonization of Arg 
and 1R,2R-DPEN at 240°C for 3 min (figure 4.1), by following the same 
experimental conditions of NCDs-1, which were prepared from Arg and EDA 
(experimental section 2.5.2).12  
 

 
Figure 4.1. Reaction scheme for the synthesis of c-NCDs-13. 
 
After the thermal treatment, the crude was filtered through a 0.1 μm membrane, 
purified via dialysis and freeze-dried obtaining 75 mg of a yellow powder 
corresponding to 39% of yield (experimental section 4.6.2).  
Solubility tests in different solvents were performed. c-NCDs-13 display, in 
comparison to NCDs-1, a lower solubility in water that increase up to 10 mg/mL 
by adding aqueous solutions of HCl 0.1 M. The solubility of c-NCDs-13 is also 
increased in alkaline solution of NaOH 0.1 M. Furthermore, the solubility of c-
NCDs-13 in organic solvents such as DMF, ethanol, methanol, dichloromethane 
and chloroform resulted to be negligible. 
The UV-Vis spectrum of c-NCDs-13 recorded in water (figure 4.2A) shows a 
strong absorption in the UV region with a shoulder at 280 nm and a tail in the 
visible region. To further investigate the optical properties of c-NCDs-13, the ε 
measured at 280 nm was determined, providing a value of 0.84 L × cm-1 × g-1 
(experimental section 4.6.3). 
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The chiroptical properties of c-NCDs-13 were investigated by means of 
electronic circular dichroism spectroscopy (ECD). In the spectrum, a band 
localized at 220 nm (figure 4.2B) confirms the chirality of c-NCDs-13. As a 
comparison, the ECD spectrum of 1R,2R-DPEN was also recorded, which 
presents an intense band at 224 nm and a structured absorption band between 
245 and 270 nm.17,18 As shown in figure 4.2B, the more intense band occurring 
at 224 nm in 1R,2R-DPEN appears to shift toward shorter wavelengths and 
decrease its intensity in c-NCDs-13. However, the less intense structured band 
of the 1R,2R-DPEN, disappears or otherwise its intensity decrease significantly 
in the c-NCDs-13 spectrum, in accordance with the literature.17 
Noteworthy, the different spectroscopic features observed in figure 4.2B indicate 
that chirality of c-NCDs-13 does not arise from unreacted molecules of 1R,2R-
DPEN. Conversely, it is ascribable to chiral domains derived from molecules of 
1R,2R-DPEN. 
 

 
Figure 4.2. (A) UV-Vis spectrum of c-NCDs-13 recorded in water at r.t. (B) ECD spectra of c-NCDs-13 
(red line) and 1R,2R-DPEN (black line) recorded in water at r.t. 

 
The fluorescence spectrum of c-NCDs-13 (figure 4.3) shows a luminescence 
dependent from the excitation wavelength and the maximum emission intensity 
is observed at 356 nm when the sample is excited at 300 nm. The fluorescence 
profile is comparable to that of NCDs-1 (chapter 2, experimental section 2.5.2) 
suggesting that similar fluorophores are present in the structure of c-NCDs-13 
and NCDs-1. Furthermore, the QY of c-NCDs-13 was determined to be 0.071, 
using a reported procedure and quinine sulphate as the reference (experimental 
section 4.6.3).19  
 

(A) (B) 
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Figure 4.3. Fluorescence spectrum recorded at different excitation wavelengths (inset) of c-NCDs-13 
recorded in water at r.t. 

 
The morphological investigations of c-NCDs-13 were performed by means of 
AFM measurements. Ultra-small nanoparticles with an average size of 2.2 ± 1.0 
nm were observed (figure 4.4). 
 

 

Figure 4.4. (A) Tapping-mode AFM image (10 × 6.6 µm) from a drop-cast of c-NCDs-13 aqueous solution 
on a mica substrate. (B) Three-dimensional close-up AFM image (3.4 × 3.4 µm) of c-NCDs-13. (C) Height 
profile and (D) statistical histogram of c-NCDs-13. 

 
The amorphous nature of c-NCDs-13 is suggested by TGA performed under 
nitrogen.20 As shown in figure 4.5, the weight loss is steady between 100 and 
450°C and almost stops at temperatures above 450°C, affording a residual 
weight of about 9.5%. In the case of NCDs-1, the residual weight is about twice 

(A) 

(C) (D) 

(B) 
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as much (9.5% vs. 5.3%) in comparison to the amorphous NCDs-1, which were 
synthesized from Arg and EDA in the same experimental conditions (figure 
4.5).20,21 This difference is probably due to the presence of aromatic domains in 
the c-NCDs-13 structure that originate from 1R,2R-DPEN precursor. 
 

 
Figure 4.5. TGA under nitrogen of c-NCDs-13 (black line) and NCDs-1 (red line). 

 
The presence of aromatic domains in the structure of c-NCDs-13 was confirmed 
by means of 1H-NMR spectroscopy, indeed a set of signals between 7.1-7.5 ppm 
was present in the spectrum, which was tentatively attributed to the phenyl rings 
of DPEN-derived moieties embedded into the nanostructure (figure 4.6).  
 

 
Figure 4.6. 1H-NMR spectrum of c-NCDs-13 recorded in D2O in the presence of TFA. 

 
To support the presence of nanoparticles, bidimensional diffusion-ordered NMR 
spectroscopy (DOSY NMR) was employed to measure the diffusion coefficient 
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c-NCDs-13, which was referenced to the diffusion of D2O. The value of 2.9-7.2 
× 10-6 cm2 × s-1 obtained for c-NCDs-13 is smaller than the one obtained for 
D2O, namely 2.1 × 10-5 cm2 × s-1, thus supporting the presence of species with a 
higher molecular weight (figure 4.7).22–24  
Moreover, the similar diffusion coefficient observed for the peaks in the 
aromatic region and in the aliphatic region supports the idea that the protons 
associated with the two areas belong to the same species, since they diffuse with 
comparable coefficients.  
 

 
Figure 4.7. 2D-DOSY-NMR spectrum of c-NCDs-13 recorded in D2O in the presence of TFA. 

 
An aqueous dispersion of c-NCDs-13 at concentration of 3.3 mg/mL affords a 
pH of about 9, proving the presence of basic functional groups on c-NCDs-13. 
In order to evaluate the presence of primary aliphatic amines in the structure of 
c-NCDs-13, a KT at 120°C was performed providing a value of 1200 ± 100 
μmol/g (figure 4.8A) which is comparable to that of NCDs-1 (1350 ± 100 
μmol/g). Furthermore, as showed in figure 4.8B, only about 70% of primary 
amines estimated at 120°C are accessible at r.t.21,25  
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Figure 4.8. (A) Normalized absorption spectra recorded performing the KT on c-NCDs-13 at 120°C. (B) 
Representative kinetic traces observed at 570 nm while monitoring the KT on c-NCDs-13 at r.t. 

 
The presence of amino-groups on the surface of c-NCDs-13 was further 
corroborated by electrophoretic studies performed at pH 7.0 in phosphate buffer 
(experimental section 4.6.5). In fact, under the influence of the electric field, c-
NCDs-13 migrate toward the negative pole in accordance with the presence of 
protonated amines (figure 4.9). The same behavior of c-NCDs-13 was also 
observed performing the electrophoretic experiment at pH 4.0 in acetate buffer 
(figure 4.10). 
 

 
Figure 4.9. Post-electrophoresis photograph taken under UV light (365 nm) of the gel at pH 7.0 containing 
all the investigated c-NCDs and fluorescein as reference. 
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Figure 4.10. Post-electrophoresis photograph taken under UV light (365 nm) of the gel at pH 4.0 
containing all the investigated NCDs. NCDs-1 and fluorescein were employed as references.  

 
To gain additional information, acid/base backtitrations and Gran-Plot analysis 
were performed (figure 4.11). It was observed that only about 60% of the 
acid/base sites present in the starting materials were retained during the synthesis 
of c-NCDs-13 and this percentage is higher in comparison to the 21% measured 
for NCDs-1 (chapter 2, experimental section 2.5.3).21 This difference suggests a 
lower degree of polymerization as a consequence of replacing EDA with the 
more hindered 1R,2R-DPEN. 
 

 
Figure 4.11. (A) pH backtitration curve of c-NCDs-13 (1.1 mg/mL). (B) Gran Plot obtained from the data 
of figure 4.11A.  

 
4.3 Synthesis and characterization of enantiomeric c-NCDs-14 
 
The enantiomeric nanoparticles of c-NCDs-13, denominated as c-NCDs-14, 
were synthetized from the microwave-assisted carbonization of Arg and 1S,2S-
DPEN (figure 4.12). After the thermal treatment, the crude was filtered through 

(A) (B) 
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0.1 μm membrane and subsequently purified through dialysis (experimental 
section 4.6.2). Then, after freeze-drying, 70 mg of a yellow solid were obtained 
(36% of yield) and solubility tests were performed in different solvents. 
Similarly to c-NCDs-13, also in the case of c-NCDs-14 their solubility in water 
increases up to 10 mg/mL at pH 1 and 13 upon addition of aqueous solutions of 
HCl 0.1 M and NaOH 0.1 M, respectively. Conversely, the solubility appears to 
be low in organic solvents such as DMF, ethanol, methanol, dichloromethane 
and chloroform. 
 

 
Figure 4.12. Reaction scheme for the synthesis of c-NCDs-14. 

 
Concerning the optical properties of c-NCDs-14, UV-Vis was recorded in water 
(figure 4.13A) and the ε at 280 nm was measured providing a value of 0.87 L × 
cm-1 × g-1 (experimental section 4.6.3). Both UV-Vis spectral profile and ε 
resulted to be the same and similar to that of c-NCDs-13, respectively. 
Moreover, the ECD spectrum of c-NCDs-14 in water was recorded. A band at 
220 nm was observed, which is specular to that of c-NCDs-13, corroborating the 
synthesis of the enantiomeric nanoparticles (figure 4.13B).  
 

 
Figure 4.13. (A) UV-Vis spectrum of c-NCDs-14 recorded in water at r.t. (B) ECD spectra of c-NCDs-13 
(0.050 mg/mL, black line) and c-NCDs-14 (0.054 mg/mL, red line) recorded in water at r.t. 

 
The fluorescence spectrum of c-NCDs-14 (figure 4.14) shows, similarly to its 
enantiomer, a luminescence dependent from the excitation wavelength and the 
maximum emission intensity is observed at 356 nm when the sample is excited 
at 300 nm. Finally, the QY of c-NCDs-14 was measured, providing a value of 
0.065 (experimental section 4.6.3), that is comparable to that recorded for the 
enantiomer c-NCDs-13. 

(A) (B) 
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Figure 4.14. Fluorescence spectrum recorded at different excitation wavelengths (inset) of c-NCDs-13 
recorded in water at r.t. 

 
In addition to optical properties, 1H-NMR investigations were also performed on 
c-NCDs-14. The 1H-NMR spectrum of c-NCDs-14 shows aromatic signals 
between 7.1-7.5 ppm and a set of broad peaks in the aliphatic region as observed 
for c-NCDs-13 (figure 4.15). Furthermore, a diffusion coefficient of c-NCDs-14 
in the range between 3.3 × 10-6-7.3 × 10-6 cm2 × s-1 was measured with 2D-
DOSY-NMR experiments, which is comparable to the one reported for c-NCDs-
13 (figure 4.15). Finally, both diffusion coefficients are similar to that of NCDs-
1*, which is 4.2 × 10-6 cm2 × s-1.  
 

 
Figure 4.15. 1H-NMR spectrum of c-NCDs-14 recorded in D2O in the presence of TFA. 

                                                 
*Value reported in the master degree thesis of Mrs C. Lanfrit entitled “Sintesi, Caratterizzazione 
e Applicazioni in Amminocatalisi di Carbon NanoDots”, a.a. 2018/2019. 
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Figure 4.16. 2D-DOSY-NMR spectrum of c-NCDs-14 recorded in D2O in the presence of TFA. 

 
To investigate the acid/base properties of c-NCDs-14 the pH of its aqueous 
dispersion at concentration of 3.3 mg/mL was measured, providing a value of 
9.5. Considering that c-NCDs-14 arise from amine-rich precursors, a KT at 
120°C was performed in order to evaluate the amount of primary aliphatic 
amines. The KT resulted to be positive, affording a value of 1300 ± 200 μmol/g 
comparable to that of c-NCDs-13 (1200 ± 100 μmol/g). The amine accessibility 
at r.t. resulted to be 67% for c-NCDs-14 (figure 4.17A) and the number of 
retained acid/base sites resulted to be 60%, determined via backtitration and 
Gran plot analysis (figure 4.17B-C). Overall, all the acid-base properties and the 
analyses associated with KT resulted very similar between c-NCDs-14 and c-
NCDs-13. 
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Figure 4.17. (A) Representative kinetic traces observed at 570 nm while monitoring the KT on c-NCDs-14 
at r.t. (B) pH backtitration curve of c-NCDs-14 (1.1 mg/mL). (C) Gran Plot obtained from the data of figure 
4.17B. 

 
Finally, the electrophoresis carried out at pH 7.0 in phosphate buffer suggests 
that c-NCDs with similar surface composition were obtained regardless of 
DPEN enantiomer employed in the synthesis. In fact, both c-NCDs-13 and c-
NCDs-14, migrate in the same manner toward the negative pole (figure 4.9). 
 
4.4 Synthesis and characterization of achiral NCDs-15 
 
As control experiment, the achiral diastereomeric NCDs-15 were also 
synthesized from the microwave-assisted carbonization of Arg and m-DPEN 
(figure 4.18). 
 

 
Figure 4.18. Reaction scheme for the synthesis of NCDs-15. 

 
The reaction crude obtained after the thermal treatment was filtered through 0.1 
μm membrane and subsequently purified through dialysis (experimental section 
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4.4.2). Then, after the purification step, the solution was freeze-dried and a pale 
yellow powder was obtained in lower yield (22%) in comparison to the 
corresponding diastereomeric c-NCDs. 
In comparison to c-NCDs-13 and c-NCDs-14, NCDs-15 show an increased 
solubility in water, while it remains negligible in common organic solvents such 
as DMF, ethanol, methanol, dichloromethane and chloroform. 
The optical properties of NCDs-15 are comparable to that of c-NCDs-13 and c-
NCDs-14, indeed the UV-Vis spectrum of NCD-15 displays an intense 
absorption band in the UV region, with a shoulder at 280 nm and a tail in the 
visible region (figure 4.19A). The ECD spectrum of an aqueous solution of 
NCDs-15 was recorded (figure 4.19B). As expected, no optical activity was 
observed for NCDs-15, which are synthesized from the achiral m-DPEN. 
Consequently, this experimental data confirm that the specular chirality 
observed for c-NCDs-13 and c-NCDs-14 arises from DPEN-based units present 
in the obtained nanostructures. 
  

 
Figure 4.19. (A) UV-Vis spectrum of NCDs-15 recorded in water at r.t. (B) ECD spectra of c-NCDs-13 
(0.050 mg/mL, black line), c-NCDs-14 (0.054 mg/mL, red line) and NCDs-15 (0.053 mg/mL, blue line) 
recorded in water at r.t. 

 
Concerning the photoluminescence properties of NCDs-15, a luminescence 
dependent from the excitation wavelength is observed. In particular, the most 
intense emission band is observed at 365 nm, upon excitation at 300 nm (figure 
4.20). 
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Figure 4.20. Fluorescence spectrum recorded at different excitation wavelengths (inset) of NCDs-15 
recorded in water at r.t. 

 
A solution 3.3 mg/mL of NCDs-15 has a native pH of 9.4, proving the presence 
of basic groups. Part of these sites are likely primary aliphatic amines, which are 
disclosed by a positive KT carried out at 120°C, which afforded a value of 900 ± 
100 μmol/g. This value is slightly lower in comparison to the corresponding 
value observed for c-NCDs-13 and c-NCDs-14. Furthermore, 16800 ± 1500 
μmol/g of total acid/base sites have been identified in NCDs-15 via backtitration 
and Gran plot analysis (figure 4.21). The measured value is similar to those 
observed for c-NCDs-13 and c-NCDs-14, and corresponds to about 63% 
retained acid/base sites.  
 

 
Figure 4.21. (A) pH backtitration curve of NCDs-15 (1.1 mg/mL). (B) Gran Plot obtained from the data of 
figure 4.21A. 

 
To further investigate the surface properties of NCDs-15, an electrophoresis 
experiment in acetate buffer at pH 4.0 was performed. Broad luminescent spots 
were observed in the direction of the negative pole, consistent with the presence 
of protonated amino groups. The same electrophoretic behavior was also 
detected for the pair of enantiomers c-NCDs-13 and c-NCDs-14, demonstrating 
the similar surface composition of the nanoparticles presented in this chapter 
(figure 4.10). 
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4.5 Conclusions 
 
In this chapter the one-step synthesis and characterization of enantiomeric c-
NCDs has been presented. In particular, nano-sized photoluminescent and 
amine-rich chiral nanomaterials were obtained from molecular precursors in a 
fast and simple way without the need for any post-functionalization reaction. 
As seen for NCDs-1, which are prepared from Arg and EDA as starting 
materials, the chirality of the amino acid precursor is lost owing to the harsh 
experimental synthetic conditions, requiring high temperature and pressure. 
However, in the presence of enantiomeric chiral-DPEN molecules, 
nanomaterials with opposite chirality were obtained. Furthermore, as control 
experiment, the diastereomer NCDs-15 were also synthesized and characterized. 
These nanoparticles have similar surface composition in comparison to the 
enantiomeric pair of c-NCDs13 and c-NCD-14, but do not show any optical 
activity. 
The intrinsic chirality of CDs, in addition to their other interesting properties 
such as tunable fluorescence, ease of functionalization and biocompatibility, 
paves the way for new applications including chiral sensing and stereospecific 
interaction with biological systems. 
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4.6 Experimental section  
 
4.6.1 General information 
 
The microwave synthesis was performed on a CEM Discover-SP instrument. 
UV-Vis measurements were carried out on PerkinElmer Lambda 35 UV-Vis 
spectrophotometer. Fluorescence spectra were recorded on a Varian Cary 
Eclipse Fluorescence spectrophotometer. ECD spectra were recorded using 
Jasco J-810 spectrophotometer. 
All the spectra were recorded at r.t. using 10 mm path-length quartz cuvettes. 
AFM images were obtained with a Nanoscope IIIa, VEECO Instruments. As a 
general procedure to perform AFM analyses, tapping mode with a 
HQ:NSC19/ALBS probe (80kHz; 0.6 N/m) (MikroMasch) from drop cast of 
samples in an aqueous solution (concentration in the order of μg/mL) on a mica 
substrate was performed. The obtained AFM-images were analyzed in S3 
Gwyddion 2.35. TGA was performed with a TGA Q500 (TA instruments), under 
a flow of N2 (90 mL/min), following a temperature program consisting in the 
equilibration of the sample at 100°C for 10 minutes followed by a ramp of 
10°C/min up to 700°C. The sample amount ranged from 1 to 2 mg, exactly 
weighed.  
 
Materials. NCDs-1 were synthesized by following the procedure reported in 
chapter 2, section 2.5.2. Commercial reagents and solvents were purchased from 
Sigma-Aldrich, Fluka, Alfa Aesar, Riede-de Haёn, Fluorochem, VWR and used 
as received, unless otherwise stated.  
Dialysis tubes with molecular weight cutoff 0.5-1 kDa were bought from 
Spectrum Labs and the power supply for electrophoresis was bought from 
Consort (Model E844). Ultrapure fresh water obtained from a Millipore water 
purification system (>18MΩ Milli-Q, Millipore) was used in all experiments.  
Normex solution of HCl and NaOH were used for all the acid/base titrations. 
Acetic acid (glacial ≥99.7%) was used in the electrophoresis studies.  
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4.6.2 Synthesis of nitrogen-doped Carbon Nanodots 
 

c-NCDs-13 were synthesized using the same 
experimental conditions of NCDs-1 (experimental 
section 2.5.2). Typically, Arg (87.0 mg, 0.5 mmol, 1 
equiv.), 1R,2R-DPEN (106.14 mg, 0.5 mmol, 1 equiv.) 
and Milli-Q water (100.0 μL) were heated in a 

microwave reactor (200 W) at 240°C, 26 bar for 180 seconds (figure 4.1). In the 
process of microwave heating, the solution turns from colorless to brown as a 
result of the formation of c-NCDs-13. The solution was diluted with water and 
filtered through a 0.1 μm microporous membrane separating a deep yellow 
solution that was dialyzed against Milli-Q water through a dialysis membrane 
(0.5-1 kDa cut-off) for 2 days. The aqueous solution of c-NCDs-11 was 
lyophilized giving a yellow solid (c-NCDs-13: 75.0 mg). Key characterization 
data are reported in figures 4.2-11. 
 

c-NCDs-14 were synthesized using the same 
experimental conditions of NCDs-1 (experimental 
section 2.5.2). Tipically, Arg (87.0 mg, 0.5 mmol, 1 
equiv.), 1S,2S-DPEN (106.14 mg, 0.5 mmol, 1 equiv.) 
and Milli-Q water (100.0 μL) were heated in a 

microwave reactor (200 W) at 240°C, 26 bar for 180 seconds (figure 4.12). In 
the process of microwave heating, the solution turns from colorless to brown as 
a result of the formation of c-NCDs-14. The solution was diluted with water and 
was filtered through a 0.1 μm microporous membrane separating a deep yellow 
solution that was dialyzed against Milli-Q water through a dialysis membrane 
(0.5-1 kDa cut-off) for 2 days. The aqueous solution of c-NCDs-14 was 
lyophilized giving a yellow solid (c-NCDs-14: 70 mg). Key characterization 
data are reported in figures 4.13-17. 
 

NCDs-15 were synthesized using the same experimental 
conditions of NCDs-1 (experimental section 2.5.2). 
Tipically, Arg (87.0 mg, 0.5 mmol, 1 equiv.), m-DPEN 
(106.14 mg, 0.5 mmol, 1 equiv.) and Milli-Q water 
(100.0 μL) were heated in a microwave reactor (200 W) 

at 240°C, 26 bar for 180 seconds (figure 4.18). In the process of microwave 
heating, the solution changes from colorless to brown as a result of the formation 
of NCDs-15. The solution was diluted with water and was filtered through a 0.1 
μm microporous membrane separating a deep yellow solution that was dialyzed 
against Milli-Q water through a dialysis membrane (0.5-1 kDa cut-off) for 2 
days. The aqueous solution of NCDs-15 was lyophilized giving a yellowish 
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solid (NCDs-15: 43.0 mg). Key characterization data are reported in figures 
4.19-21. 
 
4.6.3 Determination of mass extinction coefficient and quantum yield. 
 
Both mass extinction coefficients (ε) and relative QY were measured on fresh 
solutions by following the procedure reported in chapter 3, section 3.9.5. 
 
4.6.4 Kaiser Test investigation and acid/base backtitration  
 
KT investigations (both at 120°C and at r.t.), acid/base backtitrations and 
quantification of the total number of acid/base sites were performed by 
following the procedures reported in chapter 2, section 2.5.3. 
The acid/base backtitrations of c-NCDs-13, c-NCDs-14 and NCDs-15 were 
performed dispersing a known amount of CDs (about 10 mg) in 3 mL of Milli-Q 
water. Subsequently, 6 mL of NaOH 0.1 M were added and the resulting 
solution was titrated with a 1 M solution of HCl. 
 
4.6.5 Electrophoretic studies  
 
For the electrophoresis studies, two agarose gels were prepared in two different 
buffers. The first buffer (A) at pH 7.0 was prepared by following the procedure 
reported in chapter 2, experimental section 2.5.4. The second buffer (B) was 
prepared by dissolving acetic acid and sodium acetate in Milli-Q water 
(CH3COOH 8.5 × 10-3 M and CH3COONa 1.45 × 10-3 M), providing a final pH 
of 4.0. The gel employed in each electrophoresis experiment, was freshly 
obtained mixing agarose (1 g) with 50 mL of the buffer solution (A or B, 50 mL, 
2wt%) and heating the resulting mixture at 100°C for 10 min. Then, the hot 
mixture was placed into the electrophoresis chamber allowing the gelation in 
situ. c-NCDs-13, c-NCDs-14 and NCDs-15 dispersions (total volume of 1 mL, 
concentration of 5 mg/mL) were prepared in the two buffers (A and B) for the 
electrophoretic studies. As a comparison, in every study a 1.68×10-4 M solution 
of fluorescein in either A or B was prepared, as well as a NCDs-1 dispersion 
(total volume of 1 mL, concentration of 50 mg/mL). In a typical electrophoresis 
experiment, 10 μL of each abovementioned mixture (CDs or fluorescein) were 
placed in the starting wells and the chamber was filled with the appropriate 
buffer solution. Then, a voltage of 100 V was applied for 15 min through a 
power supply, recording a typical electric current of 200 mA.  
Owing to the lower solubility in water of the NCDs studied in this chapter 
compared with NCDs-1, c-NCDs-13, c-NCDs-14 and NCDs-15 were employed 
at concentration of 5 mg/mL. 
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5  Solid-state luminescence of Carbon Nanodots§ 
 
5.1 Introduction 
 
In the last years CDs have attracted notable attention in the domains of 
bioimaging, photocatalysis, sensing and optoelectronics, owing to their 
properties such as fluorescence, photostability, low toxicity and ease of 
production, in comparison to conventional photoluminescent materials.1,2 For 
example, the inorganic semiconductor quantum dots, though highly luminescent, 
suffer of limited application in many fields as a consequence of their toxicity.3,4 
For the aforementioned reasons CDs could be ideal candidates for their 
application as components of LED, solar concentrators, sensors and in other 
photonic applications requiring luminescence in the solid-state.5-7 Unfortunately, 
CDs in the solid-state are in most cases not luminescent, owing to aggregation–
induced luminescence quenching in addition to their hygroscopicity that 
hampers their bare use as sensors.8,9 
These drawbacks can be overcome by dispersing CDs in inert solid matrices 
such as polyvinyl-pyrrolidone (PVP), polyvinyl-alcohol (PVA), polyhedral 
oligomeric silsesquioxane, gel glasses and silicon dioxide.10-13  
In the resulting nanocomposites, the typical fluorescence profile of CDs 
observed in solution is usually retained, while the emission intensity can be 
modulated by changing their concentration. Their limited exposure to external 
agents prevents possible damages. 
In this chapter, three CDs-based nanocomposites are studied: poly(methyl 
methacrylate) (PMMA)- based matrices, Si-based matrices, agar-based matrices. 
 
In relation to PMMA-based matrices, CDs-based nanocomposites for photonic 
applications are presented. In particular, the chapter focuses on PMMA/CDs 
hybrids for solar cells applications such as luminescent solar concentrator (LSC), 
that are usually thin plates or sheets made of transparent polymers, such as 
PMMA, doped with photoluminescent species. Direct and diffuse incident 
sunlight is absorbed by these species and the emitted visible light is guided 
through the polymer to be collected by an attached solar cell, increasing its 
efficiency.14 
                                                 
§This chapter is derived-with permission-from Amato, F.; Cacioppo, M.; Arcudi, F.; Prato, M.; 
Mituo, M.; Fernandes, G. Elizabeth; Carreño, N. P. Marcelo; Pereira, I.; Bartoli, R. Julio. 
Nitrogen-Doped Carbon Nanodots/PMMA Nanocomposites for solar cells applications. Chem. 
Eng. Trans. 2019, 74, 1105-1110 & Amato, F.; Prado, Soares M.C.; Destri, Cabral T.; Fujiwara, 
E.; Monteiro de Barros Cordeiro, C.; Criado, A.; Prato, M.; Bartoli, R. Julio. Toward an 
Agarose-based Fluorescent Waveguide Doped with Silica coupled to Carbon Nanodots for pH 
sensing, submitted. I’m particularly grateful to the collaborators of University of Campinas for 
the agarose gel waveguide fabrication and sensing measurements. 
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In general, the luminescent species embedded into LSC are organic dyes or 
inorganic quantum dots, which present disadvantages due to the 
photodegradation of the organic dyes or the toxicity of inorganic elements.15,16 
PMMA (figure 5.1), is an amorphous polymer widely used in many fields due to 
its relative low cost and good mechanical strength, weathering resistance and 
optical transmittance.17,18 
 

 
Figure 5.1. Chemical structure of PMMA. 

 
The down conversion fluorescence behavior of CDs and PMMA/CDs 
nanocomposites were characterized by photoluminescence spectroscopy, 
revealing high potential as low cost, stable and non-toxic luminescent polymeric 
materials for forthcoming works on the fabrication of solar concentrators or 
converting top-layers in silicon solar cells.  
Commercial silicon based solar cells show poor light harvesting performance 
under UV irradiation leading to poor quantum efficiencies in the UV region.19 
Most of the incident UV photons produce photogenerated carriers (electron-hole 
pairs) near the surface, which could easily recombine with defect sites in the 
depletion region, intermediary zone of the p-n junction in the solar cell where 
electric current is generated. Thus, PMMA/CDs nanocomposites could facilitate 
the down-conversion effect in silicon cells. Longer wavelengths photons in the 
visible light region can be absorbed, exciting carriers in the depletion region, 
leading to immediate photogenerated carrier separation due to the built-in 
electric field, thus leading to increased photovoltaic effect.19,20 The physico-
chemical behavior of solid-state matrices is extremely important in the 
development of any optoelectronic device. PVA and PMMA, although 
frequently employed in this field with satisfactory results, show some limitations 
in terms of ecosostenibility and their ease of manipulation during the device 
manufacture. PMMA/CDs nanocomposites, consist of rigid films whose 
manipulation is quite difficult and their production require non-green solvents 
such as chloroform and methanol.21 In some optoelectronic applications are 
required powders such as PVP and amino-clay doped with luminescent 
materials.10,22 Therefore the ability to control the consistency of the luminescent 
material is desirable. 
 
In regard to Si-based matrices, multiple nanocomposites have been investigated, 
which allowed to obtain either a luminescent powder or a luminescent gel. In 
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particular, materials prepared from tetraethyl orthosilicate (TEOS) and doped 
with NCDs-1, affording a fine powder, are presented. In addition, solid state 
matrices doped with NCDs-1 are also presented, which afford a gel-glass upon 
hydrolysis and polycondensation reactions of (3-aminopropyl)triethoxysilane 
(APTES). In both cases the obtained materials displayed solid-state 
luminescence, and the optimal amount of NCDs-1 loading was studied after the 
formation of films by spin coating or drop casting. 
 
In regard to agar-based matrices, the focus has been on low cost, ease of 
preparation and biocompatibility. Indeed multiple luminescent materials and 
matrix are commercially available for the production of photonic devices but, 
despite all of the different techniques and fabrication materials available for their 
production, the development of devices with low costs, minimized difficulties of 
fabrication, signal interpretation and high practicality is still needed.23,24  
On top of this, it is important to combine the solution of these problems with 
environmental care, producing biodegradable devices in less aggressive 
processes. In this context, the use of biocompatible hydrogels arises as a 
promising methodology for the fabrication of photonic devices.  
For instance, silk-based hydrogels have already been used for fabricating thin 
films, diffraction gratings and organic photonic crystals.25,26 
This innovative approach could allow to obtain medical implantable sensors 
with reduced undesirable effects compared with the traditional silica optical 
fibers, which include the formation of sharp edges that can inflame the implant 
region.27,28  
Hydrogel-based waveguides combine, then, the electromagnetic interference 
shielding to the possibility of miniaturization, allowing the detection of different 
parameters with high sensitivity.29 They usually explore the properties of the 
hydrogels as response to different parameters, including pH, temperature, ionic 
strength, and concentration of analytes such as glucose, proteins and DNA. 
These different potential applications in industrial biotechnology, environmental 
monitoring and biosensing can be also increased by doping the polymeric matrix 
with luminescent agents.23,30,31 
Doping waveguide with luminescent nanoparticles produces variations in light 
transmission pattern due to fluorescence and other light-matter interaction 
phenomena. 
It was demonstrated, for example, the possibility of producing step-index 
cylindrical optical fibers by coating a polyethyleneglycol (PEG) core with an 
alginate layer. These materials allowed the guiding of light inside living tissues, 
and were doped with fluorophores and Au nanoparticles. Both kinds of doping 
allowed the sensor to selectively detect the tetrameric glycoprotein Avidin.32 
A PEG optical fiber was also doped with CdTe functionalized quantum dots 
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(QDs) for monitoring Fe3+ ions.33 Practical applications of these devices are 
limited by the fact that inorganic nanoparticles like the semiconductor QDs 
usually present high toxicity, which might be overcome by their substitution by 
CDs.23,34 
Here, the fabrication of a biodegradable and fluorescent cylindrical waveguide 
with a-SiO2/CDs hybrid nanoparticles is reported. The fluorescent hybrids were 
obtained by covalent coupling of amino-functionalized fumed silica 
nanoparticles (a-SiO2) with the carboxylic acid surface groups of CDs-6. 
The resulting hybrid nanomaterials show fluorescence dependent from the 
excitation wavelength, and are less hygroscopic when compared to conventional 
CDs, facilitating their manipulation. The a-SiO2/CDs-6 hybrid nanoparticles 
were occluded into an agarose matrix, providing a low cost and easily scalable 
sensor capable of detecting pH variations.  
 
5.2 Synthesis and characterization of PMMA/CDs nanocomposites 
 
NCDs-1 synthesized from Arg and EDA, previously described in chapter 2, 
were employed for the preparation of nanocomposites with PMMA.35 In 
particular, nanocomposites of PMMA/NCDs-1 were prepared by a solution 
blending method, followed by film casting at r.t. and solvent evaporation 
overnight (o.n.). 
NCDs-1 are highly soluble in polar solvents, such as water or methanol, but 
PMMA is soluble in nonpolar solvents, such as chloroform. In order to obtain a 
homogenous dispersion of NCDs-1 in the PMMA solution, several ratio of 
chloroform/methanol volume were investigated for NCDs-1 and the use of 2:1 
(v/v) ratio afforded the best results. The obtained transparent mixture was 
exposed to a 365 nm radiation and showed the characteristic blue fluorescence 
of NCDs-1. Evaporation of the obtained mixture affords luminescent films. In 
order to observe the maximum luminescence intensity, the amount of NCDs-1 in 
the matrices was optimized by preparing nanocomposites with a weight 
percentage of NCDs-1 with respect to PMMA of 0.1 and 1wt% (experimental 
section 5.8.2). The fluorescence spectrum recorded using different excitation 
wavelengths of an aqueous solution of NCDs-1 is shown in figure 5.2. A broad 
emission peak at 356 nm is observed when the sample is excited at 300 nm and 
the fluorescence peak shifts from 356 to 474 nm as the excitation wavelength 
changes from 300 to 420 nm. The intensity of the emission peak decreases as the 
peak red shifts. The excitation dependence of photoluminescence of NCDs-1 is 
probably due to the different fluorophores and functional groups that are present 
in the material.35,36 
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Figure 5.2. Fluorescence spectrum of NCDs-1 in water recorded at different excitation wavelengths (inset). 

 

 
Figure 5.3. (A) Fluorescence spectrum of PMMA/NCDs-1 0.1wt% nanocomposite film recorded at the 
excitation wavelengths reported in the inset. (B) Fluorescence spectrum of PMMA/NCDs-1 0.01wt% 
nanocomposite film recorded at the excitation wavelengths reported in the inset. 

 
The fluorescence spectrum of the PMMA/NCDs-1 nanocomposite film with 
0.1wt% of NCDs-1 content is shown in figure 5.3A. When the nanocomposite 
film is excited from 300 to 320 nm wavelength, it is observed a broad emission 
peak around 450 nm. Therefore, the solid-state photoluminescence analysis 
showed a different fluorescent behavior for NCDs-1 embedded in the PMMA 
matrix in comparison to their fluorescence in aqueous solution. This difference 
indicates the presence of a matrix effect resulting in quenching and modification 
of the emissive domains of NCDs-1. 
The fluorescence spectrum of the PMMA/NCDs-1 nanocomposite film with 
0.01wt% NCDs-1 is shown in figure 5.3B. Again, a broad emission peak around 
450 nm was observed when excited from 300 to 320 nm wavelength and a low 
intensity band is detected at 330 nm excitation. Higher fluorescence intensities 
were measured in the nanocomposite with a 10 times lower content of NCDs-1 
(0.01wt%), as showed for the 310 nm excitation wavelength in figure 5.4. 
 

(A) (B) 
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Figure 5.4. Fluorescence spectrum of PMMA/NCDs-1 nanocomposite film with 0.1wt% (black) and 
0.01wt% (red) of NCDs-1 excited at 310 nm. 

 
Moreover, the stability of the nanocomposite film with 0.01wt% of NCDs-1 was 
proved by performing fluorescence measurements on the film one year after its 
preparation, which afforded comparable results. 
 
5.3 Synthesis and characterization of Silica/CDs nanocomposites  
 
Silicon dioxide (SiO2), known as silica, is an electric insulator of white color that 
is synthetized through Stöber reaction, i.e. from hydrolysis and 
polycondensation reactions of TEOS usually performed in alkaline medium 
(figure 5.5).37 
 

 
Figure 5.5. Reaction scheme of the Stöber reaction, for the silicon dioxide synthesis. The reaction is 
usually performed in alkaline medium. 

 
NCDs-1 were employed as an additive, introducing them to the alcoholic TEOS 
solution. By following the Stöber reaction described in figure 5.5, silica doped 
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with NCDs-1 has been obtained (figure 5.6). Thanks to this synthetic method 
NCDs-1 are embedded in a silica-based network that prevents their aggregation 
and fluorescence quenching. 
 

 
Figure 5.6. Reaction scheme for the synthesis of Silica/NCDs-1 nanocomposite. 

 
Starting from a transparent and colorless TEOS solution, NCDs-1 were added to 
the mixture followed by NH4OH. After stirring overnight, a turbid mixture is 
observed, which afforded a fine pale yellow powder was obtained after freeze-
drying (experimental section 5.8.3).  
The solid-state luminescent of samples was explored preparing samples by re-
dispersing in Milli-Q water the obtained powder and drop-casting or spin-
coating it on glass microscope substrates, providing respectively d-Silica/NCDs-
1 and s-Silica/NCDs-1 samples (figures 5.7A and 5.8A, respectively).38 In both 
cases a solid-state emission is clearly observed, although the spin-coated sample 
s-Silica/NCDs-1 does not appear uniform. As a control experiment, bare silica 
was also prepared in the same experimental conditions of the nanocomposites, 
i.e. without adding NCDs-1 (figures 5.7B, 5.8B). 
 

 
Figure 5.7. (A) Drop-casted d-Silica/NCDs-1 sample on a glass surface and (B) control experiment using 
drop-casted d-Silica sample without NCDs-1, observed under UV excitation at 365 nm. 

 

(A) (B) 
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Figure 5.8. (A) Spin-coated of s-Silica/NCDs-1 sample on a glass surface and (B) control experiment using 
spin-coated s-Silica sample without NCDs-1, observed under UV excitation at 365 nm. 

 
The luminescence of the sample s-Silica/NCDs-1 shown in figure 5.8A was 
characterized with fluorescence spectroscopy (figure 5.9). The maximum 
emission intensity was observed around 400 nm, upon excitation in the 300-350 
nm range. 
 

 
Figure 5.9. Solid-state emission spectrum of s-Silica/NCDs-1 recorded at the excitation wavelengths 
reported in the inset. 

 
Although samples derived from TEOS do not afford uniform films, the amount 
of NCDs-1 content was optimized to maximize the luminescence. The amount 
of NCDs-1 added to the TEOS solution was changed, (table 5.1, samples sI-
IIISilica/NCDs-1). For each sample also the amount of sample re-dispersed in 
Milli-Q water prior to deposition was changed, dispersing 5 or 20 mg/mL, i.e. 
two depositions were made for each entry in table 5.1. 
  

(A) (B) 
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Table 5.2. s-Silica/NCDs-1 samples prepared to optimize NCDs-1 loading into TEOS-derived matrices. 

Sample NCDs-1 (mg) V TEOS (mL) 
wt%  

(NCDs-1/Si) 
sI-Silica/NCDs-1 1.00 0.6 1.31 
sII-Silica/NCDs-1 3.20 0.6 4.20 
sIII-Silica/NCDs-1 10.00 0.6 13.15 
 

 
Figure 5.10. Solid-state emission spectrum of sample sI-Silica/NCDs-1 spin-coated from (A) a 5 mg/mL 
dispersion and (B) a 20 mg/mL dispersion. The excitation wavelengths are reported in the insets of each 
spectrum. 

 

 
Figure 5.11. Solid-state emission spectrum of sample sII-Silica/NCDs-1 spin-coated from (A) a 5 mg/mL 
dispersion and (B) a 20 mg/mL dispersion. The excitation wavelengths are reported in the insets of each 
spectrum. 

 
 
 

(A) (B) 
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Figure 5.12. Solid-state emission spectrum of sample sIII-Silica/NCDs-1 spin-coated from (A) a 5 mg/mL 
dispersion and (B) a 20 mg/mL dispersion. The excitation wavelengths are reported in the insets of each 
spectrum. 
 
Using silica-matrices to disperse NCDs-1, the only sample that provided a 
clearly detectable luminescence signal was sample sIII-Silica/NCDs-1 that is 
the most concentrated. This is likely a consequence of the little amount of 
material that remains on the slide using the spin-coating technique. The loading 
of NCDs-1 in sample sIII-Silica/NCDs-1 is close to the maximum amount that 
can be employed, because NCDs-1 are poorly dispersible in ethanol. Overall, 
using silica-based matrices it has been difficult to obtain homogeneous films 
(figure 5.8A). 
 
5.4 Synthesis and characterization of Aminosilane/CDs nanocomposites 
 
Stöber reaction affords a white-solid silica powder, which has limited handling 
for fluorescent films preparation. 
A homogeneous film, was instead obtained from hydrolysis and 
polycondensation reactions of APTES in a mixture of Milli-Q water and ethanol 
with NCDs-1, obtaining Aminosilane/NCDs-1 nanocomposite which appears as 
a viscous colorless gel that affords a glass upon complete solvent evaporation 
(figure 5.13).  
The nanocomposite gel Aminosilane/NCDs-1 can be both drop-casted or spin-
coated affording d-Aminosilane/NCDs-1 and s-Aminosilane/NCDs-1 samples, 
respectively. A control gel was also synthesized using the same procedure, but 
without adding NCDs-1. Initially, glass slides were employed in order to deposit 
the gel as shown below, using the drop-casting method. (figure 5.14). 
 

(A) (B) 
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Figure 5.13. Reaction scheme for the synthesis of gel glasses Aminosilane/NCDs-1. 
 

 
Figure 5.14. (A) Aminosilane gel dried without NCDs-1 (A) and (B) d-Aminosilane/NCDs-1, observed 
under UV excitation at 365 nm. 

 
In order to gain additional information about the luminescence of the glass slides 
shown in figure 5.14, solid-state fluorescence measurements were performed. In 
the gel dried without NCDs-1, that is the control experiment, only scattered light 
was observed (figure 5.15A). Conversely, a luminescence dependent from 
excitation typical of NCDs-1 was observed for d-Aminosilane/NCDs-1 (figure 
5.15B). 
 

 
Figure 5.15. (A) Solid-state fluorescence spectra of gel dried without NCDs-1 and (B) solid-state 
fluorescence spectra of gel dried d-Aminosilane/NCDs-1. The excitation wavelengths are reported in the 
insets of each spectrum. 

 

(A) (B) 

(A) (B) 
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To compare the luminescence of samples with different loading of NCDs-1, the 
spin-coating technique was used, employing a deposition protocol that afforded 
reproducible results (deposition of 1 mL of pre-concentrated sample, at 5000 
rpm for 30 s).38 To determine the optimal NCDs-1 loading and therefore to 
maximize the luminescence, samples sI-IV-Aminosilane/NCDs-1 were 
prepared at different concentration of NCDs-1 (table 5.2), which were then spin-
coated. Each luminescent glass has been prepared three times in order to verify 
its reproducibility. 
 
Table 5.3. Samples prepared to optimize NCDs-1 loading into APTES-derived matrices. 

sample 
NCDs-1 

loading (mg) 

 
V APTES 

(mL) 
wt% 

(NCDs-1/Si) 
sI-Aminosilane/NCDs-1 3.34 5 0.56 
sII-Aminosilane/NCDs-1 10.00 5 1.66 
sIII-Aminosilane/NCDs-1 16.80 5 2.80 
sIV-Aminosilane/NCDs-1 21.24 5 3.54 

 

 
Figure 5.16. Solid-state emission spectrum recorded at different excitation wavelengths of (A) sample sI-
Aminosilane/NCDs-1, (B) sample sII-Aminosilane/NCDs-1, (C) sample sIII-Aminosilane/NCDs-1, (D) 
sample sIV-Aminosilane/NCDs-1. The excitation wavelengths are reported in the insets of each spectrum. 

 

(A) (B) 
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All samples display solid-state luminescence (figure 5.16A-D). The brighter 
emission is observed around 380 nm, exciting the sample at 320 nm. The 
emission intensity vs. NCDs-1 loading is reported in figure 5.17. sI-
Aminosilane/NCDs-1 and sII-Aminosilane/NCDs-1 samples afford a similar 
emission intensity of the highest band localized at 380 nm. On the other hand, 
sample sIII-Aminosilane/NCDs-1 and sIV-Aminosilane/NCDs-1 shows higher 
emission intensities. However in the case of sIV-Aminosilane/NCDs-1 the 
deposition provides an inhomogeneous film (figure 5.17, red dot). 
Overall the preferable NCDs-1 loading is 2.80 wt%. 
 

 
Figure 5.17. Maximum emission intensity (380 nm) at increasing of NCDs-1 loading. 

 
5.5 Synthesis and characterization of a-SiO2/CDs hybrids 
 
Carboxyl-rich CDs-6 synthesized from the thermolysis of CA (chapter 2, 
experimental section 2.5.2) were coupled to a-SiO2 nanoparticles (experimental 
section 5.8.5) through an amidic coupling affording the a-SiO2/CDs-6 hybrids 
according to the reaction scheme depicted in figure 5.18.  
 

 
Figure 5.18. Reaction scheme for the synthesis of a-SiO2/CDs-6 hybrids. 

 
The coupling reaction was performed in anhydrous DMF and in presence of 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC•HCl) and 
N-hydroxysuccinimide (NHS) under stirring at 70°C for 48 h. Subsequently, 
DMF was removed and Milli-Q water was added. In order to purify the product, 
two cycles of centrifugation were performed then supernatants were discharged 
and the product collected as precipitated (experimental section 5.8.6).  
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The TEM image of the hybrids (figure 5.19) shows aggregates formed by 
primary particles with sizes lower than 10 nm. 
 

 
Figure 5.19. TEM image of a-SiO2/CDs-6 hybrids. Scale bar: 100 nm. 

 
As a first step, in order to prove the amidic coupling, a KT on a-SiO2/CDs-6 
hybrids has been performed at 120°C, providing a value of 145 µmol/g that is 
lower in comparison to the KT value of a-SiO2 (920 µmol/g).  
In order to investigate the optical properties of the a-SiO2/CDs-6 hybrids, both 
UV-Vis and fluorescence spectra were recorded. In the former, a very extended 
absorption between 300-700 nm was observed, conversely to CDs-6 which 
shows a strong absorption in the UV region and a low-intensity band in the 
visible region (chapter 2, section 2.5.2 and figure 5.20). 
The fluorescence spectrum of a-SiO2/CDs-6 hybrids recorded in water shows, in 
comparison to CDs-6, approximately the same emission behavior dependent on 
the excitation wavelength, albeit with lower emission intensity (figure 5.21). 
Moreover, the fluorescence emission peak of the hybrids shifts from 450 to 560 
nm when the excitation changes from 300 to 500 nm. The peak intensities also 
decrease as they red-shift, a behavior previously observed for other CDs.39,40 
Again, the groups present on the surface of the CDs significantly affect the 
fluorescence properties.35,39 
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Figure 5.20. UV-Vis spectra of CDs-6 (black) and a-SiO2/CDs-6 hybrids (red) recorded in water. 

 

 
Figure 5.21. Fluorescence spectra of (A) carboxylate CDs-6 and (B) a-SiO2/CDs-6 hybrids recorded at 
different excitation wavelengths in water. The excitation wavelengths are reported in the insets of each 
spectrum. 

 
The FT-IR spectrum of CDs-6 reveals the presence of carboxylic acid groups on 
the carbon nanoparticles, owing to the presence of an intense band at 1718 cm-1 
that disappears upon addition of NaOH. In fact, in the carboxylates CDs-6, two 
intense bands at 1399 and 1572 cm-1 corresponding to the symmetrical and 
asymmetrical stretches of the carboxylate group are present, as shown in figure 
5.22A (red and black lines).41 
The FT-IR results (figure 5.22B) reveal also the chemical modifications of the 
silica nanoparticles after functionalization to afford the corresponding amino-
functionalized a-SiO2 and the a-SiO2/CDs-6 hybrids after amidation coupling 
with CDs-6. The FT-IR spectrum of silica exhibits the three main absorption 
bands at 1100, 805 and 480 cm-1, which are assigned to the asymmetric 
stretching, symmetric stretching and bending motions of the Si-O-Si bonds, 
respectively and the broad band of hydroxyls at 3440 cm-1 was observed.42 As 
expected, absorption bands related to amino and aliphatic groups were observed 
after the amino-functionalization to afford a-SiO2. Bands assigned to C-N 
stretching vibrations at 1044 cm-1, N-H bending vibrations at 1445 and 1600 cm-

1, and C-H stretch at 2881 and 2932 cm-1 were observed.41 Moreover, the 
covalent bond between the a-SiO2 nanoparticles and the carboxylic-rich CDs-6 
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was confirmed by the absorption bands at 1225 cm-1 relative to C-O stretching 
vibrations, C-O-H bending at 1380 cm-1, strong stretching of carbonyls C=O at 
1715 cm-1, and C-H stretching at 2930 cm-1. Very broad stretching vibration 
band of O-H groups at 3440 cm-1 were observed in all spectra, being more 
intense after the coupling reaction.41,42 
 

 
Figure 5.22. (A) FT-IR spectra of CDs-6 with (red) and without (black) treatment with NaOH. (B) FT-IR 
spectra of SiO2, a-SiO2 and a-SiO2/CDs-6 hybrids. All spectra were recorded in KBr pellets. 

 
TGA analysis showed almost no mass variation for SiO2 nanoparticles (figure 
5.23, black line). This was expected, since the thermal range does not include the 
temperatures required for phase transition, and there are no organic groups to 
degrade.43,44 On the other hand, the TGA assessed the significant organic 
contents of the silica after the amino-functionalization (a-SiO2) and after the 
coupling reaction with the CDs (a-SiO2/CDs-6). The relative residual masses for 
the a-SiO2 nanoparticles and a-SiO2/CDs-6 hybrids were around 60% and 40% 
at 700°C, respectively. Both a-SiO2 and a-SiO2/CDs-6 nanoparticles show mass 
losses (figure 5.23, red and blue lines) between 360°C and 650°C that are related 
to the decomposition of alkyl-amino groups. The curve of a-SiO2/CDs-6 hybrids 
also shows a thermal event between 140°C and 350°C, which is attributed to the 
decomposition of CDs-6. 
 

 
Figure 5.23. TGA performed under nitrogen of SiO2 (black), a-SiO2 (red) and a-SiO2/CD-6 hybrids (blue). 
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To better under understand the chemical composition of the obtained materials, 
XPS measurements were performed.  
In the case of CD-6, the XPS spectrum indicates atomic fractions of 68.1% for C 
and of 31.9% for O and the C1s and O1s spectra show the bonds presents that 
are C-C, C=C, C-O, and C=O (figure 5.24). 
 

 
Figure 5.24. (A) XPS spectrum of CDs-6. Core-level XPS spectra (B) C1s and (C) O1s of CDs-6. 

 
In the case of a-SiO2 nanoparticles the XPS spectrum (figure 5.25A) indicates 
the following atomic fractions: 39.3% C, 27.2% O, 8.2% N and 25.3% Si. 
Moreover, the high-resolution XPS spectra C1s, N1s, O1s and Si2p in turn 
(figure 5.25B-E), show the presence of C-C, C-O, C-N, and C-NH2+ bonds in the 
amino-functionalized silica structure. 
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Figure 5.25. (A) XPS spectrum of a-SiO2. Core-level XPS spectra (B) C1s, (C) O1s, (D) N1s and (E) Si2p 
of a-SiO2. 

 
Finally, in the a-SiO2/CDs-6 hybrids, the following atomic percentages were 
found: 74.3% C, 19.9% O, 4.3% N, and 1.5% Si (figure 5.26A) and the high 
resolution XPS spectra C1s, N1s, O1s and Si2p confirm the functionalization, by 
showing the presence of the bonds C-C, C=C, C-O, C=O, N-C, N=C, and Si-O 
(figure 5.26B-E). 
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Figure 5.26. (A) XPS spectrum of a-SiO2/CDs-6 hybrids. Core-level XPS spectra (B) C1s, (C) O1s, (D) 
N1s and (E) Si2p of a-SiO2/CDs-6 hybrids. 
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5.6 a-SiO2/CDs hybrids as pH-sensors 
 
Aqueous dispersions at 1.2wt% of a-SiO2/CDs-6 hybrids (initial pH of 4.30) 
were employed for pH-monitoring tests (experimental section 5.8.7) and the 
measurements were performed using the experimental setup shown in figure 
5.27, which exploited a LED as light source (λ = 403 nm). The hybrid 
concentration of 1.2wt% was chosen to provide an adequate balance between the 
total fluorescence intensity and the LED attenuation by the particles scattering. 
 

 
Figure 5.27. Experimental setup used in pH monitoring experiments. 

 
Upon variation of the solution pH, the wavelength of maximum emission 
intensity changed, as reported in figure 5.28. Data were fitted using a cubic 
polynomial function relating the maximum wavelength (λ) to the pH according 
to equation 5.1: 
 

λ = 467.23 + 20.17pH - 3.45pH2 + 0.20pH3 
Equation 5.1 

 
Using this relation (R2 = 0.91) makes it is possible to optically monitor the 
solution pH. It is also interesting to note that the increase of the pH leads to a 
red-shift of the emitted fluorescence. Besides that, the fluorescence is stable and 
reversible in relation to the pH. Indeed, the wavelength of maximum emitted 
intensity returns to its previous value by reverting the pH to the initial value. 
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Figure 5.28. Wavelength of maximum emitted fluorescence as function of pH for the aqueous dispersion of 
the a-SiO2/CDs-6 hybrids. The inset shows the linear portion of the curve (pH ranging from 6 to 10).  

 
Moreover, it can be noticed that, as the pH gets closer to 2, the curve reaches a 
signal baseline. It leads to a drop of the sensitivity and makes it difficult to 
perform readings for more acid media. As the pH is raised to 12, in turn, it is 
observed that there is an increase on both the noise of the observed fluorescence 
spectra and of the dispersion of data showed in figure 5.28. 
The red-shift observed may be interpreted in terms of interactions between 
nanoparticles, solvent and the consequent modifications of the excited-state 
stability. According to Sciortino et al.,45 the CDs emission energies show a 
notable and systematic dependence with the solvent characteristics, as well as a 
strong response of the photoexcited particles to the establishment of hydrogen 
bonds. Similar effects may be involved in the behavior observed for a-
SiO2/CDs-6 hybrids, in analogy to other acid CDs cited.45-47 
The inset of figure 5.28 reveals a portion of the curve between pH 6 and 10 
which can be fitted by a linear polynomial λ = 480.95 + 4.53pH with R² = 0.95. 
Performing the derivative of this linear portion allows to determine the 
sensitivity (i.e., the rate of variation of the signal in relation to the measured 
parameter) of the a-SiO2/CDs-6 hybrids dispersions for the detection of pH 
changes, that results 4.53 nm/(pH units).48 
Once the possibility of using the hybrids as pH nanoprobes in water was 
verified, the a-SiO2/CDs-6 hybrids were used for the fabrication of a 
biodegradable and biocompatible pH-sensing device. For this purpose, a-
SiO2/CDs-6 hybrids (0.30wt%) and agarose (2.90wt%) were mixed in Milli-Q 
water, heated close to the boiling point (experimental section 5.8.8), and 
introduced into cylindrical molds for curing at ~10ºC. This procedure afforded a 
fluorescent agar waveguide (figure 5.29). An agar cylinder containing no 
hybrids was simultaneously fabricated under the same conditions and used for 
comparison. 
The light transmission spectra of both the doped waveguide and of the agar 
containing no nanoparticles were obtained by transmitting a supercontinuum 
laser through the materials. Finally, the same test of analyzing the maximum 
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emitted wavelength with pH (excitation by a 403 nm LED) performed for the 
aqueous suspensions was repeated. 
 

 
Figure 5.29. Schematic representation of the agarose waveguide doped with the a-SiO2/CDs-6 hybrids. 

 
In figure 5.30 are compared the agar cylinders prepared without and with the 
hybrids, and their cross-sections. It is possible to notice that the inclusion of the 
hybrids reduces the transparency of the waveguide and gives a brown color. The 
employed proportion of a-SiO2/CDs-6 hybrids, agarose, and water was selected 
as a result of a screening, during which the waveguide refractive index and 
numerical aperture (a measure its efficiency of guiding) were monitored. The 
optimized refractive indexes were 1.3346 (sample containing only agar) and 
1.3341 (agar with hybrids). Both indices are very close to the Milli-Q water 
index that is 1.3330 (evaluated using the same apparatus). This similarity can be 
ascribed to the high adsorption of H2O on the hydrophilic polymers and on the 
surfaces of hybrids. The slight refractive index decrease observed when 
occluding the nanoparticles may indicate an expansion of the reticule, causing a 
small decrease of density, or that more water is included due to the presence of 
the hygroscopic hybrids. On the other hand, both refractive indices are higher 
than that of air that is close to 1, so light may be guided thanks to total internal 
reflectance, as represented in figure 5.29.49  
A numerical aperture of 0.833 was obtained for the conduction of light by the 
doped agar under air atmosphere. This value is much higher than the one 
typically observed for single-mode glass fibers, that is 0.1. The operation of the 
waveguide immersed in water is also possible, but the guiding efficiency is 
lower, as indicated by a numerical aperture of 0.054. 
The optimized conditions afforded a waveguide with mechanical consistency 
combined with sufficient optical transparency. Indeed, despite of the opacity and 
of the presence of optical attenuation by both the hybrids and by the agarose 
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macromolecules, transmission and guiding of light remains effective. 
 

 
Figure 5.30. (A) General aspect of the agar waveguide without a-SiO2/CDs-6 hybrids. (B) Cross-section of 
the agar waveguide without a-SiO2/CDs-6 hybrids. (C) General aspect of the waveguide with occluded a-
SiO2/CDs-6 hybrids. (D) Cross-section of the waveguide with occluded a-SiO2/CDs-6 hybrids.  

 
When the nanoparticles are stimulated by a 403 nm LED, fluorescence is 
emitted, as previously verified (figure 5.21B). When testing the waveguide prior 
to analyzing its pH response, it was also verified that the luminous signals 
showed no differences of wavelength of maximum emitted fluorescence 
regarding their collection from different positions (collection from the 
waveguide end-face or from the sidewalls of the agar cylinders). Therefore, the 
configuration that maximized the detected intensity (setup with light transmitted 
and collected on the end-face, figure 5.29) was chosen for the tests, and the 
intensities were normalized for retrieving the wavelength information 
corresponding to each pH. 
 

 
Figure 5.31. (A) Intensity of light transmitted by the source and by the waveguides, upon excitation with 
the supercontinuum laser. The highlighted region corresponds to the fluorescence of a-SiO2/CDs-6 hybrids. 
(B) Fluorescence spectra of the a-SiO2/CDs-6 hybrids at excitation wavelength of 403 nm (when dispersed 
in water and when occluded into the agarose matrix), at pH 4.30. 

 
The figure 5.31A presents the normalized spectra of the light transmitted by the 
waveguides when they are excited by the supercontinuum laser. It is possible to 

(C) (D) 

(A) (B) 

(A) (B) 
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notice that, until ~700 nm, both the agar and the doped-agar cylinders follow 
approximately the same pattern of the light source. Then, after 700 nm, the curve 
for the doped waveguide surpasses the agar curve as evident from the 
highlighted region. This observed phenomenon reflects a balance between the 
fluorescence emitted by the nanoparticles and the mechanisms of absorption and 
scattering of the polymer, water molecules, and other species. On the other hand, 
figure 5.21B shows that excitations at wavelengths above 400 nm resulted in 
fluorescent emissions extending over 700 nm for the hybrid dispersed in water, 
and shifts of the spectra are expected when modifying the medium from water to 
agar. 
As discussed, before the first addition of NaOH, the pH of the hybrid suspension 
in water is acid (4.30) due to the presence of the carboxylic groups on their 
surface. The pH of the water used to keep the doped waveguides swollen (i.e., 
the water maintained in equilibrium with the waveguides, prior to the sensing 
tests), in its turn, is less acidic (pH = 5.59). 
The agarose molecular structure does not contain groups that directly change the 
pH, so this pH variation was not expected from the chemical structure.49 It is 
probably consequence of the lower concentration of hybrids used for the 
fabrication of a waveguide with sufficient transparency (0.30wt% vs. 1.2wt%) 
and of the influence of the hydrogel matrix on the acidic equilibrium of the 
nanohybrids. The analysis of this equilibrium is beyond the scope of this Thesis, 
and could be the subject of additional studies. 
A red-shift of the maximum intensity peak of fluorescence is observed for the 
hybrids occluded into the hydrogel. This effect was observed at all of the tested 
pH.50 As an example of this behavior, figure 5.31B shows the spectra collected 
at pH 4.30. It is also observed a higher noise associated with the signal of the 
doped-waveguide. 
It is known that the solvatochromic shifts resulting from the enclosure of 
fluorescent species into rigid media are complex phenomena. The observed shift 
is dependent on the method used for preparing the matrix and on the technique 
applied to the incorporation of the fluorophores. For soluble polymers, in 
particular, an increase on the medium’s polarity, or on the intensity of the solute-
matrix hydrogen bond, interactions may result on the reduction of the energy 
difference between the ground and the excited states, red-shifting the emission.50 
Then, the red-shift observed on figure 5.31B may be explained as previously 
done by other authors analyzing the stability increase seen occluding CDs into 
hydrogels with plenty of oxygen and hydroxyl groups. For PVA, for example, 
the matrix networks form many hydrogen bonds with the polar groups of CDs. 
The same phenomenon is expected to take place between the agarose C-OH and 
C-O-C groups and the a-SiO2/CDs-6 hybrids. 
According to Jiang et al., the presence of these strong interactions is the 
responsible for stabilizing the excited states of CDs in PVA.51 In some cases, 
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this effect may be sufficiently intense to result even on phosphorescence or on 
delayed fluorescence.51 
Contrary to what was observed for the aqueous dispersion, the agar waveguide 
shows an inversion point for the results of maximum emitted wavelength (figure 
5.32A), which is again probably due to the interaction of the hybrids with the 
hydrogel matrix. The critical point obtained was the one corresponding to the pH 
of the water initially in equilibrium with the agar, used to keep the device 
swollen (initial pH of 5.59). The wavelengths corresponding to the maximum 
emitted fluorescence showed reversibility in relation to the pH, and the results 
were reproducible. The waveguide was maintained immersed in water and the 
pH of the aqueous system was increased adding NaOH, and subsequently 
decreased by the addition of acid (experimental section 5.8.9).  
The data showing the pH dependence of emission wavelength are reported in 
figure 5.32A and were fitted by a 3th degree polynomial correlating the 
maximum wavelength (λ) to the pH, according to equation 5.2:  
 

λ = 474.21 + 48.50pH - 7.03pH2 + 0.30pH3 
Equation 5.2 

 
However, the bell-shaped profile (R2 = 0.83) prevents the use of this sensor for 
the whole range, while it could be potentially used to monitor pH values 
between 6 and 10, in which the variation is linear, facilitating the analysis. 
 

 
Figure 5.32. (A) Wavelength of maximum emitted fluorescence as function of pH for the agar waveguide. 
(B) Linear portion of the curve shown in figure 5.32A from pH 6 to 10. 

 
Again, a linear portion with maximum rate of variation (figure 5.32B) is 
observed for the pH range from 6 to 10, where λ = 610.35−5.61pH with R2 = 
0.84. The derivative is negative compared to the aqueous dispersion and the 
sensitivity of this agarose-based sensor to the pH, that is the modulus of the 
derivate, was calculated as 5.61 nm/(pH units). 
It is interesting to notice that the applied setup could be easily adapted to 

(A) (B) 
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perform the evaluation of the pH directly immersing the sensor in the liquid 
medium and analyzing the luminescence output. This would be done by 
transporting the light with external optical fibers as discussed by like Choi et al.: 
one fiber would guide the light from the LED to one extremity of the agar 
waveguide, and a second one would collect it at the end-face, to the optical 
analyzer.34 
The possibility to monitor the pH using a self-standing sensor that can 
potentially be removed from the analyzed medium is particularly important, 
because there are several practical applications where a waveguide capable of 
retaining the medium information is desirable. In a biomedical environment, for 
example, it may be useful to remove the sensor from the medium to analyze also 
parameters other than pH. The figure 5.32 shows that the pH information is 
actually retrieved by the hybrids-agar waveguide when it is removed from the 
aqueous medium. 
Therefore, once the waveguide may be removed and used for other off-line 
analysis, this novel device could be potentially used to monitor other important 
parameters. 
 
5.7 Conclusions 
 
In this chapter three different types of nanocomposites, namely PMMA/CDs, Si-
based/CDs, and agar/CDs were investigated. 
 
PMMA/NCDs-1 nanocomposites were prepared by solution blending, with 
0.1wt% and 0.01wt% of NCDs-1, obtaining films by solvent casting. The 
fluorescence of the NCDs-1 embedded in the PMMA matrix showed significant 
broad emission at ca. 450 nm when excited between 300 and 320 nm, being 
more intense for the nanocomposite prepared using the lowest content of NCDs-
1 (0.01wt%). These novel materials are promising candidates for silicon solar 
cells, converting UV into visible light in order to improve the efficiency of a 
photovoltaic cell.  
 
Two protocols have been optimized for the dispersion of NCDs-1 in silica and 
gel matrices synthetized respectively from TEOS and APTES. Using TEOS-
derived matrices a luminescent powder is obtained. The powder can be re-
dispersed and spin-coated, although uniform films cannot be obtained. The 
optimal concentration of NCDs-1 to be included in the matrices is 13.15 wt% 
(NCDs-1/Si). Using APTES, a gel is obtained, that can solidify affording a glass 
upon complete solvent evaporation. Uniform films can be obtained upon spin 
coating of the gel and in this case the optimal concentration of NCDs-1 to be 
included in the matrix is 3.54 wt% (NCDs-1/Si).  



 
 

 129 

Finally, it has been reported an efficient methodology for the fabrication of 
biodegradable, biocompatible, and fluorescent cylindrical waveguides doped 
with the a-SiO2/CDs-6 hybrids embedded in agar gel. The resulting hybrids are 
easier to handle than native CDs-6, because they are less hygroscopic and 
therefore they are more adequate for the fabrication of agarose waveguides on 
large scales. The aqueous dispersion of a-SiO2/CDs-6 hybrids showed 
sensitivity regarding the pH, quantified as 4.53 nm/(pH units) in the range from 
pH 6 to 10. Then, the agarose was doped with these particles for the fabrication 
of a pH sensor. The obtained hydrogel-based waveguide showed stable and 
reversible behavior in relation to the pH, and a sensitivity of 5.61 nm/(pH units) 
was recorded when excited by at 403 nm (sensitivity in the range from pH 6 to 
10). Since the pH information is retrieved when the waveguide is removed from 
the aqueous medium, the system offers a low-cost, disposable and simple pH 
sensor that can be used for multi-parameter biomedical analysis. Moreover, the 
commercial pH-meters present the practical disadvantage that they are usually 
made of high-fragile glass. Since the proposed sensor is made of an elastomeric 
material (the hydrogel), it presents higher tenacity than the commercial devices, 
with lower risks of mechanical fracture.52 The emission shift associated with pH 
variations, and to the occlusion into agarose, is of particular importance for 
providing insights regarding the interaction mechanisms between CDs and the 
media. As discussed in literature there is still a limited understanding of the 
effects on CDs emissive mechanisms caused by their incorporation into solid 
media.45 
 
All the nanocomposites presented in this chapter display solid-state 
luminescence, therefore could be used as components of solar cells, 
optoelectronic devices and optical fiber sensors.  
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5.8 Experimental section 
 
5.8.1 General information 
UV-Vis measurements were carried out on PerkinElmer Lambda 35 UV-Vis 
spectrophotometer. Fluorescence spectra were recorded on a Varian Cary 
Eclipse Fluorescence Spectrophotometer. Solid-state luminescent measurements 
were carried out on Horiba Fluorolog 3 spectrophotometers at r.t. Fluorescence 
measurements for pH sensing were carried out with a hand-held spectrometer 
HR4000, Ocean Optics with resolution of 0.3 nm. All the spectra were recorded 
at r.t. using 10 mm path-length cuvettes. 
Agar waveguide was fabricated with a 3D-printer Ultimaker 2+, Ultimaker BV. 
The refractive indexes were evaluated with a MISCO PA 202 Refractometer 
Palm Abbe, excitation with a 589 nm precision LED, resolution of 0.0001 nm 
and all measurements were performed at ~25ºC and room atmosphere. 
Supercontinuum laser measurements were performed on SuperK Compact, NKT 
Photonics. 
TGA was recorded with a TGA Q500 (TA instruments), under a flow of N2 (90 
mL/min), following a temperature program consisting in the equilibration of the 
sample at 100°C for 10 minutes followed by a ramp at 10°C/min up to 700°C. 
The sample aliquot ranged from 1 to 2 mg, exactly weighed. FT-IR 
measurements were performed on KBr pellets on a Spectrum 2000 FT-IR 
Intrument (Perkin Elmer).  
XPS data were obtained with a SPECS Sage HR 100 spectrometer equipped 
with a 100 mm mean radius PHOIBOS analyzer (SPECS Surface Nano Analysis 
GmbH), where MgKa X-ray source was used. Fitting of XPS data was carried 
out using CasaXPS software. 
TEM analyses were performed on a Philips EM208, using an accelerating 
voltage of 100 kV. About 0.50 mg of the different compounds were dispersed in 
1 mL of solvent and one drop of this solution was deposited on a TEM grid 
(lacey carbon films on copper grids). 
 
Materials. NCDs-1 and CDs-6 were synthesized by following the procedure 
reported in chapter 2, section 2.5.2. Commercial reagents and solvents were 
purchased from Sigma-Aldrich, Fluka, Alfa Aesar, Fluorochem, VWR and used 
as received, unless otherwise stated.  
Ultrapure fresh water obtained from a Millipore water purification system 
(>18MΩ Milli-Q, Millipore) was used in all experiments. Fumed nanosilica 
Aerosil 300 was purchased from Evonik Degussa.  
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5.8.2 PMMA/CDs nanocomposites  
 
The PMMA/NCDs-1 nanocomposites films were prepared by solution blending 
processes. Typically, PMMA pellets, oven dried at 65°C o.n., were dissolved in 
chloroform. Methanol dispersions of NCDs-1, from 0.01% to 1% by mass of 
PMMA, were added to the PMMA solutions and the mixture was drop casted on 
Petri dishes, slowly pouring (drop-by-drop) with a pipette, at r.t. The PMMA 
reference film (without NCDs-1) was prepared following the same procedure. 
PMMA/CDs nanocomposites were also prepared through solution blending with 
methyl methacrylate (MMA). Typically, PMMA pellets (2.62 g) were dissolved 
in MMA (25 mL) sonicated for 10 min and heated at 50°C under magnetic 
stirring for 1 h. NCDs-1 were dispersed in methanol (1.0 mL) at the content of 
0.1wt% (2.62 mg) related to PMMA, followed by ultrasonic treatment for 2 min. 
Then, the dispersion of NCDs-1 was added to the PMMA-MMA solution and 
left o.n. under magnetic stirring. PMMA/NCDs-1 films were prepared via 
solution casting on microscope glass slides, slowly pouring (drop-by-drop) the 
PMMA/NCDs-1 dispersion with a pipette. The samples were left to dry in 
vapor-saturated ambient of MMA, at r.t. and o.n. The reference PMMA-MMA 
film (without NCDs-1) was prepared following the same procedure. 
 
5.8.3 CDs-doped silica.  
 
Silica/NCDs-1 nanocomposites were synthesized by following a modified 
literature procedure.13 Typically, a known amount of NCDs-1 was weighed and 
dispersed in 8 mL of ethanol absolute. Subsequently, 0.6 mL of TEOS and 0.3 
mL of ammonium hydroxide solution (28% NH3 in Water) were added to the 
NCDs-1 dispersion and the mixture was stirred o.n at r.t. during which the color 
of the solution changed from yellow to yellowish, indicating the formation of  
the nanocomposite (figure 5.6). Finally, the dispersion was freeze-dried and the 
obtained solid stored in a desiccator. To prove the presence of NCDs-1 inside 
the silica network, the powder obtained was dispersed in 10 mL of Milli-Q 
water, then a centrifugation cycle (3000 rpm for 5 min) was performed and 
supernatant separated from the precipitated. The first one did not show any blue 
luminescence under UV lamp at 365 nm. A control silica sample was also 
synthesized using the same procedure, but without adding NCDs-1. A typical 
synthesis of this material affords about 120 mg of solid. 
The spin coating was performed with the deposition of 1 mL of the 
aforementioned solutions on glass substrates at 5000 rpm x 30 s. 
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5.8.4 CDs-doped gel  
 
Aminosilane/NCDs-1 nanocomposites were synthesized by following a 
modified literature procedure.35,53 
Typically, a known amount of NCDs-1 was weighed and dispersed in a mixture 
consisting of APTES (5 mL), ethanol (5 mL) and water (1 mL). The mixture was 
stirred for one week (figure 5.13) and after this time it was concentrated to about 
half of its volume. A viscous gel was obtained, that affords a solid glass upon 
complete solvent evaporation. The control gel was synthesized using the same 
procedure, but without adding NCDs-1. A typical synthesis of this material 
affords about 4 g of pre-concentrated viscous solution. 
 
5.8.5 Amino-functionalized silica nanoparticles (a-SiO2) 
 
The amino-functionalization of silica nanoparticles was performed by following 
a modified literature procedure (figure 5.33).55,56  
 

  
Figure 5.33. Reaction scheme for the synthesis of a-SiO2.  
 

Briefly, 206 mg of commercial fumed nanosilica (with 
diameter of 7 nm) previously dried for 2 days at 105°C 
were added to ethanol (50 mL). Subsequently, the 
mixture was sonicated for 5 min and stirred for 3 min. 
Then, APTES (5 mL) was added and the dispersion was 

stirred o.n. at r.t. After this step, the mixture was purified by centrifugation (20 
min at 3000 rpm), then the supernatant was discharged and the white 
precipitated dispersed in ethanol. This procedure was repeated three times. The 
dispersion was freeze-dried, leading to the a-SiO2 nanoparticles. 
As seen from their TEM image (figure 5.34) there are primary nanoparticles of 
about 7 nm but aggregates of about 100 nm were also observed. Concerning the 
amount of amines present on the nanoparticles surface the KT has been 
performed at 120°C, affording a value of 920 µmol/g.57,58 
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Figure 5.34. TEM image of a-SiO2. Scale bar: 100 nm. 

 
5.8.6 a-SiO2/CDs-6 hybrids 
 

Briefly, 223 mg of CDs-6 dispersed in 10 mL of 
anhydrous DMF were mixed with 50 mg of a-SiO2 under 
inert ambient (Ar). Then, 200 mg (1.04 mmol) of 
EDC•HCl and 120 mg (1.04 mmol) of NHS were also 
added to the aforementioned mixture (figure 5.18). 

Finally, this mixture was sonicated for 10 s and stirred at 70°C for two days. 
Subsequently, DMF was removed through azeotropic distillation with toluene 
under reduced pressure, and Milli-Q water was added. In order to purify the 
product, two cycles of centrifugation (20 min at 3000 rpm) were performed, then 
orange-coloured supernatants were discharged and the product collected as 
brown precipitated. Finally, it was freeze-dried and a brown powder was 
obtained (a-SiO2/CDs-6: 161 mg). 
 
5.8.7 pH-monitoring with hybrids dispersed in water 
 
In pH assessment analysis, a suspension containing 1.2wt% of a-SiO2/CDs-6 
hybrids in Milli-Q water (initial pH: 4.30) was progressively alkalinized by 
drop-by-drop addition of NaOH 0.01 M. After each addition, the sample: had its 
pH quantified; was introduced into a cuvette (length of 1 cm); and was excited 
by a 403 nm LED with full width at half-maximum of 12.2 nm. Then, the 
fluorescence spectrum was recorded to obtain the wavelength of maximum 
fluorescence. After raising the pH to ~12, the opposite procedure was performed, 
namely the pH was reduced until ~2 by adding HCl 0.01 M to the suspension 
(drop-by-drop addition), and the luminescent spectra were collected. 
Finally, the wavelengths corresponding to the peaks of maximum emitted 
intensity were retrieved, and data were correlated to the pHs. 
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5.8.8 Agar cylindrical waveguide fabrication 
 
Two types of cylinders were prepared by upon gelification of precursor solutions 
containing agarose in water. The first solution contained 300.0 mg of agarose 
and 31.0 mg of hybrids (a-SiO2/CDs-6) dispersed in 10 mL of Milli-Q water, 
resulting in concentrations of 2.90wt% of agarose and 0.30wt% of hybrids. The 
second solution was fabricated for comparison: it contained the same 
concentration of agarose in Milli-Q water (2.90wt%), but no hybrid 
nanoparticles.  
The solutions were heated close to their boiling points to initiate the agarose 
thermal-curing process. So, immediately after the first signs of boiling (i.e., 
formation of small bubbles and of visible aqueous vapour above the liquid 
surface), the precursor suspensions were introduced into 3D-printed cylindrical 
molds (7 mm of inner diameter) made of glycol-modified polyethylene 
terephthalate filament. The molds were sealed on their end-faces, and left o.n. in 
the refrigerator at ~10 °C for curing. This process forms hydrogels with the same 
geometry of the internal mold walls, and these hydrogels can be easily 
demoulded by removing the sealing and the two cylinder’s bases (the mold caps 
are pluggable). After removing the sealing, the hydrogel is left to dry under 
atmospheric air. The loss of water diminishes its diameter and provides the loss 
of contact with the inner walls. After being removed, the formed materials are 
again put in contact with Milli-Q water in order to recover the original diameter 
of 6 mm. 
The refractive indexes of both the agar and the agar with occluded hybrids were 
then evaluated. For this, small volumes of the heated precursor solutions were 
dropped on the sample window, and the reading of the refractive index was 
performed after the curing and thermal stabilization of the system. 
The transmission spectra of both waveguides (the one doped agar, intended to be 
used as a pH sensor, and the agar with no nanoparticles, used as the reference) 
were analyzed by exciting them with a supercontinuum laser in one extremity 
and collecting the light at the end-face with a spectrometer. 
The emission spectrum of the supercontinuum laser is shown in figure 5.35. 
 



 
 

 135 

 
Figure 5.35. Emission spectrum of the supercontinuum laser employed. 

 
5.8.9 pH-sensing measurements 
 
The experimental setup was kept basically the same as described in section 5.8.7 
(only the cuvette was removed) and took advantage of the material very high 
affinity with water: firstly, the waveguide was kept in the aqueous medium, 
under stirring and at a given pH. Due to the high hydrophilicity of both the agar 
and the hybrids, the intumescence degree (and, consequently, the pH of the 
solution) takes no longer than 30 s to stabilize. At this moment, no more 
variation of the waveguide’s diameter could be observable under naked eye. 
Then, the pH reading got stable, and the agar waveguide was rapidly removed 
from the aqueous medium and put into the same place previously occupied by 
the cuvette for being stimulated by the LED. The light emerging from both the 
end-face and from the air-agar side interface were collected and analysed. After 
each measurement, the waveguide was returned to the aqueous medium for 
repeating the process under a different pH. Again, the pH was firstly raise to ~12 
by adding NaOH 0.01 M, and then was reduced by dropping HCl 0.01 M.  
All of the pH experiments were carried out at r.t. and in air . 
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